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Fermi has discovered two giant gamma-ray-emitting bubbles that extend nearly 10 kpc in diameter. We propose that periodic star capture processes by the galactic supermassive black hole, Sgr
A*, with a capture rate < 10−5 yr−1 and energy release ∼ 1052 erg per one capture can produce
shocks in the halo, which accelerate electrons to the energy 1 TeV. These electrons generate radio
emission via synchrotron radiation, and gamma-rays via inverse Compton scattering with the relic
and the galactic soft photons. Estimates of the diffusion coefficient from the observed gamma-ray
flux explains consistently the necessary maximum energy of electrons and sharp edges of the bubble.

I.

INTRODUCTION

The recently discovered Fermi bubbles are symmetric gamma-ray structures derived from the Fermi LAT
data in the energy range 1-100 GeV. The bubbles elongate above and below the Galactic plane for about 8
kpc and their radius is about 3 kpc . Observations
show a very sharp outer boundary of the bubble. The
gamma-ray intensity sharply drops outward the bubbles [1].
The origin of the bubble is still enigmatic and up
to now a few models were presented in the literature.
Our group assumed that the Fermi bubbles originated
from star capture events which occurred in the GC every 104 −105 years [2]. These events form giant shocks
propagating through the central part of the Galactic
halo and thus produce accelerated electrons with energies ≤ 10 TeV whose scattering on background photons is responsible for the bubble gamma-ray emission.
Processes of particle acceleration by the bubble
shocks in terms of sizes of the envelope, maximum
energy of accelerated particles, etc. may differ significantly from those obtained for SNs that may lead
to the maximum energy of accelerated protons much
larger than can be reached in SNRs. In this respect,
we assume that acceleration of protons in Fermi bubbles may contribute to the total flux of the Galactic
cosmic rays (CR) above the ’knee’ break (≥ 1015 eV).

tion can be described by a solution obtained by [3] for
the adiabatic explosion in the exponential atmosphere
with the density profile ρ(z),


z
ρ(z) = ρ0 exp −
.
(1)
z0
where z is the coordinate perpendicular to the Galactic plane. For parameters of the Galactic halo ρ0 =
0.25 cm−3 and z0 = 1 kpc. The shock propagating
in to the halo forms in the exponential atmosphere a
double bubble structure elongated in z-direction. The
radius of the bubble at the height z and at the time t
is
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V is a current volume bounded by the shock
a(t)
Z
V (t) = 2π
r2 (z, t)dz ,

(4)

0

II.

BUBBLE HYDRODYNAMICS

We assume in [2] that the central black hole captures a star every τ0 ∼ 104 − 105 years. As a result
the total energy E0 ∼ 1052 erg releases in the Galactic center in the form of 100 MeV proton which heat
the central 20 pc up to the temperature ∼ 10 keV.
This heating produces a shock propagating into the
surrounding medium. In the simplest case this situa-

a is the position of the shock top


y
a(t) = −2z0 ln 1 −
,
2z0

(5)

γ is the polytropic coefficient, and α and λ are numbers.
For the finite time t1 determined from the condition
y(t1 ) = 2z0 the shock breaks through the exponential
atmosphere and the bubble top a(t1 ) tends to infinity
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while the bubble radius in the Galactic plane (z = 0)
tends asymptotically to the the value
r = 2z0 arccos (1/2) ≃ 2 kpc ,

(6)

that is comparable with the radius of Fermi bubbles.
For E0 ∼ 1052 erg and ρ0 ∼ 0.25 cm−3 the value of t1 is
about 3×108 yr. We want to remark that t1 sensitively
depends on the injected energy and the density profile
of the halo. For example if the injected energy is E0 ∼
3 × 1052 erg and ρ0 ∼ 0.1 cm−3 , t1 can be reduced by
nearly an order of magnitude.
Then for a periodic star capture the bubble interior
is filled with shocks propagating in series one after
another through the bubble interior stopping at the
radius ≃ 2z0 That gives formally a stationary sideway
boundary.
The realistic situation has to be described by a
set of dissipative hydrodynamic equations, which take
into account the shocks propagation in non-uniform
medium and various dissipation processes including
shock heating, energy transfer into cosmic rays, slowing down due to accumulating material etc. These
processes are ignored in the the Kompaneetz solution.
Shocks should disappear when their speed is lower the
local sound speed. shocks should disappear when their
speed is lower the local sound speed. Then the sideway
boundary of the Bubble is simply given by rb ∼ vs tdis
where vs is the sound speed and tdis is the characteristic time of the shock dissipation because of e.g.
particle acceleration at the shock front.

FIG. 1: Spatial distribution of the gamma-ray emission.
Data are from [1]. Top: in case of single shock. Dotted
line correspond to D=1029 cm2 /s, solid to D=1030 cm2 /s,
dashed to D=1031 cm2 /s and dash-dotted D=1032 cm2 /s,
Bottom: in case of several shocks distributed in accordance
with (2).

III. ELECTRON ACCELERATION AND
GAMMA-RAYS FROM THE BUBBLE

We assume that the bubble gamma-rays are produced by IC scattering of electrons on the relic photons. For the rate of synchrotron and inverse Compton energy losses dE/dt = βE 2 the maximum energy
e
of electrons Emax
accelerated by shocks estimated in
the Bohm diffusion limit is
s
eHu2
e
Emax ∼
.
(7)
3cβ
that gives e.g. for the shock velocity u = 108 cm
s−1 , the magnetic field strength H = 10−5 G and the
energy density of relic photons wph = 0.25 eV cm−3
the maximum energy of accelerated electrons about
e
Emax
∼ 5 × 1013 eV.
In Fig. 1 we show the expected spatial distributions of gamma-ray emission from the bubble for single shock and multiple shocks cases. From this figure
one can see that the single shock model is unable to
reproduce the data. However, for the parameters of
star capture model these data are nicely described.
The expected spectrum of gamma-ray emission
from the Bubble due to IC scattering of the electrons
is shown in Fig. 2.

FIG. 2: The spectrum of gamma-ray emission from Fermi
bubble in case of multi-shock acceleration. Data points
are taken from [1].

IV. PROTON ACCELERATION IN THE
BUBBLE AND THE ORIGIN OF THE ”KNEE”
COSMIC RAYS

CRs within with energies below E ∼ 1015 eV are
generally attributed to SNRs in our Galaxy. We assume that some of the CRs produced by SNRs in the
Galactic disk are re-accelerated by shocks in the Bubble to energy above 1015 eV that explains the origin
of CRs beyond the knee.
For the multi-shock structure in the bubble an average distance L between separate shocks given by



τ0
u
L = τ0 u = 30
pc. (8)
3 × 104 yr
108 cm/s
where u is the shock front speed.
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and particle momentum, and Q(ρ, z, p) describes CR
injection by supernova remnants in the disk with energies E < 1015 eV with the spectrum Q ∝ p−4 . The
spectrum of CRs injected by SNRs and re-accelerated
in the bubble is shown in Fig. 3.

V.

FIG. 3: CR spectrum derived in the model of particle reacceleration in the bubble. The data are summarized in
[5].

If the value of L exceeds the scale of particle acceleration by a single shock which is lD ∼ D/u where
D is the spatial diffusion coefficient near a shock and
u is the shock velocity, then particle acceleration by
shocks is pure stochastic, which describes by a momentum diffusion coefficient (see [4])
κ∼

u2 2
p .
cL

CONCLUSION

We have shown that series of shocks produced by
a sequential stellar captures by the central black hole
can further re-accelerate the protons emitted by SNRs
up to energies above 1015 eV . The predicted CR spectrum contributed by the Bubble may be E −ν where
ν ∼ 3 for 1015 eV < E < 1019 eV that explains the
knee CR spectrum.
The regime of electron acceleration in the bubble
is quite different from that of protons. It is a combination of single and multishock accelerations. In
this case we have a cut-off of the electron spectrum
at E > 3 1013 eV and flattening of the spectrum at
E < 100 GeV that explains nicely the bubble gammaray spectrum and the sharp edge spatial distribution
observed by [1] if this emission is due to IC on the
relic photons.

(9)

Then the equation describing particle production by
SNRs in the disk, their re-acceleration in the bubble
and propagation in the Galaxy can be presented in
the form




∂
∂f
1 ∂
∂f
D(ρ, p)
+
D(ρ, p)ρ
+
∂z
∂z
ρ ∂ρ
∂ρ


1 ∂
∂f
+ 2
κ(ρ, p)p2
= −Q(ρ, z, p) ,
(10)
p ∂p
∂p
where ρ and z are the cylindrical spatial coordinates,
p is the particle momentum. D(ρ, p) is the spatial diffusion coefficient, which is a function of coordinates
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The Galactic Center has long been a region of interest for high-energy and very-high-energy
observations. Many potential sources of GeV/TeV γ-ray emission have been suggested, e.g., the
accretion of matter onto the black hole, cosmic rays from a nearby supernova remnant, or the
annihilation of dark matter particles. The Galactic Center has been detected at MeV/GeV energies
by EGRET and recently by Fermi/LAT. At GeV/TeV energies, the Galactic Center was detected
by different ground-based Cherenkov telescopes such as CANGAROO, Whipple 10 m, H.E.S.S., and
MAGIC. We present the results from 15 hrs of VERITAS observations conducted at large zenith
angles, resulting in a >10 standard deviation detection and confirmation of the high-energy spectrum
observed by H.E.S.S. The combined Fermi/VERITAS results are compared to astrophysical models.

I.
A.

INTRODUCTION

The Galactic Center region

The center of our galaxy harbors a 4 × 106 M⊙
black hole (BH) which is believed to coincide with the
strong radio source Sgr A*. At optical wavelengths
the view towards the Galactic Center (GC) is hidden
by molecular clouds and dust. X-ray transients with
2−10 keV energy output up to 1035 ergs/s are observed
on a regular basis, as well as transients at MeV/GeV
energies[16]. Besides these transients, there are other
astrophysical sources located in the close vicinity of
the GC which may potentially be capable of accelerating particles to multi-TeV energies, such as the
supernova remnant Sgr A East or a plerion found in
that region [1].
The gravitational potential of our galaxy is believed
to bind a halo of dark matter particles – the nature
of which is still a matter of very active research. The
super-symmetric neutralinos χ are discussed as one
potential dark matter particle accumulating in this
halo – the density of which peaks at the GC. Neutralinos could annihilate directly to gamma rays forming
narrow lines (through χχ → γγ or χχ → γ + Z 0 )
or annihilate to quarks or heavy leptons, hadronizing
and producing secondary γ rays in a continuum [2].
The resulting spectrum would have a cut-off near the
neutralino mass mχ , and a detailed spectral shape determined by the annihilation channel. The resulting
signal would typically show up in the GeV/TeV band
for natural neutralino parameters. Assuming a certain
density profile of the dark matter the expected γ-ray
flux along the line-of-sight integral can be calculated
as a function of mχ and the annihilation cross section

∗ E-mail:

[3] and can in turn be compared to measurements or
upper limits.

beilicke@physics.wustl.edu

B.

The Galactic Center seen at GeV/TeV
energies

The GC region is crowded with astrophysical sources which can potentially emit γ-rays at
MeV/GeV/TeV energies. The limited resolution of
instruments in these wave bands makes definite associations challenging. The EGRET γ-ray telescope
detected a MeV/GeV source 3EG J1746-2851 which
is spatially coincident with the GC [4]. Recently, the
Fermi/LAT resolved more than one MeV/GeV sources
in the GC region [5], where the strongest source is spatially coincident with the GC (Fig. 2). However, uncertainties in the diffuse galactic background models
and the limited angular resolution of the Fermi/LAT
make it difficult to study the morphologies of these
MeV/GeV sources.
At GeV/TeV energies a detection from the direction of the GC was first reported in 2001/02 by
the CANGAROO II collaboration which operated a
ground-based γ-ray telescope. A steep energy spectrum dN/dE ∝ E−4.6 was reported with an integral
flux at the level of 10% of the Crab Nebula flux [6].
Shortly after, evidence at the level of 3.7 standard
deviations (s.d.) was reported from 1995-2003 observation conducted at large zenith angles (LZA) with
the Whipple 10 m γ-ray telescope [7].
The GC was finally confirmed as a GeV/TeV γray source in a highly significant (>60 s.d.) detection
from 2004-2006 observations reported by the H.E.S.S.
collaboration [8]. The energy spectrum was well described by a power-law dN/dE ∝ E−2.1 with a cut-off
at ∼15 TeV. No evidence for variability was found
in the H.E.S.S. or Whipple data over a time scale of
more than 10 years. Using a high-precision pointing
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FIG. 1: Left: VERITAS angular resolution (r68 containment radius) as a function of cos(z). The geo algorithm performs
well for zenith angles < 40 deg (cos(z) = 0.8) but gets worse below. The disp algorithm does not depend on the stereo
angle between image axis and is therefore not sensitive to the zenith angle. At LZA of 65 deg it outcompetes the geo
algorithm by a factor of more than 2. A weighted combination of both algorithms (geo/disp, see text) gives an almost flat
angular resolution. Right: The data points show the angular distribution of excess events from 3.5 hrs of Crab Nebula
observations taken at zenith angles z > 55 deg. The showers were reconstructed with the geo/disp method. The solid
line represents the angular distribution of MonteCarlo events (geo/disp method) covering the same zenith angle range as
the data. The dashed line shows the distribution of MonteCarlo events which were reconstructed with the standard geo
algorithm. The inlay shows the corresponding sky map of the Crab Nebula data.

system of the H.E.S.S. telescopes the position of the
supernova remnant Sgr A East could be excluded as
the source of the γ-ray emission. After subtracting
the point source located at the position of the GC the
H.E.S.S. collaboration was able to identify a diffuse
GeV/TeV γ-ray emission. The intensity profile of the
diffuse component is found to be aligned along the
galactic plane and follows the structure of molecular
clouds [9]. The energy spectrum of the diffuse emission (dashed contour lines in Fig. 2) can be described
by a power-law dN/dE ∝ E−2.3 and was explained
by an interaction of local cosmic rays (CRs) with the
matter in the molecular clouds – indicating a harder
spectrum and a higher flux of CRs in this region as
compared to the CRs observed at Earth.

The MAGIC collaboration detected the GC in
2004/05 observations performed at LZA at the level
of 7 s.d. [10], confirming the energy spectrum measured by H.E.S.S. The differences between the energy spectrum measured by CANGAROO compared
to the spectra measured by the other ground-based
GeV/TeV instruments could perhaps be explained if
the different instruments observed different astrophysical sources.

II.

LARGE ZENITH-ANGLE OBSERVATIONS

The standard method of shower reconstruction in
arrays of ground-based Cherenkov telescopes (such as
VERITAS) is based on the intersection of the major
axis of the Hillas images recorded in the individual
telescopes [11]. This stereoscopic method is generally
very powerful, since it makes use of the full capabilities of the stereoscopic recording of showers. In the
following this method is referred to as geo (geometrical) method.
An alternative technique has been developed long
ago for data taken with single-telescopes (i.e. Whipple
10 m), using an estimate of the displacement parameter which is measured between the center of gravity
(CoG) of the Hillas ellipse and the shower position
in the camera system [12]. For γ-ray showers the displacement parameter has a certain characteristic value
as a function of the image parameters. The characteristic displacement can be parameterized as a function
of the length l, the width w, and the amplitude/size
s of the corresponding image. Throughout this paper
this method is referred to as disp method.
In LZA observations the telescope’s locations in the
plane perpendicular to the shower axis are ’shrinking’
towards one dimension (due to projection effects); this
strongly reduces the average stereo angle between the
major axes of pairs of images, causing a large uncertainty in the determination of the intersection point.
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This, in turn, leads to a considerable reduction of the
angular resolution in the reconstruction of the shower
direction and impact parameter. The disp method,
on the other hand, does not rely on the intersection
of axes, making it independent of the stereo angle
between images. Therefore, no substantial drop in
performance is expected with increasing zenith angle.
The disp parameter was implemented into the VERITAS analysis chain being parameterized as a function of l, w, s, the zenith angle z, the azimuth angle Az, as well as the pedestal variance of the image. For each image the disp parameter is read from
a 6-dimensional look-up table which was trained using MonteCarlo simulations. For each image the corresponding disp parameter results in two most likely
points of the shower direction (camera coordinates):
CoG ± disp along the major axis of the parameterized
image. The two-fold ambiguity is resolved by combining the points of all images involved in the event.
The shower impact parameter is reconstructed in a
comparable way.
Figure 1, left shows the angular resolution of both
methods (geo and disp) as a function of the cosine of
the zenith angle z. While the disp method remains almost independent of cos(z), the resolution of the standard method geo becomes increasingly worse at LZA.
A further improvement is achieved if both methods are
combined: d = dgeo · (1 − w′ ) + ddisp · w′ . The weight
is calculated as w′ = exp(−12.5 · (cos(z) − 0.4)2 ); for
cos(z) < 0.4 the weight is set to w′ = 1. The method
was tested on Crab Nebula data taken at LZA (Figure 1, right). The data are in excellent agreement
with the simulations and illustrate the clear improvement the disp method provides in the case of LZA
observations.
III.

THE GALACTIC CENTER REGION
IMAGED BY VERITAS
A.

VERITAS observations

VERITAS consists of four 12 m diameter imaging
atmospheric Cherenkov telescopes and is located at
the base camp of the Fred Lawrence Whipple Observatory in southern Arizona at an altitude of 1280 m.
VERITAS is sensitive to γ-rays in the energy range of
100 GeV to several tens of TeV. For observations close
to zenith a source of 10% (1%) of the strength of the
Crab Nebula can be detected at the level of 5 s.d. in
0.5 hrs (26 hrs), respectively.
The GC was observed by VERITAS in 2010 for
14.7 hrs (good quality data, dead-time corrected).
Given the declination of the GC, the observations were
performed at LZA in the range of z = 60.2 − 66.4 deg,
resulting in an average energy threshold of Ethr ≃
2.5 TeV. The shower direction and impact parameter were reconstructed with the geo/disp method as

FIG. 2: VERITAS sky map of the GC region (excess significances, ring background, smoothed by 0.12 deg). The positions of the excess fit (cross) and the GC (’x’) are shown,
as well. The black dashed contour lines indicate the GC
as seen by H.E.S.S. [8] and the gray solid line indicates the
excess from the supernova remnant G 0.9+0.1 (H.E.S.S.).
The gray dashed lines indicate the H.E.S.S. diffuse emission along the galactic plane and from HESS J1745-303 [9].
The position of HESS J1741-302 is indicated, as well (circle). The solid circles (cyan color) indicate the positions
of the MeV/GeV sources taken from the first Fermi catalog [5]. The inlay shows the distribution of significances
from the VERITAS sky map including (dashed line) and
excluding (data points) the GC region.

described in Sec. II. Other than that, the standard
analysis procedure was applied with standard cuts apriori optimized for galactic sources. The column density of the atmosphere changes with 1/ cos(z). In a
conservative estimate, the systematic error in the energy/flux reconstruction can be expected to scale accordingly. For the GC observations the contribution
of the systematic effect induced by the atmosphere
therefore roughly doubles as compared to low-zenith
angle observations. Detailed studied are needed for
an accurate estimate; for the moment we give a conservative value of a systematic error on the LZA flux
normalization of ∆Φ/Φ ≃ 0.4.

B.

Results

The VERITAS sky map of the GC region is shown
in Fig. 2. An excess on the order of 12 s.d. is detected. A fit of the point spread function to the uncorrelated excess map results in a position of the excess of
long = (−0.06±0.02) deg and lat = (−0.06±0.01) deg
which is well compatible with the GC position (long =
−0.06 deg and lat = −0.05 deg) and the position mea-
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FIG. 3: Left: VERITAS energy spectrum measured from the direction of the GC (statistical errors only). Also shown
are bow ties representing the spectra measured by Whipple [7], H.E.S.S. [8], and MAGIC [10] (see Sec. I). Right:
VERITAS energy spectrum compared to hadronic [13, 14] and leptonic [15] emission models discussed for the GC source.
The Fermi bow tie is taken from [13].

sured by H.E.S.S. No evidence for variability was
found in the data. The energy spectrum is shown
in Fig. 3 and is found to be compatible with the
spectra measured by Whipple, H.E.S.S., and MAGIC.
Moreover, the uncertainty in the spectrum at energies
E > 2.5 TeV is found to be comparable to the highenergy H.E.S.S. measurements since the much larger
LZA effective area compensates the shorter exposure
time. To gain an independent estimate of the systematics of the energy/flux reconstruction at LZA, a
3.5 hrs data set taken on the Crab Nebula at LZA
(z > 55 deg) was analyzed with the same method as
applied for the GC. The reconstructed Crab Nebula
spectrum is found to be in reasonable agreement with
the H.E.S.S. measurements obtained from lower zenith
angles.

C.

Comparison to models

Astrophysical models have been put in place to explain the GeV/TeV γ-ray emission from the vicinity
of the BH. Hadronic acceleration models [13, 14] explain the emission by the following mechanism: (i)
Hadrons are accelerated in the BH vicinity (few tens
of Schwarzschild radii). (ii) The accelerated protons
diffuse out into the interstellar medium where they
(iii) produce neutral pions which decay into GeV/TeV
γ-rays: π 0 → γγ. Changes in flux can potentially be
caused by changes in the BH vicinity (e.g. accretion).
The time scales of flux variations in these models are
∼104 yr at MeV/GeV energies (old flares) and ∼10 yr
at E > 10 TeV (’new’ flares caused by recently injected high-energy particles) [13]. While not observed
over the ∼15 year time frame of Whipple, H.E.S.S.,

MAGIC, and VERITAS spectral variability can be expected in this model for E > 10 TeV with the TeV
spectrum softening following an outburst [14].
Atoyan et al. (2004) [15] discuss a BH plerion model
in which a termination shock of a leptonic wind accelerates leptons to relativistic energies which in turn
produce TeV γ-rays via inverse Compton scattering.
The flux variability time scale in this model is on
the order of Tvar ∼100 yr and therefore would allow
to distinguish hadronic vs. leptonic models in the
case that TeV γ-ray flux variability is detected. The
hadronic and the leptonic models discussed in this section are shown together with the VERITAS/Fermi
data in Fig. 3 (right). The leptonic model clearly
fails in explaining the flux in the MeV/GeV regime.
However, this emission may well originate from a spatially different region or mechanism than the TeV
γ-ray emission since the SED indicates a spectral
break between the Fermi/LAT and VERITAS energy
regimes. The hadronic models can explain the SED
by the superposition of different flare stages. Future
Fermi/VERITAS flux correlation studies, as well as
the measurements of the TeV energy cut-off and limits on the E > 10 TeV variability will serve as crucial
inputs for the modeling.

D.

Upper limit on diffuse γ-ray emission and
dark-matter annihilation flux

The VERITAS observations of the GC region were
accompanied by OFF-source observations of a field located in the vicinity of the GC region (similar zenith
angles and sky brightness) without a known TeV γ-ray
source. These observations can be used to study the
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background acceptance throughout the field of view
and will support the estimate of a diffuse γ-ray component surrounding the position of the GC. An upper
limit of the diffuse γ-ray flux can in turn be compared
with
R 2 line-of-sight integrals along the density profile
ρ dl, in order to constrain the annihilation cross section for a particular dark matter model, dark matter
particle mass and density profile ρ(r). Due to its likely
astrophysical origin the excess at the GC itself, as well
as a region along the galactic plane, will be excluded
from this analysis (work in progress).

to measure the cut-off energy in the spectrum and to
determine limits on the flux variability at the highest
energies will allow to constrain the emission models
discussed in the literature. An upper limit on diffuse
γ-ray emission and, in consequence, a limit on the
potential photon flux initiated by the annihilation of
dark matter particles is work in progress.
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X-ray polarimetry promises to give new information about high-energy astrophysical sources,
such as binary black hole systems, micro-quasars, active galactic nuclei, and gamma-ray bursts. We
designed, built and tested a hard X-ray polarimeter X-Calibur to be used in the focal plane of the
InFOCµS grazing incidence hard X-ray telescope. X-Calibur combines a low-Z Compton scatterer
with a CZT detector assembly to measure the polarization of 10 − 80 keV X-rays making use of
the fact that polarized photons Compton scatter preferentially perpendicular to the electric field
orientation. X-Calibur achieves a high detection efficiency of order unity.

I.

INTRODUCTION

Motivation. Spectro-polarimetric X-ray observations are capable of providing important information
to study the non-thermal emission processes of various
astrophysical sources – namely the fraction and orientation of linearly polarized photons [1]. So far, only a
few missions have successfully measured polarization
in the soft (OSO-8 [2]) and hard (Integral [3]) X-ray
energy regime. The Crab nebula is the only source
for which the polarization of the X-ray emission has
been established with a high level of confidence [2, 3].
Integral observations of the X-ray binary Cygnus X1 indicate a high fraction of polarization in the hard
X-ray/gamma-ray bands [4].
Future missions. There are currently no missions in orbit that are capable of making sensitive
X-ray polarimetric observations. This will change by
the launch of the satellite-borne Gravity and Extreme
Magnetism SMEX (GEMS) mission [5] scheduled for
2014 (2 − 10 keV). The Soft Gamma-Ray Imager on
ASTRO-H [6] will also have capabilities of measuring polarization, but the results may be plagued by
systematic uncertainties. The hard X-ray polarimeter
X-Calibur discussed in this paper has the potential to
cover the energy range above 10 keV, combining a high
detection efficiency with a low level of background and
well-controlled systematic errors.
Scientific potential. Synchrotron emission results
in linearly polarized photons (electric field oriented
perpendicular to the magnetic field lines). The polarized synchrotron photons can be inverse-Compton
(IC) scattered by relativistic electrons – weakening the
fraction of polarization and imprinting a scattering

angle dependence [7] to the observed fraction of polarization. Other important mechanism for polarizing
photons are Thomson scattering and curvature radiation. The scientific potentials of spectro-polarimetric
hard X-ray observations are (see Krawczynski et al.
(2011) and references therein [1]):
1) Binary black hole (BH) systems. Relativistic aberration and beaming, gravitational lensing,
and gravitomagnetic frame-dragging will result in an
energy-dependent fraction of X-ray polarization from
a Newtonian accretion disk [8] since photons with
higher energies originate closer to the BH than the
lower-energy photons. Schnittman and Krolik [9, 10]
calculate the expected polarization signature including the effects of deflection of photons emitted in the
disk by the strong gravitational forces in the regions
surrounding the black hole and of the re-scattering
of these photons by the accretion disk. Spectropolarimetric observations can constrain the mass and
spin of the BH [9], as well as the inclination of the
inner accretion disk and the shape of the corona [10].
2) Pulsars and pulsar wind nebulae. High-energy
particles in pulsar magnetospheres are expected to
emit synchrotron and/or curvature radiation which
are difficult to distinguish from one another. However,
since the orbital planes for accelerating charges that
govern these two radiation processes are orthogonal to
each other, their polarized emission will exhibit different behavior in position angle and polarization fraction as functions of energy and the phase of the pulsar [3]. In magnetars, the highly-magnetized cousins
of pulsars, polarization-dependent resonant Compton
up-scattering is a leading candidate for generating the
observed hard X-ray tails. In both these classes of neu-
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tron stars, phase-dependent spectro-polarimetry can
probe the emission mechanism, and provide insights
into the magnetospheric locale of the emission region.
3) Relativistic jets in active galactic nuclei (AGN).
Relativistic electrons in jets of AGN emit polarized
synchrotron radiation at radio/optical wavelengths.
The same electron population is believed to produce
hard X-rays by inverse-Compton scattering of a photon field. Simultaneous measurements of the polarization angle and the fraction of polarization in the radio
to hard X-ray band could help to study (i) synchrotron
self-Compton models (X-ray polarization tracks polarization at radio/optical wavelengths in fraction and
orientation angle) [7] vs. (ii) external-Compton models for which the hard X-rays will have a relatively
small (<10%) fraction of polarization [11]. Polarization also allows one to test the structure (i.e. helical)
of the magnetic field of the jet.
4) Gamma-ray bursts (GRBs). GRBs are believed
to be connected to hyper-nova explosions and the formation of relativistic jets. As in AGN jets, the structure and particle distribution responsible for GRBs
can be revealed by X-ray polarization measurements.
5) Lorentz invariance. X-ray polarimetric observations can be used to test theories violating Lorentz invariance [12] with unprecedented accuracies by probing the helicity dependence of the speed of light.

II.

DESIGN OF X-CALIBUR

Figure 1 illustrates the conceptual design of the
X-Calibur polarimeter. A low-Z scintillator is used
as Compton-scatterer. For sufficiently energetic photons, the Compton interaction produces a measurable
scintillator signal which is read by a PMT. The scattered X-rays are photo-absorbed in surrounding rings
of high-Z Cadmium Zinc Telluride (CZT) detectors.
This combination of scatterer/absorber leads to a high
fraction of unambiguously detected Compton events.
Linearly polarized X-rays will preferably Comptonscatter perpendicular to their E field vector – resulting
in a modulation of the azimuthal event distribution.
Each CZT detector (2 × 2 cm2 ) is contacted with a
64-pixel anode grid and a monolithic cathode facing
the scintillator rod. Two detector thicknesses (0.2 cm
and 0.5 cm) are being tested in the current setup.
Each CZT detector is permanently bonded (anode
side) to a ceramic chip carrier which is plugged into
the readout board. Figure 2 (left) shows a single CZT
detector unit as well as the readout electronics. Each
CZT detector is read out by two digitizer boards (32
channel ASIC developed by G. De Geronimo (BNL)
and E. Wulf (NRL) [13] and a 12-bit ADC). 16 digitizer boards (8 CZT detectors) are read out by one
harvester board transmitting the data to a PC-104
computer. Four CZT detector units form a ring surrounding the scintillator slab. The scintillator EJ-200

FIG. 1: Left: Conceptual design of X-Calibur: Incoming X-rays are Compton-scattered in the scintillator rod
(read by a PMT) and are subsequently photo-absorbed in
one of the CZT detectors surrounding the rod. Right:
X-Calibur design with read-out electronics, shielding and
azimuthal rotation bearing.

is read by a Hamamatsu R7600U-200 PMT. The PMT
trigger information allows to effectively select scintillator/CZT events from the data which represent likely
Compton-scattering candidates. The polarimeter and
the front-end readout electronics will be located inside
an active CsI(Na) anti-coincidence shield with 5 cm
thickness and a passive lead shield/collimator at the
top (Fig. 1) to suppress charged and neutral particle
backgrounds.
We plan to use the X-Calibur polarimeter in the focal plane of the InFOCµS experiment [14]. A Wolter
grazing incidence mirror focuses the X-rays on the XCalibur polarimeter. In order to reduce the systematic
uncertainties (including biases generated by the active
shield, a possible pitch of the polarimeter with respect
to the X-ray telescope, etc.), the polarimeter and the
active shield will be rotated around the optical axis
using a ring bearing (see Fig. 1). Counter-rotating
masses will be used to cancel the net-angular momentum of the polarimeter assembly during the flight.
The advantages of the X-Calibur/InFOCµS design are
(i) a high detection efficiency by using more than 80%
of photons impinging on the polarimeter, (ii) low background due to the usage of a focusing optics instead
of large detector volumes, and (iii) minimization and
control of systematic effects.
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FIG. 2: Left: Top: 2×2×0.2 cm3 CZT detector (64 anode
pixels). Bottom: 2 × 2 × 0.5 cm3 detector bonded to a
ceramic chip carrier, plugged into 2 ASIC readout boards.
The high-voltage cable is glued to the detector cathode
(red wire). Right: Laboratory version of X-Calibur. The
scintillator (blueish glow) is surrounded by two detector
rings – each consisting of four 64 pixel CZT detectors.

III.

SIMULATIONS

Simulations of the X-Calibur polarimeter were performed using the Geant4 package [15] with the Livermore low-energy electromagnetic model list. A balloon flight in the focal plane of the InFOCµS mirror
assembly was assumed. We accounted for atmospheric
absorption at a floating altitude of 130, 000 feet using the NIST XCOM attenuation coefficients [16] and
2
an atmospheric depth of 2.9 g/cm (observations performed at zenith). A Crab-like source was simulated.
The X-Calibur modulation factor is µ = 0.52 for a
100% polarized beam. The minimum detectable polarization [1] in the 10−80 keV energy range will be 4%
assuming 5.6 hr of on-source observations of a Crablike source combined with a 1.4 hr background observation of an adjacent empty field. More details about
the simulations can be found in Guo et al. (2010) [17].

IV.

3

neous (30µs) scintillator trigger are used.
A polarized beam was generated by scattering a
strong Cs137 source (line at 662 keV) off a lead brick.
A lead collimator allowed only X-rays with a scattering angle of ∼ 90 deg to enter the polarimeter. The Xray beam of the scattered photons has a mean energy
of 288 keV and was polarized to ∼ 55% (modulation
factor of µ = 0.4). The expected relative amplitude
in the normalized Φ distribution is 0.55 × 0.4 = 0.22.
Figure 3 (left) shows the raw spectrum of the first
CZT polarimeter ring measured from (i) the polarized
beam, (ii) a background spectrum measured without a
source and (iii) the excess spectrum corresponding to
the energy spectrum of the scattered/polarized beam.
As expected, the excess spectrum drops off for energies higher than 288 keV (vertical line) – the energy
of the 90 deg-scattered Cs137 photons entering the polarimeter. The continuum below this energy is the result of 288 keV photons being Compton-scattered at
different depths in the scintillator rod and therefore
being reflected to the first CZT ring under different
scattering angles and corresponding different Compton energy losses. The little bump in the spectrum
around 288 keV may originate from direct CZT hits
without a Compton-scattering in the scintillator.
Figure 3 (right) shows the azimuthal scattering distribution of the polarized and unpolarized beam for
the second installed CZT detector ring. Only events
with a simultaneous scintillator trigger and with a deposited CZT energy between 100 − 330 keV are used
(see spectrum in Fig. 3, left). The data of the polarized beam are corrected for the acceptance of the polarimeter (derived from the unpolarized X-ray beam).
As expected for a polarized beam, a 180 deg modulation can be seen with a maximum of azimuthal scattering angle perpendicular (Φ + 90 deg) to the plane
of the E field vector of the polarized beam (indicated
by the gray arrows). A sine function was fit to the
Φ-distribution of the polarized beam resulting in a
relative amplitude of 0.22. The data are in excellent
agreement with expectations.

FIRST MEASUREMENTS
V.

Using funding from Washington University’s McDonnell Center for the Space Sciences, a flight-ready
version of the X-Calibur polarimeter was assembled
and tested in the laboratory. First measurements
were performed with 3 detector rings installed (0.5 cm
thickness). Before installation, IV-curves were taken
for all detector pixels, followed by a calibration run
using a Eu152 source (lines at 39.9, 45.7, 121.8 and
344.3 keV). After calibration, a collimated Eu152
source was used to determine the azimuthal X-Calibur
acceptance for an unpolarized beam. Another data
run was taken without a source to determine the background induced by cosmic rays secondaries hitting the
detector assembly. Only CZT events with a simulta-

SUMMARY AND CONCLUSION

We designed a hard X-ray polarimeter X-Calibur
and studied its projected performance and sensitivity
for a 1-day balloon flight with the InFOCµS X-ray
telescope. X-Calibur combines a detection efficiency
of close to 100% with a high modulation factor of µ ≈
0.5, as well as a good control over systematic effects.
X-Calibur was successfully tested/calibrated in the
laboratory with a polarized beam of 288 keV photons.
We applied for a 1-day X-Calibur/InFOCµS balloon
flight. Our tentative observation program includes
galactic sources (Crab, Her X-1, Cyg X-1, GRS 1915,
EXO 0331) and one extragalactic source (Mrk 421) for
which sensitive polarization measurements would be
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FIG. 3: Left: Energy spectrum of 288 keV X-rays (partially polarized) after being scattered in the scintillator (different
scattering angles and corresponding energy transfer). The background measurement is done without a source (cosmic
rays). The vertical line (288 keV) indicates the energy of the incoming X-ray beam. Right: Azimuthal event distribution
for the second installed CZT detector ring. Shown are raw events of the polarized beam (red), an unpolarized beam
(black), and the acceptance corrected polarized events (blue). A sine function (180 deg modulation) was fit to the
corrected data of the polarized beam. The vertical arrows indicate the plane of the electric field vector. The 90 deg
modulation of the unpolarized beam is a result of the 4-fold geometry of the CZT detector assembly.

carried through. We envision follow-up longer duration balloon flights (from the northern and southern
hemisphere), possibly using a mirror with increased
area. In the ideal case these flights would be performed while the GEMS mission is in orbit to achieve
simultaneous coverage in the 0.5−80 keV regime. Successful balloon flights would motivate a satellite-borne
hard X-ray polarimetry mission.
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Forty six γ-ray pulsars were reported in the First Fermi Large Area Telescope (LAT) Catalog of
Gamma-ray Pulsars [2]. Over p
forty more have been seen since then. A simple but effective figure-

of-merit for γ-detectability is
Ė/d2 , where Ė is the pulsar spindown power and d the distance.
We are tracking down the best γ-ray candidates not yet seen. We present the timing and spectral
analysis results of some new high spindown power, nearby γ-ray pulsars. We also update some
population distribution plots in preparation for the 2nd Fermi LAT γ-ray Pulsar Catalog.

I.

INTRODUCTION

The launch of the Fermi Gamma-ray Space Telescope has opened a new era in the study of γ-ray
pulsars. Besides the 7 previously-known CGRO γray pulsars, Fermi Large Area Telescope (LAT) has
detected 88 γ-ray pulsars, among them 46 reported
in the First Fermi Large Area Telescope (LAT) Catalog of Gamma-ray Pulsars [2]. These γ-ray pulsars fall into three different classes: young or middleaged radio selected (using radio ephemerides), young
or middle-aged gamma selected (by blind periodicity searches), and millisecond pulsars (MSP, currently
only radio selected). Many of the radio MSPs were
recently discovered at the positions of unidentified
Fermi sources. The increasing population of γ-ray
pulsars enables great improvements in the understanding of the γ-ray emission mechanisms and the
Galactic population of pulsars through detailed study
of their light curves and spectra. We present here the
timing and spectral analysis results for some of these
new high spindown power, nearby γ-ray pulsars, as
well as some preliminary population distribution plots
for the 2nd Fermi LAT γ-ray Pulsar Catalog.

II.

NEW DETECTIONS OF YOUNG
ENERGETIC γ-RAY PULSARS

Figure 1 shows (colored points) the 88 γ-ray pulsars
(including the 7 previously-known CGRO γ-ray pulsars) detected with the Fermi LAT to date. 55 were
discovered using radio ephemerides and 26 by blind
period searches. We are tracking down the best γ-ray
candidates notpyet seen.

Ranked by Ė/d2 for ATNF [3] pulsars with Ė >
×1033 erg s−1 & P0 > 10 ms, nine recently-detected
young energetic radio-selected γ-ray pulsars are listed
in Table 1 along with the preliminary timing analysis
results.

Figure 2 shows the preliminary γ-ray and radio profiles for two new γ-ray pulsars, J0908-4913 and J09405428. They have either two narrow peaks or one single
wide pulse, typical for γ-ray pulsars.
The gamma peak separation - radio lag distribution (∆-δ distribution, Figure 3) can be compared to
predictions of the geometrical models of outer magnetosphere emission, e.g. “Two Pole Caustic” (TPC) [4]
and “Outer Gap” (OG) [5], and help us probe details
of the emission geometry. In particular, PSR J09084913 has been determined to be an orthogonal rotator
through geometry studies in the radio domain [6].
Why are some pulsars invisible in γ-rays? As discussed by Dumora et al. [7]:
• Distance & the Galactic diffuse γ-ray background influence the signal-to-noise ratio. We
see
p PSR J1410-6132 in spite of a very low
Ė/d2 . Its large DM distance bears further
investigation.
• Timing model quality. PSR J1357-6429 was
discovered once we obtained a good radio
ephemeris.
• Physics (beam geometry): for those pulsars having reliable distance measurements and good
timing models, exploration of geometry will help
us constrain the emission models and improve
the population syntheses [8].

III.

ZOOM ON PSR J1357-6429

Discovered during the Parkes multibeam survey of
the Galactic plane [9], PSR J1357-6429 is among the
youngest and most energetic
p nearby pulsars known. It
was in the top 2 highest Ė/d2 pulsars not yet seen
with the LAT [7] and might have become a candidate
“gamma faint pulsar” [8]. In fact, the absence of γ-ray
pulsations was due to the lack of a good radio timing
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FIG. 1: Pulsar γ-detectability figure-of-merit

FIG. 2: Multiple energy bands γ-ray light curves superimposed with radio profile. PRELIMINARY

p

Ė/d2 vs spin period. PRELIMINARY

model [10]. We present the LAT analysis result using
29 months of data covering Aug 4, 2008 to Jan 15,
2011. We selected events with energies greater than
0.1 GeV but excluded those with zenith angles larger
than 100◦ to minimize contamination from secondary
γ-rays from the Earths atmosphere. We used Source
events class which optimizes the trade-off between γray detection efficiency and residual charged-particle
contamination in a manner well-suited to localized,
persistent sources, as distinct from the Transient or
Diffuse classes. The events were analyzed using the
standard software package ScienceTools [11], and photon phases were calculated using the “Fermi-plugin”
[12] available in the TEMPO2 [13] pulsar timing software. We used the most recent P7SOURCE V6 instrument response function (IRFs) as well as the
Galactic Diffuse Model: gal 2yearp7v6 v0.ts and the
Extra-galactic Diffuse Model: iso p7v6source.txt as
documented at the Fermi Science Support Center [11].

A.

Timing analysis

Figure 4 shows the γ-ray light curves at energy
above 0.1 GeV and within 0.8◦ around the radio pulsar positionqusing an energy–dependent cone of ra-

FIG. 3: ∆-δ distribution for 88 γ-ray pulsars detected by
Fermi Large Area Telescope (LAT). PRELIMINARY

E
dius θ68 ≤ (5.3◦ × ( 100Mev
)−0.745 )2 + 0.092 . This
choice takes into account the instrument performance
to maximize the signal-to-noise ratio over a broad
energy range. Performing an unbinned maximumlikelihood fit of the phases to a constant plus single
Gaussian, we obtained an intrinsic pulsed fraction of
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our estimate of systematic effects. Figure 5 shows the
best fit spectrum as well as the 95% C.L. upper limits
on the γ-ray emission from its potential Pulsar Wind
Nebula HESS J1357-645 [10].

FIG. 4: Top three panels: phase-aligned γ-ray histograms
of PSR J1357-6429 within an energy-dependent circular
region of 0.8◦ around the radio pulsar position. Two rotations are plotted with 25 bins per period. The dashed line
shows the background level estimated using two nearby circular regions of 1.5◦ from the pulsar. Second panel from
bottom: X-ray pulse profile extracted from the XMMNewton data of 2009 in the 0.5-2 keV energy band. Two
rotations are plotted with 15 bins per period. Bottom
panel: radio pulse profile based on Parkes observations at
a center frequency of 1.4 GHz with 256 phase bins. [10]

0.56 ±0.13 with a Gaussian of width 0.48±0.18, centered at phase 0.83±0.03. X-ray (XMM-Newton 2009
data) and radio (1.4GHz from Parkes [15]) profiles
are also presented, confirming of X-ray pulsations first
suggested by Zavlin (2007).

B.

Spectral analysis

The phase-averaged spectrum of PSR J1357-6429
was obtained using gtlike, a maximum likelihood spectral analysis [14] implemented in the Fermi ScienceTools. The spectrum is best described by a power law
with a spectral index of Γ = 1.5 ± 0.3 ± 0.3 with an
exponential cut off at Ec = 0.8 ± 0.3 ± 0.3 GeV and an
integral photon flux above 100 MeV of F100 = (6.5 ±
1.6 ± 2.3) × 10−8 ph cm−2 s−1 . The integral energy
flux above 100 MeV is F100 = (1.9 ± 0.2 ± 0.8) × 10−5
MeV cm−2 s−1 . Assuming a distance of 2.4 kpc, the
34
gamma ray luminosity is Lγ = (2.1
p ± 0.3 ± 0.8) × 10

FIG. 5: Spectral energy distribution of PSR J1357-6449 in
gamma rays with LAT. Red dots are from the maximumlikelihood fit in individual energy bands between 100 MeV
and 100 GeV with the statistical significance ≥3σ, otherwise an upper limit arrow is shown. The statistical errors
are shown in red and in black both the statistical and systematic errors summed in quadrature. The magenta solid
line reperesents the maximum-likelihood fit by a power
law with an exponentially cut-off. Blue filled (open) stars
represent the 95% C.L. upper limits derived assuming a
Gaussian of 0.2◦ at the position of HESS J1356-645 in the
whole signal (in the off-pulse). [10]

IV.

CONCLUSION

The number of γ-ray pulsars has increased steadily
since the launch of the Fermi Satellite in June 2008
and has reached 88 including the most recent detection of J0940-5428, the last piano key missing.
We report 9 recently-detected young energetic radioselected γ-ray pulsars ranked by a figure-of-merit for
γ-detectability with some light curves and a preliminary update of the population distribution plots. The
quality of timing models can influence or dominate γray detection. The incoming 2nd Fermi LAT γ-ray
Pulsar Catalog will provide a larger population which
will give an opportunity to better constrain the γ-ray
emission models.

erg s−1 , consistent with a Lγ ∝ Ė relationship. The
first error is statistical, while the second represents
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TABLE I: Nine recently-detected young energetic radio-selected γ-ray pulsars
Rank
15
18
23
28
37
51
87
105
129

PSRJ
J1357-6429
J1531-5610
J0940-5428
J0908-4913
J1730-3350
J1801-2451
J1016-5857
J1648-4611
J1410-6132

P0
(s)
0.1661
0.0842
0.0875
0.1068
0.1395
0.1249
0.1074
0.1650
0.0500

p

Ė
Ė/d2
−1
−1
(erg s ) (erg s cm−2 )
3.10E+36 2.82E+17
9.09E+35 2.18E+17
1.93E+36 1.58E+17
4.92E+35 1.09E+17
1.23E+36 8.74E+16
2.59E+36 5.92E+16
2.58E+36 2.52E+16
2.09E+35 1.86E+16
1.01E+37 1.30E+16

[1] Smith et al., A & A, 492, 923, 2010
[2] Abdo et al., ApJS, 187:460 - 494, 2010
[3] http://www.atnf.csiro.au/research/pulsar/
psrcat/expert.html
[4] Dyks & Rudak 2003, Muslimov & Harding 2004
[5] Cheng et al. 1986.
[6] Kramer & Johnston, Mon. Not. R. Astron. Soc. 390,
87-92, 2008
[7] Dumora et al., Pulsar Conference, Sardinia, 2010

Dist1
(kpc)
2.50
2.09
2.95
2.53
3.54
5.22
8.0
4.96
15.6

[8]
[9]
[10]
[11]
[12]
[13]
[14]
[15]

Gb Npeak radio lag γ-ray peak sep.
(deg)
δ
∆
-2.51
1
0.38±0.02
...
0.03
1
0.35±0.02
...
-1.29
1
0.30±0.01
...
-1.01
2
0.10±0.01 0.50± 0.01
0.09
2
0.05±0.01 0.45± 0.01
-0.88
2
0.10±0.02 0.46± 0.02
-1.88
2
0.10±0.01 0.50± 0.01
-0.79
1
0.53±0.01
...
-0.09
2
0.03±0.01 0.42± 0.01

Romani R., et al., ApJ, 738, 114R, 2011
Camilo F., et al., ApJ, 611, L25, 2004
M.Lemoine-Goumard et al., A&A, 533, 102, 2011
http://fermi.gsfc.nasa.gov/ssc/
http://www.physics.mcgill.ca/∼aarchiba/photons plug.html
Hobbs et al. 2006.
Mattox et al. 1996.
Weltevrede P., et al., PASA, 27, 64, 2010
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spectra
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In this symposium the Fermi-LAT collaboration released the results of its measurement of the e−
and e+ separate spectra, obtained using the Earth magnetic field. Those results confirm PAMELA
finding of an increasing positron fraction above 10 GeV and allow, for the first time independently
on the electron spectrum, to reject cosmic ray spallation onto the ISM as the dominant positron
production mechanism above that energy. We show, for two different propagation setups, that
double component models which were developed to provide a consistent interpretation of PAMELA
positron fraction and Fermi-LAT e+ + e− data, naturally reproduce also the Fermi-LAT e− and e+
separate spectra.

I.

INTRODUCTION

One of the most striking recent results in cosmic
rays (CR) physics was the observation performed by
the PAMELA satellite experiment that the positron
to electron fraction e+ /(e− + e+ ) rises with energy
from 10 up to 100 GeV at least [1].
In the standard CR scenario, the bulk of electrons
reaching the Earth in the GeV - TeV energy range
are originated by Supernova Remnants (SNRs) and
only a subdominant component of secondary positrons
and electrons comes from the interaction of CR nuclei
with the interstellar medium (ISM). Since the residence time of primary nuclei in the Galaxy decreases
with energy, in that scenario a growing positron fraction could be justified only by a very steep primary
electron spectrum. This possibility, however, was
ruled out by the Fermi-LAT collaboration which found
the e− + e+ spectrum in the 7 GeV - 1 TeV energy
range to be compatible with a power-law with index
γ(e± ) = −3.08 ± 0.05 [2, 3], which is significantly
harder than what estimated on the basis of previous
measurements. Although excluded by the PAMELA
collaboration, in principle, the rising positron fraction could be the consequence of misidentified CR protons (which are 104 ÷ 105 times more abundant than
positrons). Therefore, an independent confirmation of
PAMELA results was called for.
The awaited confirmation arrived just during this
symposium as the Fermi-LAT collaboration released
the preliminary results of the measurements of the
absolute e+ and e− spectra, and of their fraction, between 20 and 120 GeV performed using the Earths
magnetic field (W. Mitthumsiri et al. plenary talk).
More recently, the collaboration published the final
results of those measurements which were extended
up to 200 GeV [4]. The sum of the e+ + e− separate
spectra was found to agree with the e+ + e− spectrum previously measured by Fermi-LAT. A steady
rising of the positron fraction was observed by this
experiment up to that energy in agreement with that
found by PAMELA. In the same energy range, the
e− spectrum was fitted with a power-law with index

γ(e− ) = −3.19±0.07 which is in agreement with what
recently measured by PAMELA between 1 and 625
GeV [5]. Most importantly, Fermi-LAT measured, for
the first time, the e+ spectrum in the 20 - 200 GeV
energy interval and showed it is fitted by a power-law
with index γ(e+ ) = −2.77 ± 0.14.
Remarkably, the e+ spectral index measured by
Fermi-LAT is almost coincident with that of CR protons which, in the standard scenario, are the main
positron primaries. Since Feynman scaling implies
that secondary positrons are produced with the same
spectral index of protons, no room is then left to the
steepening that propagation and energy looses should
unavoidably produce in the propagated e+ spectrum.
From this simple argument it is already evident that
the standard e+ production scenario must be incomplete. In the following we will explicitly show this is
the case for two different propagation setups. We will
then show to which extent and under which conditions
the alternative scenario, which invokes the presence
of a new primary positron and electron component,
consistently describes all Fermi-LAT and PAMELA
electron and positron data.

II.

SINGLE VS DOUBLE COMPONENT
MODELS

In [2, 3, 7] the Fermi-LAT collaboration discussed
two scenarios to describe the e+ +e− spectrum it measured. Schematically, we can define them as single and
double component scenarios.
The former scenario assumes one single class of
sources, spatially distributed like Galactic SNR’s, injecting e− in the ISM with a, a priori unknown, broken power-law spectrum. In those papers propagation
was modeled using the GALPROP [8] numerical diffusion
package and solar modulation was then taken into account in order to reproduce low energy data. This
was done in the charge independent force field approximation by fixing the modulation potential Φ against
proton data taken in the same solar phase.
Both models considered in [3] assume a cylindri-
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FIG. 1: The positron fraction computed with DRAGON or GALPROP is compared to experimental data. The shaded region
represents the sum in quadrature of statistical and systematical Fermi-LAT errors. Upper/lower dotted lines represent the
predictions of the standard single component scenario for strong/moderate reacceleration propagation setups described
in Sec.II/III. Dashed/solid lines have been derived for double component models using the same propagation setups
respectively. All models assume solar modulation with potential Φ = 550 MV.

cal diffusive halo with half-thikness of 4 kpc, a diffusion coefficient scaling with rigidity like ρ1/3 (Kolmogorov like diffusion) and relatively strong reacceleration (the Alfvén velocity was taken vA = 30 kms−1 ).
Under those conditions, GALPROP provides an excellent description of most CR nuclei measurements [9].
It should be taken in mind, however, that the observed antiproton spectrum is not well fitted under
those conditions while other choices of the propagation parameters were shown to consistently reproduce
both nuclear and antiprotons data (see Sec. III).
The single component reference model in [3] is characterized by an e− injection spectral index γ0 (e− ) =
−1.6/−2.5 below/above 4 GeV. That spectral break is
required to reproduce low energy AMS-01 e− data [10]
as well as the spectrum of the synchrotron emission
of the Galaxy below 1 Ghz [14]. This model differs
from similar pre-Fermi GALPROP models just for the
harder spectrum it adopts above 4 GeV as required
to track the Fermi-LAT e+ + e− hard spectrum. An
high energy cutoff in the source spectrum was also introduced in order not to overshoot H.E.S.S. e+ + e−
data [13] in the TeV region. In spite of such tuning
this model does not allow a very satisfactory fit of
the e+ + e− observed spectrum. Furthermore, since it
assumes only e+ secondary production, it cannot explain the positron fraction rise observed by PAMELA
and now confirmed by Fermi-LAT (see dotted lines in
Fig. 1 ). In Fig. 2 [18] we show that model also fails to
describe the e+ measured by Fermi-LAT. This is the
case also for the moderate reacceleration propagation
setup that will be discussed in the next section.
The double component scenario is characterized by
the presence of a new term in the electron and positron

source spectrum with the form
Jextra (e± ) ∝ E

γ0 (e± )

exp(−E/Ecut ) .

(1)

For γ0 (e± ) ≃ −1.5 and Ecut ≃ 1 TeV this term has
been shown to account not only for the positron fraction anomaly observed by PAMELA [6] but also an
excellent fit of the e+ + e− spectrum measured by
Fermi-LAT and H.E.S.S. [3, 7]. Several hypothesis
have been risen for its origin including e± acceleration in pulsar wind nebulae, dark matter annihilation, secondary e± production in SNRs (see [7] and
Ref.s therein). Although the spatial distribution of
the extra component source term generally depends
on which of those scenarios is adopted, this has no
consequences below few hundred GeV since at those
energies the e± propagation length is comparable to
the Galaxy size so that spatial features in the source
term are averaged-out. For this reason the following
considerations apply both to astrophysical and to dark
matter double component models.
The double component model considered in [3]
adopts γ0 (e− ) = −1.6/ − 2.7 below/above 4 GeV for
the standard electron component, γ0 (e± ) = −1.5 and
Ecut = 1.4 TeV for the electron and positron extra
component. In Fig.s 1 and 3 we compare the predictions of that model also with the new Fermi-LAT
data [4]. The reader can see from those figures as
this model correctly reproduces not only the e+ + e−
spectrum measured by Fermi-LAT but also its new e−
spectrum. The model also matches most Fermi-LAT
e+ data points and, most importantly, it reproduces
their slope. The new Fermi-LAT data, therefore, confirm the presence of an e± spectral component in the
form given in Eq.1.
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FIG. 2: The e+ + e− (black lines), the e+ (red lines) and the e− (blue lines) spectra computed for the single component
scenario are compared with Fermi-LAT data in [4] . Dashed/solid lines have been derived using the strong/moderate
reacceleration setups described in Sec.II/III. Statistical and systematic errors are summed in quadrature. All lines
accounts for solar modulation with Φ = 550 MV.

FIG. 3: The predictions of the double component models discussed in Sec.s II and III are compared with Fermi-LAT
data in [4]. The modulation potential and the line notation are the same of Fig. 2.

III.

THE CASE OF MODERATE
REACCELERATION

In this section we test to which extent the choice of
the propagation setup may affect our previous results.
Our attempt is also motivated by the well known discrepancy between the prediction of strong reaccelation models and the positron fraction measured by
PAMELA below 10 GeV. Such low energy PAMELA
anomaly is commonly ascribed to solar modulation behaving in a more involved way than in the force field
approximation. Charge dependent effects correlated
to the solar magnetic field polarity are indeed theoretically expected as a consequence of the complex spatial
and temporal structure of the heliosphere (see [15] for
a recent review).Typically, however, those effects are
relevant only in the sub-GeV region and a satisfactory

description of all available electron and positron data
in those terms has not been yet achieved.
Here we suggest that at least part of the low energy
positron fraction anomaly could be related to other
issues encountered by strong reacceleration propagation setups: 1) as we mentioned, those models do not
provide a satisfactory description of the antiproton
spectrum measured by PAMELA and other experiments [9, 17]; 2) they reproduce the observed proton
spectrum only by introducing a break ad hoc in the
source spectrum; 3) strong reacceleration rise similar
problems with the electron spectrum in the GeV region [16] ; 4) they are incompatible with the observed
spectrum of the synchrotron emission of the Galaxy
[14]. Although none of these warnings might exclude
strong reacceleration by itself, taken together they seriously justify to consider alternative possibilities.
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For all these reasons we consider here also a propagation setup characterized by moderate reacceleration
(vA = 15 kms−1 ) and a diffusion coefficient with a
Kraichnan like dependence on rigidity: D(ρ) ∝ ρ1/2 .
More specifically we adopt here the KRA model proposed in [16]. That model was shown to correctly
reproduce the B/C and other nuclear CR data if
the particle speed dependence of the diffusion coefficient is suitably tuned (as could be justified by MHD
wave dissipation, see [9] and ref.s therein). Differently
from strong reacceleration setups, it reproduces the
antiproton spectra measured by PAMELA [17] and,
what is most relevant here, it requires no break in the
proton source spectrum at least up to few hundred
GeV. In fact, we verified that this is crucial to correctly match the PAMELA positron fraction below
10 GeV. Under those conditions, and assuming the
presence of a e± extra-component as that adopted
in the previous section, the e+ + e− spectrum measured by Fermi-LAT, H.E.S.S. and AMS-01 was also
accurately reproduced. Respect to Ref. [16] here we
only change the low energy e− source spectral index
by taking γ0 (e− ) = −1.6/ − 2.65 below/above 4 GeV
rather that −2/2.65. In Fig. 1 the reader can see as
this arrangement allows not only a good fit of the e+ ,
e− and e+ /(e+ + e− ) Fermi-LAT data between 20 and
200 GeV but also to improve considerably the description of the PAMELA positron fraction data below 20
GeV. The small residual offset may either be due to
solar modulation or to a experimental systematic (the
reader may have noted the small offset between the
e+ fraction measured by PAMELA and Fermi-LAT).
We verified that PAMELA e− data [5] are also consistently reproduced by the model considered in this
section, with almost the same modulation potential,
if their normalization is rescaled so to make them to
coincide with Fermi-LAT e− data at 20 GeV.

as well as of the e+ and e− absolute spectra in the
20 - 200 GeV energy interval. We showed that the
e+ spectrum measured by Fermi-LAT is in contrast
with the standard scenario in which e+ are originated
only by the spallation of the nuclear component of CR
onto the ISM. This evidence is even stronger than that
provided by the positron fraction anomaly found by
PAMELA, and confirmed by Fermi-LAT, since it is independent on the e− spectrum reducing the involved
systematics. We then tested the alternative scenario
which invoke the presence of an additional electron
and e+ primary spectral component, against the same
data. We showed, for two different propagation setups, that models which were proposed in this framework to consistently interpret PAMELA positron and
the Fermi-LAT e+ + e− spectrum naturally reproduce
the e+ and e− separate spectra. By measuring the
e+ and e− spectra above 200 GeV, AMS-02 will be
necessary to have a clue on the nature of the extra
component discovered by PAMELA and Fermi-LAT.
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Normal galaxies begin to arise from the shadows at high energies, as can be seen with the discovery
of high-energy γ-ray emission from the Andromeda galaxy (M 31) by the Fermi /LAT collaboration.
We present a study on the search for high-energy emission around galaxies of the Local Group.
No significant detection is found from the objects studied here. Upper limits on the high-energy
emission of nearby normal galaxies are derived, and we discuss them in the context of γ-ray emission
from cosmic ray interactions with the local interstellar medium in these galaxies.

I.

INTRODUCTION

Unusual suspects for extragalactic high-energy γray emission begin to arise from the shadows: the
Fermi/LAT collaboration recently reported the discovery of high-energy γ-ray from the Andromeda
galaxy (M 31), our neighbouring galaxy [1]. More
powerful sources, particularly active galactic nuclei
(AGNs) with relativistic jets pointing close to the line
of sight, the so-called blazars, represent the major part
of extragalactic sources detected with Fermi/LAT
(see e.g. [2]).
However, weaker sources such as starburst galaxies begin to be revealed as high-energy emitters, both
in the GeV and TeV ranges, like M 82 [3, 4] and
NGC 253 [3, 5]. Starburst, Seyfert and normal galaxies have long been thought to marginally contribute
to the extragalactic diffuse γ-ray emission (see e.g.
[6]), however recent studies tend to re-evaluate this
contribution to be largely significant, if not dominant, compared to the emission from blazars (see e.g.
[7]). We present here a study on the search for highenergy γ-ray emission from normal, nearby galaxies
from the Local Group, in order to investigate any signature from cosmic rays interactions with the interstellar medium in the host galaxy, as opposed to the
emission from AGNs.

∗ This

manuscript derives from the work presented in [15], in
which more details can be found.

II.

THE SAMPLE AND FERMI /LAT DATA
ANALYSIS

High-energy emission from some galaxies of the Local Group has been reported for the small Magellanic
cloud (SMC, [8]), the large Magellanic cloud (LMC,
[9]), M 31 [1], the starbursts M 82 and NGC 253 [3],
and Cen A [10, 11]. We study here the major galaxies
from the Local Group for which no high-energy emission has been reported so far: M 81, M 83, IC 342,
Maffei 1, Maffei 2, and M 94.
A Fermi/LAT data analysis is performed for the
sources in our sample using the public data from August 4, 2008 to January 1, 2011. We use the unbinned
likelihood analysis [12] from the publicly available Science Tools version v9r18p6. Data from the diffuse
class events are selected, using the P6 V3 instrumental response functions, in the 200 MeV–200 GeV energy range. The isotropic isotropic iem v02 model
is used to account for both the extragalactic diffuse
emission and residual instrumental background, while
the model gll iem v02 accounts for the contribution
from the Galactic diffuse emission. The region of interest is taken from a circular region of 10◦ of radius
around the nominal positions of the sources in our
sample, while all the neighbouring sources up to 15◦
from the 11 months point source catalogue (1FGL,
[13]) are accounted for in the modelled reconstruction
of the sources. The gtlike tool is used to assess the
detection level of the studied objects, for all of which
the Test Statistics (TS) are found to be below 25, resulting in no significant detection. Upper limits at 2σ
confidence level are thus derived on their flux in the
200 MeV–200 GeV energy range. No specific energy
spectra are assumed to derive these limits, and the
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FIG. 1: γ-ray luminosity, or the upper limit at 2σ confidence level on the luminosity, of the different sources in the
sample and other known high-energy emitting starburst and normal galaxies, given against the supernova rate times the
total gas mass in these objects. The red square points show the expectations on the luminosity from the model of [17],
accounting for the uncertainties on RSN and Mgas .

corresponding photon indices are left free to vary in
the models. Table I presents a summary of our results
for M 81, M 83, IC 342, Maffei 1, Maffei 2, and M 94,
as well as previous results obtained on NGC 1068 and
NGC 4945 [14] and on the Milky Way, LMC, SMC,
M 31, M 33, M 82 and NGC 253 (see [15] and references therein). More details on specific sources from
the sample can be found in [15].

leptonic cosmic rays (see e.g. [16]). [17] suggested that
the supernova rate RSN and the total gas mass Mgas
in a given galaxy could be a proxy for the expected
γ-ray luminosity, through the relationship:

Fγ (> 100 MeV) =2.34 × 10
×

III.

DISCUSSION

Interactions between cosmic rays accelerated in stellar objects (e.g. supernoværemnants) and the ambient
interstellar medium in starburst and normal galaxies
are expected to generate high-energy γ-ray emission,
through pion decay for hadronic cosmic rays as well as
inverse Compton and bremsstrahlung radiations from



−8



d
100 kpc



RSN
Mgas
MW
108 M⊙
RSN
−2
ph cm−2 s−1

(1)
MW
scaled with the supernova rate in the Milky Way RSN
and the distance of the considered galaxy d.
Figure 1 shows the γ-ray luminosity measured with
Fermi/LAT for the known high-energy emitting starburst and normal galaxies, against RSN ×Mgas , as well
as the upper limits on the fluxes for the objects studied here which are not detected. The luminosities ex-
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TABLE I: Properties of galaxies from the Local Group.
Source

d
RSN
kpc
yr−1
Milky Way ...
0.02 ± 0.01
LMC
50
0.005 ± 0.002
SMC
61 (1 ± 0.2) × 10−3
M 31
780
0.045 ± 0.015
M 33
847
0.050 ± 0.015
Maffei 2
2800
?
Maffei 1
3010
?
IC 342
3280
0.18 ± 0.10
M 82
3530
0.2 ± 0.1
NGC 4945 3600
0.3 ± 0.2
M 81
3630 0.008 ± 0.002
NGC 253
3940
0.2 ± 0.1
M 83
4500 0.050 ± 0.025
M 94
4660
0.04 ± 0.02
NGC 1068 14000
0.20 ± 0.08

pected from the model of [17] are also depicted in red,
accounting for the observational uncertainties on RSN
and Mgas for the different objects. For comparison,
we also added in this plot the γ-ray luminosity for the
Seyfert 2 galaxy NGC 1068 recently detected at high
energies [14]. NGC 1068 also harbours a starburst region in its central part, but it was argued in [14] that
its high-energy emission more likely originates from
the AGN activity.
It can be seen in Fig. 1 that the upper limit reported on M 33 by the Fermi/LAT collaboration [1]
is very stringent compared to expectation, if the highenergy flux is truly directly connected to RSN × Mgas ,
i.e. if the high-energy emission is only due to cosmic
ray interactions with the interstellar medium, without any other contribution. In this case, a detection of M 33 with Fermi/LAT should be imminent.
A non-detection of M 33 in the future years could be
an indication for e.g. a particularly efficient electron
escape in this galaxy, partly suppressing the highenergy emission. It can be noted from Fig. 1 that the
same applies to M 83, which should also be detectable
soon with Fermi/LAT. Apart from the peculiar case of
NGC 1068 for which the γ-ray emission may be dominated by the AGN activity, the observations for the
other sources reported here are fully consistent with
expectations from the model of [17].
An alternative scenario can be invoked for expected
high-energy emission from normal galaxies. Indeed
[18] recently reported the discovery of giant γ-ray bubbles in the inner Milky Way, and an extensive discussion on different possible mechanisms for their origin
can be found e.g. in [19]. The emission from these giant bubbles more likely comes from inverse Compton
scattering of a hard population of Galactic cosmic ray

Mgas
Lγ
109 M⊙
1043 ph s−1
6.5 ± 2.0
0.12 ± 0.03
0.67 ± 0.08 (7.8 ± 0.8) × 10−3
0.70 ± 0.06 (1.6 ± 0.4) × 10−3
7.66 ± 2.38 (6.6 ± 1.4) × 10−2
2.23 ± 0.84
< 5.0 × 10−2
?
< 1.66
?
< 3.03
4.0 ± 0.8
< 6.40
2.5 ± 0.7
2.39 ± 0.75
4.2
4.09 ± 0.92
5.16 ± 1.72
< 1.55
2.5 ± 0.6
1.12 ± 0.78
5.5 ± 1.1
< 1.33
0.56 ± 0.11
< 3.19
4.4
33.8 ± 8.9

electrons, the latter may also be at the origin of the
microwave haze seen with WMAP [20]. If such emission from giant bubbles occurs in other normal galaxies, one could expect to detect that signal in galaxies
from the Local Group, in addition to the emission discussed above, which would result in a higher γ-ray flux
compared to what is expected from the model of [17].
Such hypothesis can already be ruled out in the peculiar case of M 33, owing to the constraining upper
limit reported on its γ-ray flux.
High-energy emission could also arise from a third
hypothesis. Collective emission from galactic sources
within the host galaxies, such as pulsars, pulsar
wind nebulæ or supernova remnants, could be detected in nearby galaxies. To evaluate the contribution of such emission, we estimate the expected
flux for this collective emission using the γ-ray luminosities for pulsars and pulsar wind nebulæ currently detected with Fermi/LAT (see [15] for more
details), assuming these galactic objects are located
in a hypothetical galaxy distant by 3 Mpc, which
is the mean distance for the sources in our sample.
The modelled flux was intentionally over-estimated
by assuming 1000 such sources in the host galaxy,
which is much more numerous than the ∼60 similar objects currently detected with Fermi/LAT in our
Galaxy [21, 22]. Even with such optimistic conditions, the collective flux from pulsars is computed to
be F (E > 100 MeV) ∼ 5 × 10−14 erg cm−2 s−1 , and
the one for pulsar wind nebulæ amounts to F (E >
100 MeV) ∼ 10−13 erg cm−2 s−1 . These estimates are
well below the sensitivity achievable by Fermi/LAT
within 2 years of observations [23]. The contribution
from collective emission of galactic objects in the host
galaxy is thus found to be negligible compared to the
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one from cosmic ray interactions with the local interstellar medium.
IV.

lead to the detection of a few other normal, non-active
galaxies in the near future.

CONCLUSIONS

High-energy γ-ray emission from normal galaxies of
the Local Group has been searched for. No normal
galaxy has been detected at high energy yet, apart
from M 31 [1]. We derived upper limits on their flux,
which are found to be fully compatible with expectations from the model of [17] for cosmic ray interactions with the local interstellar medium. If this
model holds, a detection should be imminent with
Fermi/LAT for M 33 and M 83. The expected γ-ray
flux of the other sources in the sample are below the
sensitivity of Fermi/LAT, in accordance with [7] who
estimated that ∼5 normal galaxies should be individually detectable in the Fermi/LAT lifetime.
Deeper observations with Fermi/LAT will possibly
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Short time scale variability at gamma rays in FSRQs and implications
on the current models
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We studied the rapid variability at GeV gamma rays of the flat-spectrum radio quasar PKS 1222+216, which
was recently found by the MAGIC Cerenkov telescope to display very short variability (minutes time scale) at
hundreds of GeV. We analyzed the time period between 2010 April 29 and June 20, when the source generated
a few γ-ray flares with flux in the MeV-GeV band in excess of 10−5 ph cm−2 s−1 on daily basis. We set tight
upper limits on the observed doubling time scale (∼ 0.8 hours on 2010 April 30), the smallest measured to date
at MeV-GeV energies, which can constrain the size of the γ-ray emitting region. We also studied the spectra
measured during two flares (2010 April 30 and June 17-18). The combination of spectral and variability studies
obtained in the present work favors the hypothesis that γ rays are generally produced inside the broad-line
region (BLR), but sometimes the dissipation can occur at larger distances, nearby the infrared torus.

1. INTRODUCTION
The variability of the emission from active galactic nuclei (AGN) with relativistic jets viewed at small
angles is amplified because of the Doppler boosting
δ. This measurement can be linked to the size of
the emitting region r, which should be smaller than
τ δc/(1 + z), being τ the observed characteristic time
scale, c the speed of light, and z the redshift of the
source. Rather obviously, very short time scales imply very small emitting regions. When the size r is
smaller than the gravitational radius of the central
black hole (rg = GM/c2 , where G is the gravitational
constant and M is the mass of the singularity), this
can create some problems in blazar models (cf [1]).
According to the present models, the dissipation region of jets in blazars is at about 103 rg (e.g. [9]). By
taking into account that any perturbation propagate
with a starting size of the order of the gravitational
radius and the jet is a self-similar structure – which in
turn implies that the emitting region is linked to the
distance from the central black hole R through the
aperture of the jet ψ ∼ 0.1 − 0.25 (e.g. [2, 8]) – the
dissipation at R ∼ 103 rg requires an emitting region
of the order of (100 − 250)rg . Such a size can sustain a
variability of about 7 − 17 hours in the case of a blazar
at z = 1, M = 109 M⊙ , and δ = 10.
The observation of sub-hour time scales in the highenergy emission from some blazars ([5, 10, 11, 12])
threatened this scenario. Although a simple increase
of the Doppler factor could be an affordable gross solution in the case of BL Lac Objects (which have a
photon-starved nearby environment) this is no more
reasonable for flat-spectrum radio quasars (FSRQs),
with a richer photon field. Since the external energy
density is proportional to Γ2 (Γ is the bulk Lorentz
factor), an increase of δ implies an increase of the energy density and, hence, of the optical depth for pair
production (cf [8]). Particularly, the observation of

variability with time scales of minutes at hundreds of
GeV in the case of PKS 1222+216 [12] has put very
severe constraints to the existing models (see [21] for
a review and some possible solutions).
Therefore, the search for short time scales in the
emission of FSRQs is an insuperable testing ground
for the existing theories about relativistic jets. The
launch of the Large Area Telescope (LAT, [3]) onboard
the Fermi satellite made it available the state-of-theart of the high-energy γ-ray instrumentation. With its
superior performance, it is now possible to probe the
variability in FSRQs on hourly time scale. Some work
has been already published in [6, 7]. Here we focus on
the case of PKS 1222+216 as observed by Fermi/LAT
and reanalyzed the data presented in [7] with a most
recent and improved version of the software.

2. DATA ANALYSIS
The FSRQ PKS 1222+216 (a.k.a. 4C +21.35) is a
high-power blazar at z = 0.432. It was listed in the
catalog of very high energy (E > 100 GeV) sources detected by Fermi/LAT (in a time period of about two
years) [15]. In 2010 April-June, the source underwent
a few strong γ-ray outbursts, with fluxes at energies
greater than 100 MeV in excess of 10−5 ph cm−2 s−1
[19]. Particularly, on 2010 June 17, it was detected at
energies of hundreds of GeV by the MAGIC Cerenkov
telescope, while displaying very short time scale variability (8.6+1.1
−0.9 minutes, [12]).
The analysis of Fermi/LAT data in the period 2010
April-June revealed short variability: 1.5 ± 0.6 hours
or < 2.3 hours, with a more conservative approach
[7]. This analysis was performed by using a preflight version of the instrument response function
(IRF), adapted to overcome some problems in the
100 − 200 MeV energy range. After the publication of
the work [7], the Fermi/LAT Collaboration released
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Figure 1: Fermi/LAT light curve in the 0.1 − 100 GeV
energy band with GTI time bins (too small to be visible).
The vertical grey dot-dashed line indicates the period of
the MAGIC detection [12] (see the zoom in Fig. 3). Time
starts on MJD 55315 (2010 April 29).

(2011 August 5) a new fully post-flight IRF, together
with improved files for the background subtraction.
Given the importance of this release, we decided to reanalyze the LAT data, searching for tighter estimates
of the time variability.
Therefore, in this work, we adopt the LAT Science
Tools v. 9.23.1, with the IRF P7SOURCE V6, and
background files iso p7v6source.txt (isotropic) and
gal 2yearp7v6 v0.fits (Galactic diffuse). We selected events of class 2, within a zenithal distance of
100◦ and a rocking angle smaller than 52◦ . The time
period covered by the analysis is the same of [7], i.e.
2010 April 29 (MJD 55315) and June 20. The remaining of the analysis has been done as described in
[7], i.e. by building a light curve with the width of
bins equal to the Good-Time-Intervals (GTI). Then,
we searched for the time scale τ for doubling/halving
the flux as defined by:
−(t−t0 )
F (t)
=2 τ
F (t0 )
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2
Time [MJD − 55315]
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Figure 2: Zoom on the first flare occurred on 2010 April
30 (MJD 55316). Time starts on MJD 55315 (2010 April
29). See the text for details.
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Figure 3: Zoom on the period of the MAGIC detection
occurred on 2010 June 17 (MJD 55364.908, indicated
with grey dot-dashed vertical lines [12]). It is worth
noting that Fermi detected the highest flux after the
MAGIC observation. Time starts on MJD 55315 (2010
April 29). See the text for details.

(1)

where F (t) and F (t0 ) are the fluxes at times t and
t0 , respectively. Fig. 1 shows the γ-ray light curve of
PKS 1222+216 in the analyzed period.
The analysis based on the calculation of τ from two
consecutive points and Eq. (1) results only in an upper
limit of τ < 2.8 hours, similar to the τ < 2.3 hours
obtained with the previous analysis.
However, in some cases like the flares occurred on
2010 April 30 and June 17-18 (see Fig. 2 and 3), it is
possible to perform a fit on a few consecutive points,
thus improving the measurement errors. The best
estimates can be obtained during the flare of 2010
April 30 15:07 UTC (MJD 55316.6301, Fig. 2), which
reached a peak flux of (2.4 ± 0.4) × 10−5 ph cm−2 s−1 .

The rise time is calculated with four points between
MJD 55136.42 and 55136.63 (i.e. the points betwee
1.42 and 1.63 in the abscissa of Fig. 2 indicated with
the red squares) and resulted in τ = 0.83 ± 0.74 hours.
The decay is sharper and, with six points between 1.63
and 1.94 (i.e. MJD 55136.63 and 55136.94; see the orange stars plus the peak in Fig. 2), it is possible to
calculate a τ = −0.79 ± 0.35 hours.
Another γ-ray flare occurred after the MAGIC observation [12] (Fig. 3), with a peak of (1.8 ± 0.3) ×
10−5 ph cm−2 s−1 on MJD 55365.6276 (2010 June 18
15:03 UTC). The rise time derived from the fit of four
points (red squares in Fig. 3) is τ = 1.2 ± 1.1 hours,
while the decay is τ = −1.3 ± 0.6 hours (fit with six
points, orange stars plus the peak in Fig. 3).
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Figure 4: γ-ray spectral energy distribution (SED) of
PKS 1222+216. The MAGIC detection of 2010 June 17
is indicated with black circles (from [12]). Fermi/LAT
detection of 2010 April 30 (1 day integration) is
displayed with red stars (the upper limit is at 5σ level),
while blue triangles are for the detection on 2010 June 18
(1 day integration).

It is worth noting that the MAGIC observation
refers to 2010 June 17 [12]. The two events (April 30
and June 17-18) are not necessarily correlated or similar. It is not possible to know if on April 30 the source
extended its emission to hundreds of GeV, because
MAGIC started observing PKS 1222+216 on May 3
[12]. However, the spectral analysis of Fermi/LAT
data suggests that the emission drops after a few tens
of GeV (Fig. 4, red star points). The photon with
highest energy detected by LAT at that time measured
∼ 23 GeV. Instead, the spectrum measured during
the flare of 2010 June 17-18 (blue squares in Fig. 4)
seems to extend to match the MAGIC measurements
of [12], with the highest energy of LAT photons of
∼ 63 GeV. Particularly, in the last Fermi bin (31 <
E < 100 GeV), the source is detected with high significance (T S = 30, equivalent to ∼ 5.5σ). The partial
drop in flux as observed in the two 3 < E < 10 GeV
and 10 < E < 31 GeV bins can be consistent with an
absorption within the BLR according to the theory of
Poutanen & Stern [16], as already noted in [19].

3. FINAL REMARKS
From the variability alone, the two flares of 2010
April 30 and June 17-18 seem similar, with the time
scales consistent each other within the errors. The
value of τ ∼ 1 hour favors the dissipation in the BLR
(cf. Sect. 3 and Eqs. 3 and 4 of [7]). However, the
spectral analysis revealed two different states of the
source: one (2010 April 30) with a spectrum peaking around ∼ 1024 Hz and with no detection above
a few tens of GeV; the other (2010 June 17-18) has

a harder spectrum extending to hundreds of GeV, although partially absorbed in the range ∼ 3 − 31 GeV.
It seems that most of the dissipation generally occurs in the BLR, but sometimes there are episodes
where the region is at larger distances from the central spacetime singularity, nearby the infrared torus
(see [12, 19, 21]). The possibility of an outward motion of the dissipation zone has been already suggested
by Stern & Poutanen [18] by studying 3C 454.3. In
this case, the motion would be on a larger scale, from
the BLR to the infrared torus.
Perhaps, this is the solution of the long-standing
question on where γ-rays are produced, which has
seen several researchers debating during the past years
mainly on two opposite arrays: on one side, the two
groups led by Marscher [13, 14] and Sikora [17], respectively, favoring the hypothesis of a location nearby
the infrared torus, i.e. on super-pc scales; on the other
side, a more heterogeneous group supporting the subpc location, within the BLR [4, 9, 16, 20]. The combined spectral and variability analysis presented in
this work suggests that it is not a matter of either
one or the other hypothesis (aut-aut), but that both
hypotheses are possible in the same source, depending on the time of the event. That is, the dissipation occurs both in the BLR and in the infrared torus.
Generally in the BLR, but sometimes the blob is only
partially absorbed by the BLR and can move outward
still sufficiently collimated and dissipate nearby the
torus.
This is just one case and more coordinated observations in the GeV-TeV range are necessary to understand if this is an isolated anomaly or a typical
behavior of blazars.
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We present a systematic search for potential dark matter subhalos in our Galaxy among the 630 unassociated
sources included in the First Fermi-LAT Source Catalog. Assuming a hypothetical dark matter particle that
could generate observable gamma-ray photons beyond the Fermi energy range through self-annihilation, we
look for reasonable targets for ground-based Imaging Atmospheric Cherenkov Telescopes at energies E > 100
GeV. In order to narrow the origin of these enigmatic sources, we look for their possible counterparts in other
wavelengths including X-ray, radio, and optical spectroscopy. We find that the synergy between Fermi and
Cherenkov telescopes, along with multiwavelength observations, could play a key role in indirect searches for
dark matter.

1. Introduction
A gamma-ray signal in the very high energy (VHE)
regime from dark matter (DM) particle annihilation
would be characterized by a very distinctive spectral shape due to features such as lines [Bertone et al.
2009], and internal bremsstrahlung [Bringmann et al.
2008], as well as a characteristic cut-off at the DM
particle mass. The DM spectrum must be universal;
hence a possible smoking-gun for DM would be the detection of several gamma-ray sources, all of them sharing identical spectra [Lee et al. 2009]. No DM signal
has been detected so far in any of the most promising DM targets, including dSph galaxies [Aleksic et al.
2011], the Galactic Center [Abramowski et al. 2010],
and clusters of galaxies [Aleksić et al. 2010]. Yet,
there might be additional regions with high DM density.
High resolution simulations indicate that DM halos
must exhibit a wealth of substructure on all resolved
mass scales [Diemand et al. 2008, Stadel et al. 2008]
(see Figure 1). These subhalos could be too small to
have attracted enough baryonic matter to start starformation and would therefore be invisible to past astronomical observations [Pieri et al. 2008] but most
probably visible at HE and VHE via annihilation of
weakly interacting massive particles (WIMP). Since
DM emission is expected to be non variable in time,
such hypothetical sources would appear in the all-sky
monitoring programs [Kamionkowski et al. 2010], and
thus could be detected by the Fermi satellite telescope
as unassociated Fermi objects (UFOs) not detected
at any other wavelengths. As mentioned above, a potential indicator of DM detection could be a distinct
cut-off close to the DM particle mass. In the neutralino framework [Jungman et al. 1996], such a cutoff would be likely located at energies where Fermi is
not sensitive enough [Amsler et al. 2008]. Therefore,
the synergy between Fermi and imaging atmospheric
Cherenkov telescopes (IACTs) appears as a natural
way to attack this problem, since IACTs are more

Figure 1: Via Lactea II simulation of a Milky Way-sized
DM halo where rich DM substructure emerges. DM
subhalos could be close enough to be detectable in the
gamma-ray range. Extracted from Diemand et al. [2008]

sensitive at VHE.

2. Selection of Dark Matter Subhalo
Candidates
The First Fermi-LAT catalog [1FGL Abdo et al.
2010] consists of 1451 sources with 630 unassociated
with any known type of feasible gamma-ray emitter
(see Figure 2). The collection of possible DM subhalo
candidates out of the 1FGL starts with a selection
of UFOs based on spectral characteristics, time variability, possible associations, and location in the sky.
To qualify as a candidate, the sources are required to
meet the following criteria:
• A location outside the Galactic Plane.
The majority of the UFOs are located in the
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Figure 2: All-sky Fermi Aitoff projection of photons above 10 GeV (Galactic coordinates). Green crosses indicate the
nominal position of the 630 UFOs. As clearly seen, the bulk of UFOs is located in the Galactic plane.

Galactic plane, where an overwhelming fraction of conventional galactic objects are found
(pulsars, pulsar wind nebulae, supernova remnants, binary systems, etc). On the other
hand, the galactic DM substructures present
an homogeneous distribution in galactic latitude [Diemand et al. 2008, Springel et al. 2008].
The association algorithms are not very efficient
in very crowded environments and unassociations due to an excess of candidates are likely.
On top of that, the galactic diffuse gammaray background is stronger close to the Galactic
plane, making Fermi data analysis much difficult up to the extent that the statement of detection of some faint UFOs, nearby or within
the Galactic Plane, depends on the assumed
galactic gamma-ray background model. Consequently, in case some UFOs are actual DM
clumps, the chances of ordinary object contamination in the final selection would be much
higher if low galactic coordinate objects are considered. As a conclusion, UFOs with galactic
latitudes |b| < 10 deg were rejected.
• Hardness.
The expected spectral shape from WIMP annihilation, which essentially follow the shape
of the annihilation photon yield, is hard until
the WIMP mass cut-off [Cembranos et al. 2011].
Moreover, 1FGL sources presenting hard spectra
are more likely to be detected by IACTs. Therefore, only hard sources were selected, meaning
that 1FGL sources with spectral fitting power
law indices Γ < 2 were considered.
• Non variability.
The photon flux from DM annihilation must be

constant over time, thus variable sources must
be rejected. The 1FGL provides a variability
index for each source. The corresponding light
curve is significantly different from a flat one
if that index is greater than 23.21. Therefore,
sources whose variability index surpasses that
limit were discarded.
• Spectral behavior.
In the SUSY DM framework, the neutralino has
a mass lower limit of ∼ 50 GeV [Jungman et al.
1996]. Thus, the energy cut-off of its annihilation spectrum must lay above that energy.
As such, the spectrum within the Fermi energy
range must be well described by a single power
law [Bertone et al. 2006]. In order to quantify
departures from a power law spectra, the 1FGL
includes the so called curvature index. When the
value of that index is greater than 11 it means
that the spectrum of the source deviates from a
power law. Consequently, sources with a curvature index surpassing that limit were discarded.
Out of the total 630 UFOs only 93 of them fulfilled
the before mentioned criteria.

3. Possible counterpart search
For each candidate from the above mentioned subset of sources, we conducted an extensive counterpart search for possible associations. The main astronomical catalogs and mission archives were explored
around the 1FGL nominal positions with a conservative 20 search radius, corresponding to twice the Fermi
PSF at 10 GeV [Burnett et al. 2009]. The search,
performed with the help of the NASA’s High Energy
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3

Figure 3: 40′ × 40′ regions centered in some representative sample of unassociated Fermi objects out of the catalog
selection. The purple circles are centered in Fermi nominal position, surrounded by a dot-dashed line representing its
95% error region. Left-most and center sources were discarded since bright radio or X-ray sources were present within
their error regions. The right-most field qualifies it as a candidate. Red, blue, and purple circles depict radio, X-ray
and gamma-ray sources respectively. The maps, in equatorial coordinates, were generated with the ASDC Data
Explorer [ASI 2011].

Astrophysical Archive [NASA 2011a], scrutinized the
archives from current and past gamma-ray missions
like AGILE, INTEGRAL, CGRO, HETE-2, COS-B;
X-ray missions like ROSAT, Chandra, XMM-Newton,
Swift, Suzaku, RXTE; and radio catalogs including the
NRAO VLA Sky Survey, Green Bank Survey, FIRST
Survey. Infrared and ultraviolet missions archives like
Spitzer, IRAS, FUSE, and GALEX were also considered. The purpose of this search is to discard sources
whose Fermi gamma-ray flux could be eventually attributed to an already detected conventional source.
In this way a set of unassociated sources, i.e. sources
with no potential counterparts in their Fermi error region, was obtained. In order to illustrate the results
of the search some examples of 40′ × 40′ regions centered in different UFOs are shown in Figure 3 for both
selected and discarded sources.
After the dedicated search only 23 out of the previous 93 UFOs surviving the catalog selection were
left. Swift -XRT data [Donato et al. 2010] were publicly available for all these 23 sources and were analyzed. UFOs containing X-ray sources within Fermi
error contour in Swift -XRT data were consequently
discarded. Finally, only 10 UFOs out of the previous
23 sources, qualified as candidates.

of the gtselect tool, namely, event class 3 and 4
were considered for photons below 20 GeV and class
4 beyond that energy, a maximum zenith angle cut of
105◦ was applied and the latest Instrument Response
Functions (Pass6 v3 ) were considered. Regarding the
time selection, performed with the gtmktime, only
good time intervals were considered. On top of that,
photons arriving when the satellite was crossing the
South Atlantic Anomaly were discarded as well as
those recorded at a rocking angle greater than 45◦ .
Regions of interest-based zenith angle cuts were also
applied. A circular region corresponding to 1.5 times
the Fermi PSF radius at 10 GeV (0.15◦ ) centered on
the source nominal position was examined in order to
get the high-energy photons likely to have been emitted by the source. The diffuse high-energy gamma-ray
background at high galactic latitudes is expected to
be almost negligible. The background contribution to
the total number of photons extracted from the 0.15◦
radius region was estimated to span from ∼ 0.2 to
∼ 0.8 photons, depending on the source. Attending
to the estimated number of background photons in
the extraction region, it is clear that, for most of the
selected UFOs, the majority of extracted high-energy
photons are unlikely to be background photons. The
list of photons per source is found in Table I.

4. Final List
As a final step we rank the 10 sources based on
the number of high-energy Fermi photons (Eγ > 10
GeV). This number is a crucial quantity that provides
evidences for a possible extrapolation of Fermi fluxes
beyond the IACTs energy thresholds.
Fermi data for all these 10 sources were analyzed using the latest version of Fermi ScienceTools [NASA
2011b]. The best suited event selection quality cuts for
off-plane point source analysis were applied by means

We posit that this list can serve as a
source pool for follow-up observations with
IACTs.
In particular, experiments such as
MAGIC [The-MAGIC-Collaboration 2011] hold
a clear advantage based on outstanding response at
low energies (E < 150 GeV) that best overlaps
with the Fermi energy range. This list could also
serve to consider the prospects with future IACT
experiments.
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Table I Fermi -LAT photons as of February 2011.
Reprocessed data (P6 V3 DIFFUSE) were considered.
Candidate
Fermi -LAT photons over 10 GeV
UFO I
12.7, 14.0, 14.2, 18.2, 22.3, 23.7, 29.1, 133.5
UFO II
15.6, 45.7, 20.4, 29.2, 86.8, 101.1
UFO III
14.5, 14.6, 22.4, 35.4, 42.5, 58.3
UFO IV
10.6, 24.4, 25.5, 49.2
UFO V
10.0, 10.6, 12.7, 27.0
UFO VI
43.7, 45.4, 171.5
UFO VII
15.4, 18.0, 43.1
UFO VIII
18.6, 71.8
UFO IX
19.0, 25.0
UFO X
13.8, 17.0

5. Summary & Outlook
We have presented a method to select possible
dark matter subhalos candidates among unassociated
Fermi objects. While there is no guarantee that the
selected candidates are bona fide dark matter subhalos [Mirabal et al. 2011], the method presented here
will help to highlight peculiar objects in the sky.
With the recently released results by Fermi
, the next natural step will be the application of the method to the 2FGL. We should
then consider the detection prospects of these
sources with current IACTs such as MAGIC and
H.E.S.S. [The-H.E.S.S.-Collaboration 2011], as well
as with the next generation of IACTs, namely the
Cherenkov Telescope Array [The-CTA-Consortium
2010].

Acknowledgments
This research has made use of data and/or software provided by the High Energy Astrophysics Science Archive Research Center (HEASARC) and the
ASI Science Data Center (ASDC). We acknowledge
the Via Lactea II project and its authors for Figure 1.
The authors thank the UCM-GAE members for fruitful discussions and comments. The authors acknowledge the support of the Spanish MICINN ConsoliderIngenio MULTIDARK CSD2009-00064. N.M. gratefully acknowledges support from the Spanish MICINN
through a Ramón y Cajal fellowship.

References
G. Bertone et al., Phys.Rev. D80, 023512 (2009),
astro-ph.HE/0904.1442.
T. Bringmann et al., JHEP 0801, 049 (2008), hepph/0710.3169.
S. K. Lee et al., JCAP 0907, 007 (2009), astroph/0810.1284.
J. Aleksic et al. (MAGIC), ArXiv e-prints (2011),
astro-ph.HE/1103.0477.
A. Abramowski et al. (H.E.S.S.), ArXiv e-prints
(2010), 1012.5602.
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Three-dimensional Two-Layer Outer Gap Model: the Third Peak of Vela Pulsar
Y. Wang, J Takata & K.S. Cheng
We extend the two-dimensional two-layer outer gap model to a three-dimensional geometry and
use it to study the high-energy emission of the Vela pulsar. We apply this three-dimensional twolayer model to the Vela pulsar and compare the model light curves, the phase-averaged spectrum
and the phase-resolved spectra with the recent F ermi observations, which also reveals the existence
of the third peak between two main peaks. The phase position of the third peak moves with the
photon energy, which cannot be explained by the geometry of magnetic field structure and the
caustic effect of the photon propagation. We suggest that the existence of the third peak and its
energy dependent movement results from the azimuthal structure of the outer gap.

II.

THE THREE-DIMENSIONAL
TWO-LAYER OUTER GAP

In this study, the three-dimensional rotating vacuum dipole field is adopted. The γ-ray emissions come
from the region with strong accelerating electric field,
which extends above the last-open filed lines and between the null charge surface of the Goldreich-Julian
charge density [4] and the light cylinder. This region
has a two-layer structure. As shown in Figure 1, in the
trans-field direction of the magnetic field, the outer
gap can be divided into two parts:
1 the main acceleration region at the lower part
of the outer gap, where the charge density is
assumed to be ∼ 10 % of the Goldreich-Julian
value and a strong electric field is accelerating
the particles to emit GeV photons via the curvature process,
2 the screening region around the upper boundary, where the growth of the main acceleration

|ρ2|

|ρGJ|

Main Acceleration Region

Screening Region

'

The F ermi’s observation of the Vela Pulsar [1]
shows that, in its light curve, as the energy increases,
a third peak appears at the trailing part of the first
peak and shifts towards the second peak, which makes
this known γ-ray pulsar before F ermi’s era more special.
We want to use our two-layer Outer Gap model [2]
to explain the strange third peak and its movements.
Our two-dimensional two-layer model has explained
the phase averaged spectra of the mature pulsars, including the Vela pulsar, in the first catalogue of γ-ray
pulsars of F ermi [3]. However, to study the pulse profile, a three-dimensional model is needed. Therefore,
we extend the two-layer model to a three-dimensional
magnetic field. Here we present our simulations of
the energy dependent light curves and the explanation of the moving third peak of Vela Pulsar, by threedimensional two-layer Outer Gap model.

region in the trans-field direction is stopped by
the pair-creation processes.

)z(

INTRODUCTION

ρ

I.

Φ

arXiv:1110.5032v1 [astro-ph.HE] 23 Oct 2011
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|ρ1|

h1

h2

z

FIG. 1: The simplified distribution of the charge density
(solid line) and the corresponding accelerating potential
(dot-dashed line) of the two-layer outer gap.

And we use a simple step function to approximate
the distribution of the charge density in the transfield direction in the poloidal plane (the plane where
the field lines have same polar angle φp )as

ρ1 (x, φp ), if
0 ≤ z ≤ h1 (x, φp )
ρ(x, z, φp ) =
,
ρ2 (x, φp ), if h1 (x, φp ) < z ≤ h2 (x, φp )
(1)
where x, z and φp represent coordinates along the
magnetic field line, the height measured from the lastopen field line, and the azimuthal direction. In addition, h1 and h2 represent the thickness of the main
accretion region and the total gap thickness, respectively.
Instead of solving the real three-dimensional Poisson equation, we divide the gap into many equal divisions in the azimuthal direction and regard each slice
of the gap as a two-dimensional two-layer gap. For
each division, the solution of the potential in our twodimensional study is applied. The shape of the γ-ray
spectrum of the division is determined by three parameters: f , fractional gap thickness, h1 /h2 , ratio of
the thicknesses of the primary and whole region, and
ρ1 , the number density in the main acceleration region.
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We define the gap fraction f measured on the stellar
surface as [2],

0

20

40

(2)

North Polar Cap

60

β

80

ζ

h2 (Rs )
f≡
,
rp

where Rs is the stellar radius, and rp (φp ) is the polar cap radius. The accelerating electric field E|| is
proportional to f 2 .
The accelerating electric is caused by the deviation of the charge density from the Goldreich-Julian
charge density, so we introduce a parameter g to represent this deviation, the g and ρ satisfy the relation,
ρ(x, z, φp )−ρGJ (x, φp ) ∼ g(z, φp )ρGJ (x, φp ). For each
slice of the gap, the deviations of the charge density
in the two region, −g1 and g2 , and h1 /h2 satisfy
(

III.

h2 2
g1
) =1+ .
h1
g2
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FIG. 2: The skymap of the radiations outside the null
charge surface with inclination angle α = 57◦ . The x-axis
is the pulse phase and the y-axis is the direction of the
radiation. The dashed line is the viewing angle, which is
chosen as β = 80◦ .

(3)

SIMULATION OF THE ENERGY
DEPENDENT LIGHT CURVES

The first step is to determine the viewing angle
and the inclination angle by making the ‘geometry
determined’ light curve, whose peaks are due to the
caustic effect and almost do not dependent on the energy. Our two-dimensional study shows that the fractional size of the gap is small (around 0.16), therefore, in this study, we trace the magnetic field lines of
a = 1 → 0.93. The factor a is used to represent the
magnetic field lines at a given layer, where a = 1 and
a = 0 represent the last-open field lines and magnetic
axis, respectively.
The emission direction is calculated in observer’s
frame [5]. The curvature photon is assumed to be
emitted in the direction of the particle motion, which
can be described as an combination of the motion
along the magnetic field line and the drift motion,
~
~
~v = vp B/B
+ ~r × Ω,

100

(4)

where vp is calculated from the condition that |~v | = c.
The polar angle to the rotation axis ζ of the emission
direction and the pulse phase ψ are calculated from
[6]

cos ζ = vz /v
(5)
ψ = − cos−1 (vx /vxy ) − ~r · ~v̂/RL
If a point in a field line satisfies |ζ − β| < ϕ(r), the
radiation of that point can be seen by the observer,
where β is the viewing angle and ϕ(~r) is the solid angle
of the radiation.
We find that the set of (α, β, amin ) =
(57◦ , 80◦ , 0.935) reproduces right peak separation of
the two peaks. Figure 2 shows the skymap of the emitted photons from the magnetic surface of a = 0.95
with α = 57◦ and β = 80◦ .

Then we calculate the γ-ray spectrum to find proper
values of the three parameters, 1 − g1 , h1 /h2 and f .
We find that the values of these three parameters used
in the two-dimensional study can provide a good spectrum. Here we assume the distance to the pulsar is
325 pc.
At last, we calculate the phase resolved spectra under the parameters found above, and integrate the
phase resolved spectra to obtain the energy dependent
light curves. The number of the photons measured at
pulse phases between ψ1 and ψ2 is calculated from
Z E2
Nγ (E1 , E2 , ψ1 , ψ2 ) ∝
Ftot (E, ψ1 ≤ ψ ≤ ψ2 )dE,
E1

(6)
where the Ftot is the phase resolved spectrum.
The calculated pulse profile under constant values
of the three parameters in azimuthal direction can not
explain the existence of the observed third peak. The
fact that the simple caustic model can not explain
the phase shift of the observed third peak, forces us
to consider more complex structure of the emission
region.
By the definition of f in equation (2), we may
choose the form of the azimuthal distribution of f as,
f (φp ) =

C
,
rp (φp )

(7)

where the C = 0.18rpmax , rpmax is the maximum value
of the polar cap radius, and the factor 0.18 is chosen
by fitting the phase averaged-spectrum.
It is expected that as the null charge surface is closer
to the stellar surface, the number density of the Xray photons increases in the gap and the screening
region becomes thinner due to higher pair creation
rate. Therefore, we assume the formula of the ratio as
max
h1
1/rnull (φp ) − 1/rnull
(φp ) = B1 + B2
,
min
max
h2
1/rnull − 1/rnull

(8)
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TABLE I: The effects of the distributions of the three parameters
f (φp )

h1 /h2 (φp )

ρ1 (φp )
The Bump
The Third Peak The Third Peak
(1 − g1 )
0.1GeV < E < 1GeV 1GeV < E < 8GeV 8GeV < E < 20GeV
0.2
0.927
0.05
no
no
no
0.2
Equation 8
0.05
phase ∼ 0.2 − 0.3
no
no
0.2
0.927
Equation 3 & 9
no
phase ∼ 0.26
phase ∼ 0.26
Equation 7
0.927
0.05
no
no
phase ∼ 0.4
Equation 7 Equation 8 Equation 3 & 9 phase ∼ 0.2 − 0.3
phase ∼ 0.26
phase ∼ 0.33

By fitting the spectral shape, we obtain B1 = 0.89
and B2 = 0.09.
With the two-dimensional two-layer model, we
found that the phase-averaged spectra for most of
the γ-ray pulsars can be reproduced by the averaged
charge density of ρ̄0 ≡ [h1 ρ1 + (h2 − h1 )ρ2 ]/h2 ∼
0.5. In three-dimensional magnetosphere, the actual
E⊥ (φp ) can make the particles in different φp -cell to
drift into other φp -cell via the effect of E⊥ × B. As a
result, the actual average density is
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,
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(9)

500

1000

0
0.0

where the ρ̄(φp ) = N (φp )/f (φp ) is used and ρ̄0 = 0.5
is the averaged charge density without drift motion.
Using the relationship between g1 , g2 and h1 /h2 given
by equation (3), the distribution of 1 − g1 can be obtained.
We expected that the particles’ displacement due
to the drift motion becomes more important on the
magnetic field line that has a smaller radial distance
to the null charge surface, because the particles run
longer distance in the outer gap. To take into this
effect, we assume the formula of displacement as
∆φp = F

max
1/rnull (φp ) − 1/rnull
,
min − 1/rmax
1/rnull
null
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FIG. 3: The energy dependent light curves (histogram)
with the distributions of 1 − g1 , h1 /h2 and f , provided by
the three-dimensional outer gap. The solid lines are the
observed light curves from Fermi-LAT [1].

(10)
IV.

where F is a fitting parameter, which is chosen as -28◦ .
Table I summaries the effects of the distributions of
the parameters on the energy dependent light curves.
Figure 3 shows the pulse profiles calculated by taking
into account the azimuthal distributions f , h1 /h2 and
1 − g1 . The corresponding phase averaged spectrum
is shown in Figure 4. Figure 5 is the intensity map
in the pulse phase and the energy plane. The color
represents the scaled number of the photons at the
certain interval of the pulse phase. We find a moving
third peak from the results.
We also fit the calculated phase resolved spectra
with power law plus exponential cut-off form. Figure 6 shows the cut-off energy and the photon index,
as functions of the pulse phase.

THE REASON FOR THE THIRD PEAK

The reason for the third peak and its shift is as
follows. In the light curves, when energy lower than
1 GeV, the distributions of the thickness ratio h1 /h2
makes a third-peak structure at ∼ 0.2 pulse phase,
because h1 /h2 affects the emissivity in the screening
region, which mainly produces the curvature photons
of the energy less than 1 GeV. In the energy bands
higher than 1 GeV, on the other hand, the azimuthal
distributions of the fractional thickness, f , and the
number density, 1 − g1 , are more important, and they
produce the third peak at ∼ 0.3 − 0.35 pulse phase by
providing higher electric field and more particles, respectively. Consequently, the differences in the standing phases of the third peak due to the distributions
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and hh12 (φp ), when ρ1 and h1 /h2 get close to 0 and
1, respectively. This makes the effects of azimuthal
structure of the gap obvious. 4) The inclination angle
also determines the azimuthal structure of the gap.
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FIG. 5: Intensity map in the pulse phase and energy plane.
The color represents the percentage of the number of the
photons of certain interval of pulse phase in the total number of photons of certain interval of energy.

of h1 /h2 , f and ρ1 (or1 − g1 ) produce the shift of the
third peak with the photon energy.
Why is the Vela Pulsar so special? This is because:
1) It has a thin gap to make sure that its observable radiation contains both the contributions of the two layers. 2) Its γ-ray radiation is dominated by curvature
photons that keep the effects of azimuthal structure of
the gap visible. 3) Two-dimensional study shows that
the shape of the spectrum is very sensitive to ρ1 (φp )
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We compare the γ-ray photon flux variability of northern blazars in the Fermi/LAT First Source
Catalog with 37 GHz radio flux density curves from the Metsähovi quasar monitoring program.
We find that the relationship between simultaneous millimeter (mm) flux density and γ-ray photon
flux is different for different types of blazars. The flux relation between the two bands is positively
correlated for quasars and does no exist for BLLacs. Furthermore, we find that the levels of γ-ray
emission in high states depend on the phase of the high frequency radio flare, with the brightest
γ-ray events coinciding with the initial stages of a mm flare. The mean observed delay from the
beginning of a mm flare to the peak of the γ-ray emission is about 70 days, which places the average
location of the γ-ray production at or downstream of the radio core. We discuss alternative scenarios
for the production of γ-rays at distances of parsecs along the length of the jet .

I.

INTRODUCTION

Several studies, based on the first year of
Fermi/LAT operations, have shown that: (i) the γray and the averaged radio flux densities are significantly correlated [e.g. 1] and (ii) blazars detected at
γ-rays are more likely to have larger Doppler factors
and larger apparent opening angles than those not
detected by LAT [e.g. 2]. This observational evidence
strongly suggests that radio and γ-ray emission have
a co-spatial origin. To locate and identify the region
where the bulk of γ-ray emission is produced, and
to provide details about its connection to the radio
jet, an analysis of simultaneous radio and γ-ray light
curves is essential.
However, we highlight two caveats about the interpretation of radio/gamma correlation analyses, which
have often been interpreted too simplistically. First, it
is well-known that there is usually a considerable delay between mm and cm radio flares. Thus, although
cm-flares would tend to peak after the γ-ray flares,
mm-flares would show shorter delays or possibly even
peak before the γ-rays. The very important second
caveat is that a correlation analysis tends to measure
the distance between the peaks, especially if the flares
have different timescales (as the radio and the γ-ray
flares tend to have ). However, a radio flare starts to
grow a considerable time before it peaks. The beginning of a millimeter flare coincides with the ejection
of a new VLBI component from the radio core [3].
This is the epoch that must be compared with the
γ-ray flaring, not the epoch of the radio flare maximum. The crucial question is whether a γ-ray flare

occurs before the beginning of a mm-flare, or after it;
in the former case the γ-rays originate upstream of
the radio core (the beginning of the radio jet), in the
latter, they originate downstream of the radio core,
presumably from the same disturbances that produce
the radio outbursts.
In this proceeding we summarize our recent results [4], obtained after combining the finely sampled 37 GHz Metsähovi light curves and the monthly
binned γ-ray light curves provided by the Fermi /LAT
First Source Catalog [1FGL, 5]. By using a radio
flare decomposition method, we estimate the beginning epochs of millimeter flares and their phases during γ-ray flaring events to establish the true temporal
sequence between γ-ray and radio flaring.

II.

THE 37 GHZ AND γ-RAY LIGHT CURVES

The Metsähovi quasar monitoring program currently includes about 250 AGN at 37 GHz. From
them, we selected a sample of sources that fulfill the
following criteria: (i) well-sampled light curves during
the period 2007-2010, covering the 1FGL period, (ii)
a firm association with the 1FGL catalogue, and (iii)
a γ-ray monthly light curve during the 1FGL period
that is significantly different from a flat one.
Our final sample consists of 60 sources classified according to their optical spectral type as highly polarized quasars (HPQ, 22), low polarization quasars
(LPQ, 5), quasars without any optical polarization
data (QSO, 15), BL Lac type objects (BLO, 17), and
radio galaxies (GAL, 1). The sample of sources used
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pointings from monthly averaged light curves

<S(>100 MeV)>month (photons cmï2 sï1)

10ï5

All quasars l= 0.435 Pnull =2.98eï15
HPQ l= 0.508 Pnull =5.59eï14
LPQ l= 0.471 Pnull =1.08eï03
QSO
BLO
GAL

10ï6

10ï7

10ï8

0.1

1.0
<S37GHz>month (Jy)

10.0

FIG. 1: Monthly flux-flux relation for the combined sample of 60 northern AGN. The different types of sources are
symbol coded as shown in the legend, the correlations coefficients are shown only when the significance is > 99.9%.

in this work is listed in Table 1 of [4]

III.

THE S37GHz - Sγ CORRELATION

To compare radio flux densities and γ-ray photon
fluxes, monthly binned radio light curves were created
from the Metsähovi light curves. The time bins are
the same as in the 1FGL flux history curves, allowing
us to compare simultaneously γ-ray photon flux and
radio flux-density variations with the time resolution
of a month.
Figure 1 shows that simultaneous measurements
at the two bands appear to be positively correlated. However, we find significant differences between
quasars and BL Lacs, which we describe below. By
applying the Spearman’s rank correlation test, two
very clear results emerge. First, there is a significant
positive correlation between the γ-ray photon flux and
the 37 GHz flux density for quasars, while the BL Lac
fluxes are not correlated. Second, the strength and

the significance of the correlations is different for each
type of quasar.
The photon flux - flux density correlation for
quasars is absent for QSOs, significant for LPQs, and
very significant for HPQs. Such a dependence on the
degree of optical polarization may arise naturally if
the polarization indicates the viewing angle of the
jet, with sources with high optical polarization having their jets oriented closest to our line of sight (see
Figure 7 in [6]). The dependence of the flux - flux
relation on optical polarization agrees with previous
results, where it has been shown that the brightest
γ-ray emitters have preferentially smaller viewing angles and consequently higher Doppler boosting factors
[e.g., 2]. Since γ-ray fluxes and radio flux densities
are significantly correlated for sources where the relativistic jet is aligned close to our line of sight, this
implies that there is a strong coupling between the
radio and the γ-ray emission mechanisms. That the
correlation is seen on monthly timescales further indicates a cospatial origin in quasar-type blazars.
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8
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FIG. 2: The recent flux history at 37 GHz (filled circles) and γ-rays (triangles) of 3C 345. The total flux density has
been decomposed using individual exponential flares. The filled triangle represents the most significant peak in the γ-ray
flux density during the 1FGL period. The dashed vertical line is drawn to highlight the relation between the peak in the
γ-ray light curve and the ongoing millimeter flare.

IV.

CONNECTIONS BETWEEN ONGOING
FLARES AND HIGH STATES OF
GAMMA-RAY EMISSION

of a mm flare to be:
tmm
= tmm
0
max − τ,

(1)

tmm
max

We have decomposed the mm light curves into individual exponential flares (see Figure 2), each of which
corresponds to a new disturbance created in the jet
and is often detectable as a new VLBI component [3].
We further calculate the phase of the mm-flare when
the most prominent maxima in the 1FGL light curves
occurred. Our analysis shows that the most significant γ-ray flux peaks tend to occur when a mm-flare
is either rising or peaking. This indicates that the
strong γ-ray flares are produced in the same disturbances that produce the mm flares.
Using our data, we can estimate the time delay between the time when the mm flare starts and when the
γ-rays peak for each source. We define the beginning

where
is the time of the mm flare peak and τ
is the variability timescale. In other words, we define
the beginning of the flare as the epoch when its flux
S mm
is 1/e of the maximum flux, S(tmm
) = max
0
e . For
each source we estimate the time delay between the
time of mm-flare onset (green circle in Figure 2) and
when the γ-ray peak occurs (filled triangle in Figure
2). The observed time delay has a distribution centered around 70 days with the onset of the mm-flare
preceding the γ-ray peak.
After converting the time delays to linear distances
from the region where the mm-outburst begins (i.e.
the radio-core) to the region of the γ-ray production,
our estimates lead us to conclude that in our sample
the average location of the γ-ray emission region is
about 7 parsecs downstream the radio-core.
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FIG. 3: Sketch of the inner parts of an AGN. Recent
results [13, 14] have shown that a significant amount of
broad-line emission is driven by optical continuum radiation produced downstream of the radio core, this strongly
suggests the presence of an additional component of the
BLR located at parsec scales. In this scenario, an outflowing BLR may serve as a source of seed-photons to produce
γ-rays via EC models far away from the central engine [4].

V.

SUMMARY AND DISCUSSION

The results presented in [4] strongly indicate that at
least for the strongest γ-rays the production sites are
downstream or within the radio core [7], well outside
the BLR at distances of several parsecs or even tens of
parsecs from the black hole and the accretion disk. A
number of papers based on Fermi data have reached
similar conclusions [e.g. 8].
In the current AGN paradigm, it is widely believed
that γ-ray are produced via Inverse Compton (IC)
mechanisms in the relativistic jet, and the seed photons for the IC process may be provided by the jet synchrotron emission (Synchrotron Self Compton, SSC)
as well as by external photon sources (External Compton, EC) such as an accretion disk, the broad-line re-
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gion (BLR) or the hot dusty torus. At the distance
of 7 parsecs from the radio core – keeping in mind
that the radio core itself is often at a considerable distance from the black hole [e.g. 9] – the only sources of
seed photons for the IC processes are the jet itself and
the dusty torus. However, there is growing evidence
[13, 14] that the BLR might extend to much larger distances than given by virial estimates (RBLR < 1 pc).
One possibility is that the jet drags a part of the BLR
whit it, see Figure 3 for a sketch of an outflowing BLR
among the other inner AGN constituents.
While single zone SSC has failed to reproduce the
observed γ-rays [10] and so far there are only a couple
of blazars with firm detections of a dusty torus [11, 12],
a tentative idea to test is whether an outflowing BLR
can serve as a source of external photons to produce γrays, even at distances of parsecs downstream of the
radio-core. In this scenario, the strong γ-ray events
are produced in the same disturbance that produces
the radio outburst by upscattering external photons
provided by an outflowing BLR.
The most effective way to explore any of the above
scenarios (and others) is by modeling simultaneous,
well-sampled spectral energy distributions (SEDs)
[15, 16] following a multizone modeling approach [17].
Furthermore, recent results have suggested that the
more massive the black hole is, the faster and the
more luminous jet it produces [18]. Therefore, a reliable estimate of the black hole masses is an essential
input to theoretical models of both the shape and the
variability of blazars SEDs.
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The F ermi-LAT has revealed that rotation powered millisecond pulsars (MSPs) are a major contributor to the
Galactic γ-ray source population. We discuss the γ-ray emission process within the context of the outer gap
accelerator model, and use a Monte-Calro method to simulate the Galactic population of the γ-ray emitting
MSPs. We find that the outer gap accelerator controlled by the magnetic pair-creation process is preferable in
explaining the possible correlation between the γ-ray luminosity and the spin down power. Our Monte-Calro
simulation implies that most of the γ-ray emitting MSPs are radio quiet in the present sensitivity of the radio
survey, indicating that most of the γ-ray MSPs have been unidentified. We argue that the Galactic F ermi
unidentified sources located at high latitudes should be dominated by MSPs, whereas the sources in the galactic
plane are dominated by radio-quiet canonical pulsars.

1. Introduction
The F ermi Large Area Telescope (F ermi-LAT) has
discovered over 80 γ-ray pulsars, and revealed that
the γ-ray pulsars are a major class of Galactic γ-ray
sources. Of these, F ermi-LAT first detected pulsed
γ-ray emission from 11 millisecond pulsars (Abdo et
al. 2010a, 2009a,b; Saz Parkinson et al. 2010; Guillemot et al. 2011). Furthermore, the detection of radio
millisecond pulsars (MSPs) associated with over 20
unidentified F ermi point sources (e.g. Ransom et al.
2011; Keith et al. 2011) has been reported, suggesting
that the millisecond pulsar, as well as the canonical
pulsar is one of the major Galactic γ-ray source. The
γ-ray emission from pulsars have been discussed in
the context of a polar cap accelerator (Ruderman &
Sutherland 1975), a slot gap (Harding & Muslimov
2011) and an outer gap accelerator (Cheng, Ho & Ruderman 1986; Takata, Wang & Cheng 2010b).
The high quality data measured by the F ermi enable us to perform a detail study for population of
the γ-ray pulsars. For example, Takata et al. (2010b)
and Takata, Wang and Cheng (2011d) have studied
the possible relation between the high-energy emission properties and pulsar spin down power in the
context of the outer gap accelerator model. They proposed that the outer gap accelerator model controlled
by the magnetic pair-creation process can explain the
observed population statistics better than that controlled by the photon-photon pair-creation process
(e.g. Zhang & Cheng 2003). Story, Gonthier & Harding (2007) studied the population of γ-ray millisecond
pulsars within the context of the slot gap accelerator
model, and predicted the F ermi observations. They
predicted that the F ermi will detect 12 radio-loud
and 33-40 radio-quiet γ-ray millisecond pulsars. With
the Monte-Calro simulation of the outer gap, Takata,
Wang & Cheng (2011a,b) have explained the observed
distributions of the characteristics of the γ-ray pulsars detected by the F ermi with the six-month long
observation. The population studies (e.g. Kaaret &

Philip 1996; Takata et al. 2011b,c) have also pointed
out that unidentified MSPs located at high-Galactic
latitudes will associate with the F ermi unidentified
sources (Abdo et al. 2010b).
In this proceeding, we will review our recent MonteCarlo studies for the Galactic population of the γray emitting MSPs (Takata et al. 2010b; Takata et
al. 2011a,b,c) and the possible association with the
F ermi unidentified sources.

2. γ-ray emission from outer gap
2.1. γ-ray luminosity
For the outer gap model, the luminosity of the γ-ray
emissions is typically
Lγ ∼ f 3 Lsd ,

(1)

where Lsd is the spin down power of the pulsar and
the gap fraction f is defined as the ratio of the gap
thickness at the light cylinder to the light cylinder radius Rlc = P c/2π, where P is pulsar rotation period.
Zhang & Cheng (2003) have argued a self-consistent
outer gap model controlled by the photon-photon
pair-creation process between the curvature photons
and the X-rays from the stellar surface. They estimated the gap fraction for the MSPs as
2/7

fp = 7.0 × 10−2 (P/1 ms)26/21 (Bs /108 G)−4/7 δr5 ,
(2)
where Bs is the stellar magnetic field of the global
dipole field and δr5 is the distance (in units of 105 cm)
from the stellar surface to the position, where the local
multiple magnetic field, which dominates the global
dipole field, is comparable to the dipole field, and it
will be δr5 ∼ 1 − 10 cm.
Takata et al. (2010b) argued that the incoming particles emit photons with an energy me c2 /αf ∼ 70MeV
by curvature radiation near the stellar surface and

eConf C110509

43

2

2011 Fermi Symposium, Roma., May. 9-12

1/2

fm ∼ 0.025KP−3 ,

(3)

−2
where K ∼ Bm,12
s7 characterizes the local
ters. Here, Bm,12 and s7 are the strength of
12

paramethe local
magnetic field in units of 10 G and the local curvature radius in units of 107 cm, respectively, near the
stellar surface.
The γ-ray luminosity Lγ (1) can be cast in terms of
the spin down power Lsd = 2(2π)4 µ/(3c3 P 4 ) as
1/14

1/7 6/7

Lpγ ∼ 1032 Lsd,34 B8 δ5

erg s−1 ,

(4)

for the outer gap controlled by the photon-photon
pair-creation process, and
5/8

3/4

32
3
Lm
γ ∼ 6 × 10 Lsd,34 K1 B8

erg s−1 ,

(5)

by the magnetic pair-creation process. Here, Lsd,34 =
(Lsd /1034 erg s−1 ), K1 = K/10 and B8 = Bs /108 G .
In Figures 1 the model predictions given by equations (4) and (5) are plotted with the solid line or
dashed line, respectively. The filled circles represent
the MSPs detected by the F ermi-LAT. Notwithstanding the large observational errors, the data points at
large Lγ in Figures 1 may suggest that the magnetic
pair-creation model for the gap closing process is preferred over the photon-photon pair-creation model for
the Lγ − Lsd relation.

2.2. Two layer outer gap model
A simple description of the electric field structure
inside the two-layer outer gap is discussed in Wang,
Takata & Cheng (2010). We illustrate the picture
for the gap structure in Figure 2, where we denote z
as the coordinate perpendicular to the magnetic field
line in the poloidal plane, and ρ is the charge density.
In the main acceleration region, the charge density
is ∼10% of the Goldreich-Julian value, and an electric field along the magnetic field line accelerates the
electrons and positrons up to the Lorentz factor of
Γ ∼ 107.5 and the accelerated particles emit ∼ GeV
photons via the curvature radiation process. In the
screening region, the large number of pairs created by
the pair-creation process starts to screen out the gap
electric field.

10

10

Lγ (1032 erg s-1)

that these photons can become pairs via the magnetic
pair creation process. For a simple dipole field structure, all pairs move inward and cannot affect the outer
gap accelerator. However if the local field lines near
the surface are bent sideward due to the strong multipole field, the pairs created in these local magnetic
field lines can have an angle greater than 90◦ , which
results in an outgoing flow of pairs. In this model, the
fractional gap thickness in this circumstance is

4
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Figure 1: The γ-ray luminosity and the spin down power
for the MSPs. The sole and dashed line are the relation
predicted by the outer gap model controlled by the
photon-photon pair-creation process and by the magnetic
pair-creation process, respectively. The observed
2
luminosity is Lob
γ = 4πd F with d being the distance and
F the observed flux. See Takata et al. 2011d.
2.2.1. Charge density distribution

The previous electrodynamics studies expect that
the particle number density increases exponentially
near the boundary (z = h1 ) between the main acceleration and screening regions (Cheng et al. 1986), we
approximately describe the distribution of the charge
density in the z-direction as follows (Fig. 2)

ρ1 (x, φ), if
0 ≤ z ≤ h1 (x, φ),
ρ(~r) =
(6)
ρ2 (x, φ), if h1 (x, φ) < z ≤ h2 (x, φ),
where x and φ represent the coordinates along the
magnetic field and the azimuthal direction. In addition, z = 0 and z = h2 correspond to the lastopen field line and the upper boundary of the gap,
respectively. For simplicity, we assume that the upper
boundary (h2 ) as well as the boundary (h1 ) is defined
with a given magnetic field line. Because the charge
density in the screening region will be proportional to
the Goldreich-Julian charge density, we approximate
that ρ − ρGJ ∼ g(z, φ)ρGJ (~r), where

−g1 (φ), if
0 ≤ z ≤ h1 (x, φ),
g(z, φ) =
g2 (φ), if h1 (x, φ) < z ≤ h2 (x, φ).
(7)
and g1 > 0 and g2 > 0 so that |ρ| < |ρGJ | for the main
acceleration region and |ρ| > |ρGJ | for the screening
region. In this paper, by neglecting the z-dependence
of the Goldreich-Julian charge density, we approximate as ρGJ (x, φ) ∼ −ΩBx/2πcRc , where Ω and Rc
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In addition, we used the relations of the dipole field
that ∂(Bh22 )/∂x ∼ 0, ∂z ′ /∂x ∼ 0, ∂(h1 /h2 )/∂x ∼ 0,
and approximated that ∂Rc /∂x ∼ 0.
On the upper boundary, the total potential field (corotational + non co-rotational potentials) in the gap is
continuously connected to the co-rotational potential
field outside the gap, giving ∂Φ′ /∂z|z=h2 = −E⊥ (z =
h2 ) = 0, yielding the relation between (h1 , h2 ) and
(g1 , g2 ) as

|ρ2|

|ρGJ|

'

)z(

ρ

Screening Region

Φ

Main Acceleration Region

(h2 /h1 )2 = 1 + (g1 /g2 ).

|ρ1|

h1

h2

z

Figure 2: The simplified distribution of the charge
density (solid line) and the corresponding accelerating
potential (dotdashed line) of the two-layer outer gap. See
Wang et al. 2011.

are the angular frequency of the pulsar and the curvature radius of the field line, respectively.
2.2.2. Accelerating electric field

To obtain the typical strength of the electric field in
the gap, we find the solution of the Poisson equation
for each azimuthal angle (Wang et al. 2010),
∂2 ′
Φ (x, z, φ)|φ=fixed = −4π[ρ(x, z, φ)−ρGJ (~r)]φ=fixed ,
∂z 2
(8)
where Φ′ is the electric potential of the accelerating
field. The boundary conditions on the lower (z = 0)
and upper (z = h2 ) boundaries are given by Φ′ (x, z =
0, φ) = Φ′ (x, z = h2 , φ) = 0. Imposing Φ′ and ∂Φ′ /∂z
are continuous at the boundary z = h1 , we eventually
obtain the solution of the accelerating electric field
(E|| = −∂Φ′ /∂x) as
E|| (~r) ∼

ΩBh22 (x, φ)
[−g1 (φ)z ′2 + C1 (~r)z ′ ],
cRs

(9)

for 0 ≤ z ′ ≤ h1 /h2 and
ΩBh22 (x, φ)
[g2 (φ)(z ′2 − 1) + D1 (~r)(z ′ − 1)]
cRs
(10)
for h1 /h2 < z ′ ≤ 1, where z ′ = z/h2 ,

(11)

The gap thickness h2 is calculated that h2 ∼ f Rlc ,
where f is the fractional gap thickness given by Eq.(2)
or Eq. (3). In this paper, we present the results using the ratio of h1 /h2 = 0.95 and the dimensionless
charge density of main acceleration region 1 − g1 =
0.3 (Takata et al. 2011c). The normalized charge density of the screening region, g2 is calculated from the
equation (11). The Lorentz factor of the accelerated
particles is obtained by the force balance between the
electric field and the curvature radiation drag force as
Γ=



3Rc2
E||
2e

1/4

.

(12)

To examine the dependency of γ-ray emission properties on the viewing geometry, we explore the typical
3-D geometry of the outer gap (Takata et al. 2011c).
We calculate the curvature radiation process for each
emitting point, at which the curvature photons are
emitted in the direction of the particle motion. Figure 3 shows the γ-ray flux (≥ 100 MeV) as a function of the viewing angle ζ and of the inclination angle α. Here we calculated the rotation period from
Bs = 3 × 1012 G and the gap fraction f = fp = 0.25.
We can see that the calculated flux tends to decrease
as the line of sight approaches to the rotation axis,
where ζ = 0◦ . This is because a large viewing angle (ζ → 90◦ ) can encounter more intense emission
region, whereas the small viewing angle (ζ ≪ 90◦ )
will encounter the less intense region or even miss the
emission region. Also we find in Figure 3, a larger
inclination angle shows a larger observed flux for a
smaller Earth viewing angle. These dependences of
the γ-ray flux on the viewing geometry implies that
the F ermi has likely detected a greater number of
the pulsars with larger inclination angles and larger
viewing angles near 90◦ .

E|| (~r) ∼

C1 (x, φ) = −[g1 h1 (h1 − 2h2 ) + g2 (h1 − h2 )2 ]/h22 ,
and
D2 (x, φ) = −(g1 h21 + g2 h22 )/h22 .

3. Monte-Carlo simulation
We simulate that Galactic distribution of MSPs using the Monte-Carlo method developed by the previous studies (e.g. Sturner & Dermer 1996). We
would like to remark that for MSPs, the Galactic
distribution will not depend on the spin down age
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Figure 3: Dependency of the observed γ-ray flux on the
viewing angle (ξ) and the inclination angle (α).
f = fp = 0.25. See Takata et al. (2011c).

of the MSPs. With the typical velocity of the observed MSPs , V ∼ 70 km/s, it is expected that the
displacement of the MSPs (or binary system) with
the typical age, ≥ 100 Myr, becomes larger than the
size of the Galaxy. With the relatively slow velocity,
V ≤ 100 km/s, however, the MSPs remain bound in
the Galactic potential and hence their Galactic distribution does not depend on the spin down age. Because
the independence of the Galactic distribution on the
spin down age, we assign the “current” pulsar properties for simulated MSPs; namely, we (1) randomly
select the age of the simulated MSP up to 10 Gyr, (2)
shifts the simulated MSP from its birth location to
the current location, and (3) assign the parameters of
the MSP following the observed distributions.
For each simulated MSPs, we assume the radio cone
is centered on the magnetic axis with a width described by the model of Kramer & Xilouris (2000).
Because the γ-ray flux depends on the viewing geometry (Figure 3), we assume that the viewing angle and
the inclination angle are randomly distributed for each
simulated MSP.
For the sensitivity of the F ermi observations, we
refer the sensitivity of F ermi the six-month long observations (Abdo et al. 2010b) for the radio selected
MSPs. However, there are no detections of the γ-rayselected MSPs so far, we cannot simulate the F ermi
sensitivity of the blind search of the MSPs. In this
paper, therefore, we simulate the population of the γray-selected MSPs with the F ermi sensitivity of the
blind search of canonical pulsar. To simulate a longer
√
F ermi observation, we scale the sensitivity as ∝ T ,
where T is the length of the observation time.
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70

α inclination angle (degrees)

80

Figure 4: The inclination axis α and the viewing angle ζ
for the simulated γ-ray MSPs. Filled circles: Radio
selected pulsars. Boxes: γ-ray-selected pulsars. See
Takata et al. (2011c).
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Figure 5: The γ-ray luminosity versus the spin down
power for γ-ray emitting MSPs. The 200 samples of the
simulated pulsars are plotted in the sub-figure. See
Takata et al. (2011c).

4. Results
We present the results of the Monte-Carlo simulation within context of the outer gap model controlled
by the magnetic pair-creation process, that is, the
fractional gap thickness is given by equation 3.

eConf C110509

46

5

2011 Fermi Symposium, Roma., May. 9-12

Ra. Sen. (x 1)
Ra. Sen. (x 2)
Ra. Sen. (x 10)
Beaming

10
16
45
106

52
48
32
11

14 200 16
26 190 29
82 152 94
321 41 438

10

Table I Population of simulated radio-selected (Nr ) and
γ-ray-selected (Ng ) MSPs for six-month, five-year and
ten-year F ermi observations. The first line; the results
for ten radio surveys listed in table 1 of Takata et al.
(2011a). The second and third lines are the results with
the sensitivities increased by a factor of two and ten,
respectively, and the bottom is the populations
associated with only beaming effects of the radio
emission. See Takata et al. 2011c.

4.1. Lγ vs. Lsd
Figure 4 plots the distribution of the inclination angle (α) and the viewing angle (ζ) for the simulated
γ-ray MSPs. The filled-circles and the boxes represent the radio-selected and γ-ray-selected γ-ray MSPs,
respectively. As we can seen in Figure 4, no γ-ray
pulsars are detected with a smaller inclination angles
and a smaller viewing angles. This is because the
γ-ray flux decreases as the viewing angle and/or the
inclination angle decrease (c.f. Figure 3). Hence, our
simulation result predicts that a greater number of
MSPs with larger inclination and larger viewing angles (∼ 90◦ ) have been likely detected by the F ermi
observations.
Figures 5 shows the relation between the γ-ray luminosity and the spin down power. In the figure, we plot
the F ermi data with errors taken from Abdo et al.
(2010a) and Saz Parkinson et al. (2010), and present
the simulated 200 pulsars in the sub-figures (except for
the γ-ray-selected MSPs). The solid and dashed histograms represent the distributions for the simulated
and observed γ-ray pulsars, respectively. The present
model predicts that most γ-ray canonical pulsars have
a spin down power of Lsd ∼ 1035−38 erg/s and a γray luminosity of Lγ ∼ 1034−36 , while MSPs have a
Lsd ∼ 1033−35 erg/s and Lγ ∼ 1032.5−34.5 erg/s, which
are consistent with the observations.
In Figure 5, we may see that the spin down power
Lsd and the γ-ray luminosity Lγ of the simulated
pulsars can be related as Lγ ∝ Lβsd with β ∼ 0
for Lsd ≥ 1035−36 erg/s and β ∼ 0.5 for Lsd ≤
1035−36 erg/s. Because the γ-ray luminosity is proportional to Lγ ∝ f 3 Lsd [Eq. (1)], the change of the
slope implies the switching gap closure process between the photon-photon pair-creation process, which
1/14
predicts Lγ ∝ Lsd [Eq. (4)] and the magnetic pair5/8
creation process, which predicts Lγ ∝ Lsd [Eq. (5)].
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Figure 6: The distributions of Galactic latitudes of the
F ermi unidentified sources with V ≤ 23.21 and C ≥ 5
(solid line), the simulated γ-ray MSPs (dashed line) and
canonical pulsars (dotted line). See Takata et al. (2011b).

4.2. Population
In Table 1, we summarize the simulated population of MSPs with the F ermi six-month, five-year and
ten-year long observations. In addition, the second
line (“Ra. Sen. (x2)”) and the third line (“Ra.Sen.
(x10)”) in the tables show the results for the radiosurveys increased the sensitivities by a factor of two
and of ten, respectively, and the fourth line (“Beaming”) shows the population associated with the only
beaming effect of the radio emission.
With the previous radio surveys (first line in Table 1), the present simulation predicts 10 of the radioselected γ-ray MSPs, which is consistent with the observed number 9 of the F ermi six-month long observation. The present model predicts that 14 (or 16)
radio-selected γ-ray MSP pulsars will be detected by
the F ermi with five-year (or ten-year) observations.
We see in the first line of Table 1 that the simulated
numbers of radio-selected γ-ray MSPs increase only
∼10 sources, respectively, over even ten-year F ermi
observations. This implies that most presently known
radio MSPs (∼ 80) might not be discovered by the
F ermi future observations. We also see in Table 1,
most simulated γ-ray emitting MSPs are categorized
as the γ-ray-selected pulsars with the previous sensitivities of the radio surveys, although the F ermi
has not confirmed the radio-quiet MSPs. We argue
that it may be difficult to identify radio-quiet MSPs,
because the detection of the rotation period by the
F ermi blind search is very difficult due to, for example, the effect orbital motion if the MSP is in binary
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system. We expect that the γ-ray-selected MSPs in
the simulation correspond to the F ermi unidentified
sources located at higher Galactic latitudes.
We would like to remark that even we drastically increase the radio sensitivity by a factor of 10, the number of radio-selected MSPs detected by 10 year F ermi
observations can increase from 16 to 94, which is still
much less than the expected 227 γ-ray-selected MSPs.
Unless the F ermi sensitivity of the blind search is improved, therefore, the most γ-ray MSPs will not be
identified and will contribute to the F ermi unidentified sources and/or the γ-ray background radiations.

4.3. F ermi unidentified sources
In Figure 6, we compare the distributions of the
Galactic latitudes for the unidentified F ermi sources
with the variability index V ≤ 23.21 and curvature
index C ≥ 5 (solid line, Abdo et al. 2010b), the simulated γ-ray MSPs (dashed line), and canonical pulsars
(dotted line) with a flux Fγ ≥ 10−11 erg/cm2s.
We find in Figure 6 that the distribution of the
simulated γ-ray MSPs is consistent with that of the
F ermi unidentified sources. In particular, the MSPs
can explain the distribution of the F ermi unidentified sources located above the Galactic plane |b| ≥ 10,
which cannot be explained by the canonical γ-ray
pulsars, which can mainly explain the unidentified
sources located in the Galactic plane. Since the MSPs
are in general older than the canonical pulsars, a
higher fraction of the γ-ray MSPs, as compared with
the canonical pulsars, is located at higher Galactic latitudes. Hence, we expect that γ-ray emitting MSPs
are more plausible as the candidate for the origin
of the majority of the Galactic F ermi unidentified
steady sources located in high Galactic latitudes.
Finally, several MSPs in the Black Window (B-W)
systems have been discovered at the F ermi unidentified sources (Ransom et al. 2011). Because the MSPs
in the B-W systems are younger and have higher spindown power, the γ-ray luminosity will be larger than
that of the ordinary MSPs. Furthermore, because the
γ-ray emission from the outer gap is stronger in the direction perpendicular to the spin axis, F ermi is more
likely to discover a greater number of MSPs with the
Earth viewing angle ∼ 90◦ measured from the rotation axis (Takata, Cheng & Taam 2010a; Takata et
al. 2011c). If the angular momentum transferred from
the accreting matter to the neutron star in the accreting stage produces the pulsar’s spin axis perpendicular
to the orbital plane, the γ-ray emissions from MSPs
in B-W system will be stronger on the orbital plane.
Hence, the F ermi will find the B-W systems with the
Earth viewing angle described by edge-on rather than
by face-on with respect to the orbital plane. In such
a case, a greater number of the F ermi Black Window
systems show the eclipse of the radio emissions by the

matter ejected from the companion star.
In summary, we have studied the population of the
γ-ray emitting MSPs. We find that the observed possible relation between Lγ vs. Lsd can be explained by
the outer gap model controlled by the magnetic paircreation process. Our Monte-Carlo study implies that
the F ermi has detected a greater number of MSPs
with larger inclination and larger viewing angles. Furthermore, we expect that most of γ-ray emitting MSPs
has been missed by the F ermi observations, and still
remain as the unidentified sources. It is likely that
the Galactic F ermi unidentified sources located high
galactic latitude are mainly associated with MSPs.
We thank A.H.Kong, C.Y.Hui, P.H.T.Tam,
R.H.H.Huang,
Lupin-C.C.Lin,
M.Ruderman,
S.Shibata and R.Taam for the useful discussions.
K.S.C. are supported by a GRF grant of Hong Kong
Government under HKU700911P.
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Pulsed gamma rays have been detected with the Fermi Large Area Telescope (LAT) from more than 20 millisecond pulsars (MSPs), some of which were discovered in radio observations of bright, unassociated LAT sources.
We have fit the radio and gamma-ray light curves of 19 LAT-detected MSPs in the context of geometric, outermagnetospheric emission models assuming the retarded vacuum dipole magnetic field using a Markov chain
Monte Carlo maximum likelihood technique. We find that, in many cases, the models are able to reproduce the
observed light curves well and provide constraints on the viewing geometries that are in agreement with those
from radio polarization measurements. Additionally, for some MSPs we constrain the altitudes of both the
gamma-ray and radio emission regions. The best-fit magnetic inclination angles are found to cover a broader
range than those of non-recycled gamma-ray pulsars.

1. INTRODUCTION
Millisecond pulsars (MSPs) are thought to be old,
recycled objects which have reached short spin periods (<
∼ 10 ms) via accretion from a binary companion [3]. MSPs have been established as a population
of high-energy (HE, ≥ 0.1 GeV) emitters via the detection of significant pulsed gamma-ray signals from
more than 20 MSPs at the radio periods using data
from the Fermi Large Area Telescope (LAT). Additionally, more than 30 previously unknown MSPs have
been found in radio observations of unassociated LAT
sources, some of which have already been confirmed
as gamma-ray pulsars [9, 19, 25]. MSPs can be sorted
into three sub-classes: those for which the gamma-ray
peaks lag the main radio component (class I), those for
which the gamma-ray and radio profile components
are aligned in phase (class II), and those which lead
the main radio component (class III). Non-recycled
gamma-ray pulsars do not show such a diverse distribution of light curves; thus, studies of MSP gammaray and radio light curves provide a much broader
window into the pulsar magnetosphere and emission
mechanisms. We have generated simulations of different emission models assuming a vacuum retarded
dipole magnetic field geometry [5] and attempted to
reproduce the gamma-ray and radio light curves of 19
MSPs detected with the Fermi LAT using 2 years of
data and a maximum likelihood fitting technique.

2. GAMMA-RAY EMISSION MODELS
To reproduce the gamma-ray light curves of MSPs
in class I we have used two-pole caustic (TPC; [6])

and outer gap (OG; e.g., [8]) models. Note that we
take the TPC model to be a geometric realization of
the slot gap (SG) model [23] and thus some of the
parameters of our TPC model differ from those of [6]
as discussed in Section 4.
The TPC/SG model assumes that particles are accelerated and HE gamma rays are emitted in narrow
gaps along the surface of last-closed field lines. The
gaps start at the stellar surface and continue out to
the light cylinder (defined by the cylindrical radius
RLC = c/Ω, where Ω is the rotational frequency
of the pulsar). The OG model assumes that a vacuum accelerating gap forms along the surface of lastclosed field lines but only above the null-charge surface
~ ·B
~ = 0).
(NCS, defined by the requirement that Ω
In the OG model, HE gamma rays are emitted in a
thin layer interior to the accelerating gap.
In both models the bulk of the HE emission originates at high altitudes above the stellar surface, near
the light cylinder. The bright, sharp peaks observed
in HE pulsar light curves [1] are thought to be emission caustics [22] where relativistic aberration, timeof-flight delays, and magnetic field line curvature combine to cancel out phase differences between photons
emitted at different altitudes. This results in many
photons arriving at the observer at nearly the same
phase.
The TPC and OG models have also been used to
reproduce the gamma-ray light curves of those MSPs
in class II; however, given the alignment in phase of
the gamma-ray and radio peaks for these pulsars we fit
for the maximum radial extent to which the gammaray emission is followed, see Sections 4 and 5 for more
details. We identify these models as altitude-limited
TPC and OG (alTPC and alOG, respectively) in order
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to distinguish them from the models used for MSPs
in class I, for more details on the alTPC/OG models
see [28].
The periods (P) of MSPs are found to be very sta−17
ble with small period derivatives (Ṗ <
s s−1 ).
∼ 10
Such relatively low spin-down rates place the majority of MSPs below the pair-creation death line on a
Ṗ vs. P plot [14]. Pulsars below this death line were
not expected to be capable of screening the accelerating electric field over most of the open volume and
thus creating narrow accelerating gaps required in SG
and OG models. Thus, [15] created the pair-starved
polar cap (PSPC) model for HE gamma-ray emission
in pulsars below the death line. The PSPC model has
been used to reproduce the gamma-ray light curves of
MSPs in class III. In this model the entire open volume (from the magnetic dipole axis to the surface of
last-closed field lines) is available to accelerate particles which emit HE gamma rays.

3. RADIO EMISSION MODELS
To reproduce the radio light curves of MSPs in
classes I and III we have used a single-height, hollowcone beam following the description of [26] and [16].
This model assumes that the radio emission originates at an altitude which depends on P, the frequency of emission, and weakly on Ṗ [20]. For typical
MSP periods and observing frequencies this altitude
is <
∼ 30% RLC . This is significantly lower in altitude
than the bulk of the HE emission and thus leads to the
non-zero phase offsets between radio and gamma-ray
light curve features for MSPs in classes I and III.
Radio and gamma-ray light curves with features
which are aligned in phase imply, at least partial, colocation of the emission regions. Thus, to reproduce
the radio light curves of MSPs in class II we used
alTPC/OG models in which we fit both the minimum
and maximum radio emission altitudes. This implies
that the radio emission is also caustic in nature which
has important implications for the predicted polarization properties [28].

4. LIGHT CURVE SIMULATIONS
We have generated simulations with spin periods of
1.5, 2.5, 3.5, 4.5, and 5.5 ms for MSPs in classes I and
III. For MSPs of class II we have only generated simulations with a spin period of 1.5 ms. This is shorter
than the observed periods of PSRs J2214+3000 [25]
and J1823−3021A [11] but will, at most, slightly overestimate any predicted off-pulse interval.
All of our simulations have a resolution of 2◦ in
pulse phase and 1◦ in both magnetic inclination angle
(α) and observer viewing angle (ζ). For MSPs in class

I our simulations have a resolution of 5% of the polar
cap opening angle for the accelerating and emitting
gap widths. For MSPs in class II our simulations have
the same resolution in gap widths and a resolution of
0.1RLC in emission altitude.
Our simulation code follows that of [7] with a
few important modifications. We have included the
Lorentz transformation of the magnetic field from an
inertial observer’s frame to the frame which co-rotates
with the star before calculating direction tangent to
the field line along which a photon is emitted (see
Appendix B of [17] for more details) as advocated by
[4] for self-consistency. Additionally, for the PSPC
models we have used the same functional form for the
accelerating field as [27] to calculate the number of
photons emitted at each step along the field lines as
opposed to assuming uniform emissivity as is done
for the other models. For all models the emission is
never followed beyond a radial distance of 1.2RLC or a
cylindrical distance of 0.95RLC , whichever is reached
first. In this respect our TPC models differ from those
originally used by [6] as they only followed emission
out to a radial distance of 0.95RLC but not beyond a
cylindrical distance of 0.75RLC .

5. LIKELIHOOD FITTING
We have developed a Markov chain Monte Carlo
(MCMC) maximum likelihood technique in order to
pick the best-fit model parameters. An MCMC procedure involves taking random steps in parameter space
and accepting or rejecting new steps based on some
criteria which only involves the previous step (in our
case it is the likelihood ratio between the two states).
In order to speed up chain convergence and mixing
we have implemented small-world chain steps [13] and
simulated annealing [21]. We use Poisson likelihood
for the gamma-ray light curves and a χ2 statistic for
the radio, combine them, and then maximize the joint
likelihood.
The formal uncertainty on the radio profiles is much
smaller, relatively, than that of the gamma-ray light
curves which drives the likelihood to favor the radio
fit. In order to balance the relative contributions to
the likelihood from the radio and gamma-ray data we
have chosen to use the same uncertainty for each bin
of the radio light curve which is defined as follows.
We first calculate the average relative error in the onpeak interval of the gamma-ray light curve. Then, we
multiply that value with the maximum of the radio
profile. Finally, in the event that we use more bins in
the radio profile than the gamma-ray light curve we
multiply the latter uncertainty by the ratio of gammaray to radio bins. It is important to note that using
a different radio uncertainty can affect the best-fit geometry, in some cases leading to changes in either α
or ζ of ∼30◦ .
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6. RESULTS
Example fits from each MSP sub-class are shown
in Fig. 1. The gamma-ray events for each MSP were
required to be within 0.◦ 8 of the radio position, have
reconstructed energies from 0.1 to 100 GeV, and have
zenith angles ≤ 105◦ . The background levels for the
gamma-ray light curves were estimated using the LAT
Science Tool gtsrcprob and spectral results from a
preliminary version of the 2FGL catalog1 [2] while the
radio backgrounds are estimated by fitting a constant
value to the off-pulse intervals. In Fig. 1 the model
light curves corresponding to TPC and alTPC fits are
shown in pink, the OG and alOG in green, and the
PSPC in blue.
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Figure 1: Example light curve fits representing the three
different MSP sub-classes. Gamma-ray data and model
light curves are shown in the top panels while the radio
data and model light curves are shown in the lower
panels. (Left:) Light curves for PSR J0030+0451 fit with
OG and TPC models (class I). (Middle:) Light curves for
PSR J0034−0534 fit with the alOG and alTPC models
(class II). (Right:) Light curves for PSR J1744−1134 fit
with the PSPC model (class III).

When plotting the best-fit geometries (Fig. 2) an
interesting trend appears. The ζ values tend to prefer higher angles near 90◦ ; this is consistent with the
assumption of a random angular distribution (i.e.,
weighted by sin(ζ)) of spin axes with respect to the
Earth line-of-sight. However, the α values seem to
favor all angles equally in contrast to what has been
found for non-recycled gamma-ray pulsars [24]. This
may be a manifestation of the recycling process tending to align the magnetic and spin axes.
There are some suggestions in our fits that the
assumed radio emission altitude of the conal model
(classes I and III) is too low. One such example is
PSR J2302+4442 for which the gamma-ray model reproduces the observed light curve well but the radio

1 http://fermi.gsfc.nasa.gov/ssc/data/access/
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Figure 2: Best-fit (ζ,α) values for each MSP (both fits
are shown for MSPs in classes I and II). TPC fit values
are shown as filled pink squares, OG as filled green
triangles, and PSPC as filled blue triangles. The alTPC
fits are shown as open pink squares and the alOG as
open green triangles.
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model can not produce widely enough separated peaks
at the best-fit geometry [9]. Fig. 3 demonstrates how,
for the same geometry which gives a good gammaray fit, increasing the radio emission altitude does, in
fact, lead to a better fit to the radio data. Note that
the radio altitude was increased in the simulations by
decreasing the emission frequency.
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Figure 3: Radio data and models with different emission
altitudes for PSR J2302+4442.

7. FUTURE
The simulations described in Section 4 have rather
coarse resolution in the gap width and altitude parameters and we have found that a finer gridding is needed
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before we can look for meaningful trends in these values. In some of the MSPs we have analyzed the single,
hollow-cone beam model is not correct as there is evidence for either a core component or multiple cones
from radio polarization data. Additionally, as noted
in Section 6, we find indications that the radio emission should originate at higher altitudes in the MSP
magnetospheres. Therefore, in addition to increasing
the resolution of our simulations we plan to produce
more complex radio models and explore changing the
emission altitude in order to more closely match the
radio profiles. We will also compare the predicted polarization angle swings with polarimetric data to guide
further model refinement and serve as an additional,
observational test.
The magnetosphere of a pulsar should be filled, to
some extent, with charges (e.g., [12]); thus, the vacuum solution for the magnetic field can not exactly
match reality. With that in mind, we plan to apply the
same fitting technique to simulations using magnetic
field geometries from magneto-hydrodynamic simulations of a pulsar magnetosphere under force-free assumptions (e.g., [10]) and with finite conductivity [18].
By comparing our predicted gamma-ray and radio
light curves in different magnetic field geometries with
those from observations, we can constrain the structure of a real pulsar magnetosphere.
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We report about the multiwavelength campaign on the Narrow-Line Seyfert 1 (NLS1) Galaxy PMN J0948+0022
(z = 0.5846) performed in 2010 July-September and triggered by high activity as measured by Fermi/LAT.
The peak luminosity in the 0.1 − 100 GeV energy band exceeded, for the first time in this type of source, the
value of 1048 erg/s, a level comparable to the most powerful blazars. The comparison of the spectral energy
distribution of the NLS1 PMN J0948+0022 with that of a typical blazar – like 3C 273 – shows that the power
emitted at gamma rays is extreme.

1. INTRODUCTION
Narrow-Line Seyfert 1 Galaxies (NLS1s) make a
very peculiar class of active galactic nuclei (AGN).
They were discovered in eighties (see [27] for a recent
review) because of their difference in the optical spectra with respect to the classical Seyfert active nuclei.
Basically, the full-width half maximum (FWHM) of
their broad permitted emission lines (e.g. Hβ) has
values smaller than those of Seyfert 1s, with a drop
in the distribution of the values of FWHM(Hβ) above
∼ 2000 km/s. These “narrower” broad-lines – yes,
it is an oxymoron! – are not due to some obscuration, as indicated by the detection of the FeII bump
in the optical spectra of NLS1s. The FeII bump is
an indicator of the direct view of the broad-line region (BLR), because it is observed only in Seyfert 1s
and not in Seyfert 2s (e.g. [3]). Among the typical
characteristics of NLS1s, the most interesting are the
relatively low mass of the central spacetime singularity (∼ 106−8 M⊙ ) and the high rate of the accretion
disc (up to the Eddington limit). To date, it is not
yet clear if these – as well as other peculiar observa-

tional characteristics – are the symptoms of a central
engine intrinsically different from the other Seyferts
or NLS1s are just the low black hole mass tail of the
Seyfert distribution1 .
As the other Seyferts, NLS1s are generally radio
quiet, but ∼ 7% of them exhibit a very compact radio core with high brightness temperature and flat or
even inverted spectrum, hints of the presence of a relativistic jet [2, 22, 29]. These hints were strengthened
by the detection in 1H 0323+342 (z = 0.061) of a
hard tail in the X-ray spectrum extending to hard Xrays and emerging during periods of high optical/UV
fluxes [15]. An early attempt to detect high-energy
γ rays from radio-loud NLS1s was performed in 2004
with the Whipple Cerenkov telescope [4], but without

1 The state of the art of the researches in this
field can be found in the proceedings of the workshop
Narrow-Line Seyfert 1 Galaxies
and
Their
Place in the Universe, Milano, Italy, 4-6 April 2011:
http://pos.sissa.it/cgi-bin/reader/conf.cgi?confid=126)
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success.
The definitive confirmation of the presence of powerful relativistic jets in NLS1s came with the Large
Area Telescope (LAT) onboard the Fermi satellite.
After a few months of operations, LAT observed
highly significant (17σ) emission of GeV photons from
the NLS1 PMN J0948+0022 (z = 0.5846) [5, 10],
which in turn was already known as strong radio-loud
NLS1 [29].
Soon after the early association of the γ-ray source
with PMN J0948+0022, made on a probabilistic basis, we started a multiwavelength campaign, which
was performed between the end of 2009 March and
the beginning of 2009 July [6]. The source displayed some activity at γ rays with a peak of ∼
4×10−7 ph cm−2 s−1 (0.1−100 GeV) measured in one
day on 2009 April 1. Then, the drop in the γ-ray emission was followed by a decrease of X-rays-to-optical
flux and an increase of the radio flux after about less
than two months. Particularly, Swift/UVOT recorded
a significant change in the spectral slope of the optical emission during the decrease of the continuum.
The observed coordinated broad-band variability confirmed that:
(a) the γ-ray source discovered by Fermi/LAT is associated with the NLS1 PMN J0948+0022;
(b) the continuum of the γ-NLS1 is dominated by
the emission of a powerful relativistic jet viewed
at small angles.
Later, the observation of optical (V) polarization
at 19% level with the KANATA telescope confirmed
once more the above inferences [24].
Other NLS1s have been detected in the GeV energy
range by Fermi [7, 12], thus indicating that a new
class of γ-ray emitting AGN is emerging. One of the
most important consequences of this discovery in our
knowledge of relativistic jets is that it is now possible
to study an unexplored range of black hole masses
and accretion disc rates, which in turn is opening new
horizons in our understanding of jets at all scales (see
[12, 13, 14]).
It is important to continue the monitoring of these
sources in order to understand their nature and
to extend the sample of γ-ray emitting candidates.
Therefore, several monitoring programs were started
and are currently ongoing. Again in 2010 July,
PMN J0948+0022 exploded in an intense outburst at
γ rays, reaching a peak luminosity of ∼ 1048 erg/s
[8, 11]. The source was already under monitoring,
but the high activity at γ rays triggered more observations. Here we report about that campaign. Some
early results were presented in [16] and a complete
paper – where more details are available – has been
recently published [17].

2. FACILITIES INVOLVED
After the γ-ray detection, PMN J0948+0022 has
been monitored by some facilities and, therefore, it
was possible to reconstruct the multiwavelength behavior before and after the 2010 July outburst. There
were some problems after the end of June, because
the source position projected in the sky was apparently very close to the Sun, making it difficult the
optical-to-X-ray observations. Anyway, we succeeded
to collect sufficient data to do some important inferences on the nature of this source.
The data gathered to study the 2010 July outburst
were from:
• Fermi/LAT, 0.1 − 100 GeV energy band; the
satellites continuously scans the γ ray sky every
two orbits (three hours).
• Swift, with its X-ray Telescope (XRT) operating in the 0.3 − 10 keV energy band and its UltraViolet Optical Telescope (UVOT), equipped
with the filters V, B, U, UVW1, UVM2, and
UVW2. Only one short snapshot was possible
and it was performed on 2010 July 3 (ObsID
00038394002), in the framework of the project
Swift/XRT Monitoring of Fermi/LAT sources
of interest2 at the Penn State University. The
exposure on XRT was ∼ 1.6 ks and the data
from all the six UVOT filters were available.
• Optical data in the R filter were taken with the
Automatic Telescope for Optical Monitoring for
HESS (ATOM), located in Namibia.
• Multifrequency radio observations (2 − 43 GHz,
Fig. 2) were performed with the single-dish
100 m radiotelescope of Effelsberg (F-Gamma
program3, [19, 20]). PMN J0948+0022 is continuously monitored on monthly basis since the
discovery of GeV emission with Fermi.
• Multifrequency radio observations (5 − 22 GHz)
were performed in the period 2010 August 13-26
by using the RATAN-600 telescope [23].
• Radio observations at 15 GHz are continuously
performed with the Owens Valley Radio Observatory (OVRO) within a program of monitoring
of Fermi sources [28].
• VLBA high-resolution (∼ mas scale) radio observations at 15 GHz within the MOJAVE
Project4 [25]. The source is monitored since the
discovery of γ rays.

2 http://www.swift.psu.edu/monitoring/
3 http://www.mpifr-bonn.mpg.de/div/vlbi/fgamma/fgamma.html
4 http://www.physics.purdue.edu/astro/MOJAVE/index.html
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Figure 1: (a) Fermi/LAT light curve of PMN J0948+0022 in the 0.1 − 100 GeV energy band with one-month time bin
before of 2010 June 30 (MJD 55377) and 3-days time bin after that date. Upper limits (red arrows) are at 2σ level. (b)
ATOM R filter observed magnitude. (c) Radio flux at 10.45 GHz as observed from Effelsberg 100 m radiotelescope
(F-Gamma program, see also Fig. 2). (d) Radio spectral index (Fν ∝ ν −α ) between 5 and 10 GHz. The flux and
spectral index at MJD 55424 (2010 August 16) is the average of the observations performed between 2010 August 13
and 29 with the RATAN-600 radio telescope at 11 GHz.

3. DISCUSSION
Figure 1 displays four panels containing light curves
at different frequencies, from radio to γ rays. As in
the 2009 campaign, the coordinated broad-band variability was dominated by the relativistic jet radiation.
It is possible to note that as the γ ray emission
became detectable (although with one month integra-

tion of data) about two months before the burst, there
was an increase of the optical and radio flux, together
with an inversion of the radio spectral index (see Fig. 1
and 2). It is worth adding that VLBA osbervations
indicated a ∼ 90◦ swing in the electric vector position angle (EVPA) at some time between 2009 July
23 and 2009 December 10 (see Fig. 5 in [17]). A similar behavior has been already observed in high power
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Figure 2: Multifrequency light curves from Effelsberg
100 m radiotelescope (F-Gamma program). The different
symbols indicate the measurements at different
frequencies: red triangles, 2.64 GHz; green squares,
4.85 GHz; blue circles, 8.35 GHz; orange stars,
10.45 GHz. The reference time (MJD 55377) is 2010
June 30.

blazars, such as PKS 1502+106 (z = 1.839) [9]. Perhaps, it is an indication of some arrangement of the
jet structure to favor the radiative dissipation of the
kinetic energy.
Another interesting feature observed during this
outburst was the hardening of the γ ray spectrum [17].
The photon index Γ before and after the outburst was
quite steep ∼ 2.7, as expected from relativistic jets
powered by external Compton (EC) processes. The
EC needs of a nearby environment rich of photons,
which in turn has the drawback to enhance the pair
production probability and cutting the very high energy emission. At the peak of the emission, the γ-ray
spectrum was harder, with Γ ∼ 2.5.
A reanalysis of the LAT data with the most
recent
software
(LAT Science Tools 9.23.1),
Instrument Response Function (P7SOURCE V6),
and background files (iso p7v6source.txt and
gal 2yearp7v6 v0.fits), confirmed the hard spectrum, although not the change in the slope. In
2010 June (30 days of data), before the burst,
the 0.1 − 100 GeV flux and photon index Γ were
(1.6 ± 0.3) × 10−7 ph cm−2 s−1 and 2.5 ± 0.1, respectively. During the day of the burst (2010 July 8), the
flux reached the value of (1.3±0.3)×10−6 ph cm−2 s−1
with a photon index 2.4 ± 0.2. The measurements
done after the burst, by integrating data in the period
August 1 - September 15 (45 days of data), resulted
in the values of flux (1.5 ± 0.2) × 10−7 ph cm−2 s−1
and photon index 2.4 ± 0.1. What is important is the
confirmation of the hardness of the spectrum, which
can have important consequences on the possibility
to detect these sources at even greater energies with
ground-based Cherenkov telescopes (e.g. Cherenkov

1023

1024
Frequency [Hz]

1025

1026

Figure 3: γ-ray spectra during the outburst of
PMN J0948+0022 and perspectives of detection with
CTA. The sensivity of CTA is plotted with grey dashed
lines (with 0.5, 5, and 50 hours of exposure, from [1]).
The detection at the peak (2010 July 8) is indicated with
blue continuous lines. The red dot-dashed lines refer to
the spectrum measured in 2010 June and in the period
August 1 and September 15, which are basically similar.

Telescope Array – CTA – [1], see Fig. 3). Obviously,
this depends on the possibility to have a spectral
break at tens of GeV, but, if it is confirmed the similarity of behavior of γ-NLS1s with flat-spectrum radio
quasars, it is reasonable to expect the occurrence of
events like the case of PKS B1222+216, detected at
hundreds of GeV during a strong outburst [18].
More interesting inferences can be derived by comparing the spectral energy distribution (SED) of
PMN J0948+0022 with that of the archetypical blazar
PKS 1226+023 (a.k.a. 3C 273, Fig. 4). The radio-toX-rays SEDs can be matched by multiplying the luminosities of PMN J0948+0022 by a factor ∼ 6, which in
turn corresponds to the difference in mass of the two
central black holes: ∼ 1.5×108M⊙ for the γ-NLS1 and
∼ 8 × 108 M⊙ for the blazar. This rescaling, however,
increases the separation at γ rays, with the γ-NLS1
having the greatest power. This gap can be explained
by a difference of the viewing angles, being that of
PMN J0948+0022 smaller than that of 3C 273.
Later works supported these findings. The scaling
in mass is justified by the fact that both sources have
discs with high accretion rates (→ radiation-pressure
dominated) and hence the scaling of the BlandfordZnajek power is dependent only on the mass of the
central black hole [21, 26]. The presence of two
regimes (radiation- and gas-pressure dominated) is evident in the distribution of the jet power as a function of the accretion rate (see Fig. 3 of [13]) and both
high-power blazars and γ-NLS1s occupy the region of
sources with radiation-pressure dominated discs.
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! !6

Figure 4: Comparison of the SED of PMN J0948+0022
(red points) and PKS 1226+023 (a.k.a. 3C 273) in grey.
Adapted from [17].

4. FINAL REMARKS
The 2010 July outburst of the γ-ray NLS1
PMN J0948+0022 showed once more the importance
of multiwavelength campaigns in the understanding of
sources with powerful relativistic jets. In this specific
case, we noted:
(a) another similarity of the relativistic jet in
PMN J0948+0022 with those in blazars: the
swing of the EVPA at radio frequencies before
the outburst;
(b) the extreme efficiency of the jet power with respect to the mass of the central black hole (γNLS1s are small, but nasty).
(c) the hardness of the γ-ray spectrum together
with high flux during the outburst opens the
possibility of a detection at hundreds of GeV
with Cerenkov telescopes, which in turn will
likely to be possible with future facilities, such
as – for example – CTA.

Acknowledgments
This research has made use of data obtained from
the High Energy Astrophysics Science Archive Research Center (HEASARC), provided by NASA’s
Goddard Space Flight Center.
This work has been partially supported by PRINMiUR 2007 and ASI Grant I/088/06/0.

The OVRO 40 m monitoring program is supported
in part by NASA (NNX08AW31G) and the NSF
(AST-0808050).
Based on observations with the 100-m telescope
of the MPIfR (Max-Planck-Institut für Radioastronomie) at Effelsberg. Ioannis Nestoras is member
of the International Max Planck Research School (IMPRS) for Astronomy and Astrophysics at the Universities of Bonn and Cologne.
The Fermi LAT Collaboration acknowledges support from a number of agencies and institutes for
both development and the operation of the LAT
as well as scientific data analysis. These include
NASA and DOE in the United States, CEA/Irfu
and IN2P3/CNRS in France, ASI and INFN in
Italy, MEXT, KEK, and JAXA in Japan, and the
K. A. Wallenberg Foundation, the Swedish Research
Council and the National Space Board in Sweden.
Additional support from INAF in Italy and CNES
in France for science analysis during the operations
phase is also gratefully acknowledged.
This research has made use of data from the MOJAVE database that is maintained by the MOJAVE
team (Lister et al. 2009). The MOJAVE project is
supported under NSF grant AST-0807860 and NASA
Fermi grant NNX08AV67G.
RATAN-600 observations were supported in part by
the Russian Foundation for Basic Research grant 0802-00545. Y. Y. Kovalev was supported in part by the
return fellowship of Alexander von Humboldt Foundation.

References
[1] CTA Consortium, “Design Concepts for the
Cherenkov Telescope Array CTA”, 2010,
arXiv:1008.3703
[2] A. Doi et al., PASJ 58 (2006) 829.
[3] X. B. Dong et al., ApJ 721 (2010) L143.
[4] A. D. Falcone et al., ApJ 613 (2004) 710.
[5] Fermi/LAT Coll. (A. A. Abdo et al.), ApJ 699
(2009) 976.
[6] Fermi/LAT Coll. (A. A. Abdo et al.), ApJ 707
(2009) 727.
[7] Fermi/LAT Coll. (A. A. Abdo et al.), ApJ 707
(2009) L142.
[8] Fermi/LAT Coll. (D. Donato et al.), ATel 2733
(2010).
[9] Fermi/LAT Coll. (A. A. Abdo et al.), ApJ 710
(2010) 810.
[10] Fermi/LAT Coll. (L. Foschini et al.),
“Fermi/LAT Discovery of Gamma-Ray Emission
from a Relativistic Jet in the Narrow-Line Seyfert
1 Quasar PMN J0948+0022”, in: “Accretion and
ejection in AGN: a global view”, Como (Italy),

eConf C110509

57

6

2011 Fermi Symposium, Roma, May 9-12

[11]
[12]

[13]
[14]
[15]
[16]

[17]
[18]

[19]

22-26 June 2009, ASP Conf. Series Vol. 427, p.
243 (2010).
L. Foschini, ATel 2752 (2010).
L. Foschini, “Evidence of powerful relativistic jets
in Narrow-Line Seyfert 1 Galaxies”, in: “NarrowLine Seyfert 1 Galaxies and Their Place in the
Universe”, Milano (Italy), 4-6 April 2011, Proceedings of Science vol. NLS1, p. 024 (2011).
L. Foschini, RAA 11 (2011) 1266.
L. Foschini, arXiv:1107.2785
L. Foschini et al., Adv. Space Res 43 (2009) 889.
L. Foschini et al., “Relativistic Jets in NarrowLine Seyfert 1”, in: “Jets at all scales: Proceedings of the IAU Symposium 275”, Buenos Aires
(Argentina), 13-17 September 2010, Proceedings
IAU, Cambridge University Press, p. 176 (2011).
L. Foschini et al., MNRAS 413 (2011) 1671.
L. Foschini et al., “Short time scale variability
at gamma rays in FSRQs and implications on
the current models”, in: “Proceedings of the
Third Fermi Symposium”, Roma (Italy), 9-12
May 2011, eConf C110509, arXiv:1110.447.
L. Fuhrmann et al., “Simultaneous Radio to (Sub) mm-Monitoring of Variability and Spectral
Shape Evolution of potential GLAST Blazars”,
in: “The First GLAST Symposium”, Stanford
(CA, USA), 5-8 February 2007, AIP Conf. Proc.
vol. 921, p. 249 (2007).

[20] L. Fuhrmann et al., “Gamma-ray NLSy1s and
’classical’ blazars: are they different at radio
cm/mm bands?”, in: “Narrow-Line Seyfert 1
Galaxies and Their Place in the Universe”, Milano (Italy), 4-6 April 2011, Proceedings of Science vol. NLS1, p. 026 (2011).
[21] P. Gosh & M. A. Abramowicz, MNRAS 292
(1997) 887.
[22] S. Komossa et al., AJ 132 (2006) 531.
[23] Y. Y. Kovalev et al., A&AS 139 (1999) 545.
[24] Y. Ikejiri et al., PASJ 63 (2011) 639.
[25] M. L. Lister et al., AJ 137 (2009) 3718.
[26] R. Moderski & M. Sikora, MNRAS 283 (1996)
854.
[27] R. Pogge, “A quarter century of Narrow-Line Sefert 1s”, in: “Narrow-Line Seyfert 1 Galaxies and
Their Place in the Universe”, Milano (Italy), 4-6
April 2011, Proceedings of Science vol. NLS1, p.
002 (2011).
[28] J. Richards et al., “15 GHz Monitoring of
Gamma-ray Blazars with the OVRO 40 Meter Telescope in Support of Fermi”, in: “The
Second Fermi Symposium”, Washington DC
(USA), 2-5 November 2009, eConf C0911022,
arXiv:0912.3780.
[29] H. Y. Zhou et al., ApJ 584 (2003) 147.

eConf C110509

58

1

2011 Fermi Symposium, Roma., May. 9-12
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We present optical photopolarimetric observations of the BL Lac object S4 0954+658 obtained
with the 70-cm telescope in Crimea, 40-cm telescope in St.Petersburg, and 1.8-m Perkins telescope at
Lowell Observatory (Flagstaff, Az). After a faint state with a brightness level R ∼17.6 mag registered
in the first half of January 2011, the optical brightness of the source started to rise and reached
∼14.8 mag during the middle of March, showing flare-like behavior. The most spectacular case of
intranight variability was observed during the night of 2011 March 9, when the blazar brightened
by ∼0.7 mag within 7 hours. During the rise of the flux the position angle of optical polarization
rotated smoothly over more than 200 degrees. S4 0954+658 is a gamma-ray blazar with gamma-ray
flux of (5±3)x10−10 phot cm−2 s−1 according to the Fermi 11-month Catalog Extragalactic Sources.
Our analysis of contemporaneous Fermi LAT data does not show any sign of increased gamma-ray
activity above the detection threshold except for an elevated flux on 2011 March 5, JD 2455626,
coincident with the local optical maximum.

I.

INTRODUCTION

S4 0954+658 (z=0.367) is a well studied BL Lac object in the optical bands. Its optical variability has
been studied by Wagner et al. (1993) [7], who found
large amplitude variations (of the order of ∼ 100%) on
time scales as short as 1 day. Raiteri et al. (1999) [6]
presented a comprehensive study of the optical and radio variability of the source during 1994-1998. They
detected large amplitude intranight variations. Studying the B − R colour variations, they found that the
mid and long-term variations in the source are not
associated with spectral variations. Gabuzda et al.
(2000 and references therein) [1] studied the radiomorphology of S4 0954+658 and showed that both the
parsec and kiloparsec jet are bended. They also found
substantial intranight polarization variability of the
radio core. S4 0954+658 is a gamma-ray blazar with
mean gamma-ray flux (5±3)·10−10 phot cm−2 s−1 according to the Fermi 11-month Catalog of Extragalactic Sources, and most of time falls below the detection
threshold.

II.

OPTICAL OBSERVATIONS

Our photometric monitoring of S4 0954+658 and
other gamma-bright blazars is made within the framework of the WEBT/GASP project[8]. We regularly
update optical light curves taken by St.Petersburg
University team[9]. We intensified our photometric
and polarimetric observations of S4 0954+658 following our detection of a new activity stage of this source
(Larionov et al., 2011 [3]).
Figure 1 displays the whole set of optical photometric and polarimetric data obtained by our team during
2006-2011, supplemented by additional data from the

MAPCAT project and Steward Observatory.
The blazar showed prominent activity during all the
period covered with our data, with R band amplitude
exceeding 2m and a record level of polarization more
than 40% . Even on that background the outburst
that started in early 2011 (marked yellow in all panels)
is quite impressive. Its enlargement is shown in Fig. 2.
Inspection by eye of Fig.1 shows that during most
of the observational period the position angle of polarization (EVPA) was at a level of 0 degrees, close to the
mean direction (−10◦ ) of the inner jet of S4 0954+658,
as observed by the VLBA. Unlike all the previous
years, starting from the end of February 2011, we
observed smooth rotation of the EVPA (Fig. 2, bottom panel), with amplitude of about 300 degrees.
The maximum value of rotation was reached when
the flux was at its peak. During two of the observational nights, March 9 and April 24, we observed
violent intranight variability, 0.7 mag within 7 hours
and 1.0 mag within 5 hours, correspondingly, accompanied by synchronous changes in fractional polarization (marked with large symbols in Fig. 2). As far as
we know, these are the fastest flux and polarization
changes recorded for this source.
Following Hagen-Thorn and Marchenko (1999) [2],
we plotted (Q vs I) and (U vs I) Stokes polarization
parameters (see Fig. 3) and found that the whole data
set can be splitted into a succession of subsets, each
with its own behavior in (I, Q, U ) space. We mark
these subsets with different colors and apply the same
colors to the data plotted in Fig. 2.
We notice that the regression lines in Fig. 3 tend
to converge to the points corresponding to the preoutburst values of I, Q and U . This means that the
source that was probably seen before the outburst still
was contributing the same amount of flux and polarization during the outburst. Hence it is possible to
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FIG. 2: Observed flux density (corrected for galactic extinction), fractional polarization and position angle for
January-May 2011. Larger symbols refer to the nights
when violent intranight variability was observed.
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FIG. 1: Optical (R band) brightness, fractional polarization and position angle of polarization of S4 0954+685 for
2006-2011.

subtract its emission to get the radiation parameters
of the variable source(s). We estimated the constant
sources parameters as R=17.8, p=15% and χ = −6◦ .
The resulting curves are given in Fig. 4.
The position angle of polarization changed systematically. We see a sharp jump of EVPA at MJD 55609
(2011 Feb.16), followed by steady rotation ∼ 12.5 degrees/day that abruptly stopped at MJD 55632 (2011
Mar.11), 5 days before the optical maximum. After that only minor changes of EVPA are observed,
despite continued strong variability of the flux density and fractional polarization. As for the previously
mentioned jump of EVPA at MJD 55609, we believe
that this jump may be an artifact caused by the appearance and increased contribution of the new vari-

FIG. 3: The absolute Stokes parameters variation during 2011 January-April. Different colors refer to different
stages of evolution of the variable source.

able polarized source with very different direction of
electric vector. Note that this new-born source had
very high (40%) intrinsic polarization.
Most of our photometric observations were made in
BV RI bands. We looked for possible color variations,
and found that 10-fold change of flux density was not
accompanied by noticeable changes of colors.
III.

RADIO OBSERVATIONS

The BL Lac object 0954+658 is monitored monthly
by the BU group with the Very Long Baseline Array
(VLBA) at 43 GHz within a sample of bright γ-ray
blazars[10]. Figure 5 shows the total and polarized
intensity images of the object from 2010 September
to 2011 March. The VLBA data were calibrated, imaged, and modeled in the same manner as discussed
in Jorstad et al. (2005) [4].
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FIG. 4: Same as Figure 2, but corrected for input of a
constant component with R=18.7, p=15% and χ = −6◦ .
Red vertical bars in the upper panel mark positive Fermi
LAT detections, the bars height proportional to gammaray flux.

Figure 5 shows 2 prominent polarized features, the
core and knot K1. The position angle of polarization
in the core is mostly along the jet (from -10 to -20 deg)
while the EVPA in knot K1 is ∼ 0 deg. At the last
two epochs a new knot, K2, is imaged near the core.
Figure 6 shows the motion of knots K1 and K2 with
respect to the core (a presumably stationary feature)
and approximate fit to the motion if the knots move
ballistically. K1 has a superluminal apparent speed
βapp = 7.2 ± 0.7c (H0 = 70, λm = 0.3, λΩ = 0.7)
and coincided with the core at epoch 2009.28 ± 0.13.
The kinematics of K2 can be estimated only roughly
since we have 2 epochs so far when the knot is visible,
the data from which indicate that K2 is very highly
relativistic, βapp = 19.1±3.3. An increase of total and
polarized flux seen in K1 at the last epoch (March 1,
2011) can be attributed to K2 approaching K1 as well
as a very fast optical outburst that just started to
evolve at that epoch.

IV.

GAMMA-RAY RESULTS

S4 0954+658 was only marginally detected by Fermi
LAT during 2008-2010, as shown in Fig. 7. A series of
positive detections around 2010.0 may correspond to
enhanced optical activity at that epoch (see Fig. 1).
We analyzed the LAT data for the period of 2011
January-April with 2-day binning, trying not to miss
possible shortlived events, and found only 3 positive
detections. All these cases of detection are centered on
the highest optical level and are unlikely to be due to

FIG. 6: Separation of knots K1 and K2 from the core as
function of time.

chance coincidences, though low signal-to-noise ratio
precludes more definite conclusions.
V.

CONCLUSIONS

S4 0954+658 demonstrates very prominent activity
starting from mid-February 2011. Our photometric
and polarimetric observations densely cover this period. We conclude that:
• The overall behavior of the source can be explained as a superposition of radiation of a previously existing source with unchanged Stokes
parameters and a new, strongly variable one,
whose polarization vector rotated ∼ 12 degrees/day from the onset of the outburst until the moment of maximum flux and then leveled at ∼ 590◦ . Allowing for k · 180◦ ambiguity, this is equivalent to 50◦ , still quite different
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βapp ∼ 19 c.
• Fermi LAT data give indication of enhanced γray activity close to the epoch of optical maximum.
The period of activity of S4 0954+658 still continues, and we hope that further optical and radio monitoring will allow us to construct a self-consistent picture of multi-wavelength behavior of this source.

FIG. 7: Fermi LAT gamma-ray light curve of S4 0954+658
with 7-day binning of the data. Yellow dots mark upper
limits.

from the preoutburst direction (−6◦ ). This fast
and monotonous rotation might be explained as
the movement of the variable source in a helical
magnetic field (Marscher et al. 2010). [5]
• High-amplitude intranight variations were superposed on both light and polarization curves.
This may reflect fine structure of the magnetic
field, causing temporary deflections.
• The VLBA radio images show the appearance
of a new highly relativistic component K2 with
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The spectral data on the diffuse Galactic γ-rays, at medium and high latitudes (| b |> 10◦ ) and
energies of 1-100 GeV, recently published by the Fermi Collaboration are used to produce a novel
study on the γ-ray emissivity in the Galaxy. We focus on analyzing the properties of propagation of
cosmic rays (CRs), using the publicly available DRAGON code. We critically address some of the
models for the interstellar HI and H2 gas distributions commonly used in the literature, as well as
test a variety of propagation models. Each model assumes a distinct global profile for the diffusion
and the re-acceleration of CRs. Fitting propagation parameters to well measured local CRs such
as, the B/C ratio, p, p̄ and e± fluxes, we evaluate the γ-ray spectra at medium and high latitudes
in order to place further constraints on these propagation models.
I.

INTRODUCTION

Interactions of CRs with the interstellar medium
(ISM) are a copious source of γ-rays through π 0 , inverse Compton and Bremsstrahlung emissions. The
study of diffuse γ-rays at intermediate and high latitudes (|b| > 10◦ ) [1] is a promising tool to probe and
constrain the propagation of CRs in the Galaxy as well
as ISM properties, with the CR propagation described
by:
∂ψ
~
~
= q(~r, p, t) + ∇.(D
xx ∇ψ)
∂t
∂ h 2
∂ ψ i
∂
~ V
~ ψ)
+
p Dpp ( 2 ) −
(ṗψ) − ∇.(
∂p
∂p p
∂p
∂ hp ~ ~ i
ψ
ψ
+
(∇.V )ψ −
−
,
(1)
∂p 3
τf rag
τdecay
where ψ(~r, p, t) is the CR density, q(~r, p, t) is the
source term including components of primary origin,
as well as CRs from spallation and decay processes
from heavier elements. Dxx (~r) is the spatial diffusion,
Dpp (~r) describes the diffusion in momentum space due
to re-acceleration, ṗ is the momentum loss rate due to
interactions with ISM, the Galactic magnetic field or
~ is the convecthe interstellar radiation field (ISRF), V
tion velocity due to Galactic winds, while τf rag and
τdecay are the timescales for, respectively, fragmentation loss and radioactive decay.
For our simulations we use the DRAGON code [2]
that numerically solves Eq. (1) in the steady state approximation, in a 3D grid; 2 spatial dimensions for
Galactocentric radial distance and height from the
Galactic plane, and 1 for the momentum p.

II.

ASSUMPTIONS

A.

Primary Sources

CR primary sources up to energies of ∼ 100TeV,
are supernova remnants (SNRs). For each nucleus i
the source term describing the injection of CRs in the
ISM is given as a function of rigidity R by
qi (r, z, E) = q0,i fs (r, z)(

R(E) −γ i
)
,
R0

(2)

where q0,i is the normalization for each nucleus,
fs (r, z) traces the distribution of SNRs as modeled
in [3] on the basis of pulsar and progenitor star surveys [4]. Electrons and positrons accelerated between
a pulsar and the termination shock of the wind nebula
may contribute to the high energy e± spectrum, and
then to the γ-ray flux, via inverse Compton scattering. Following the parametrization of [5], the source
term due to a distribution of pulsars can be described
by a power-law with an exponential cut-off given by
Qp (r, z, t, E) = J0 E −n e−E/M fp (r, z) ,

(3)

where J0 depends on the averaged birth rate of pulsars
distribution and the average portion of pulsar initial
rotational energy injected in the ISM as e± , fp (r, z)
describes the spatial distribution of young and middle
age pulsars modeled by [6], while n and M are, respectively, the injection index and statistical cut-off,
for the pulsar distribution.
B.

Magnetic Field and Diffusion

The large scale Galactic magnetic field is generally
assumed to be a bi-symmetrical spiral with a small
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pitch angle [7]. Here we assume that the regular magnetic field is purely azimuthal, B~0 = B0 φ̂, and has the
form
B0 = 3 exp (−

r − r⊙
|z|
) exp (−
)(µG) ,
11(kpc)
2(kpc)

(4)

based on the analysis of WMAP synchrotron intensity
and polarization data in [8].
Diffusion is a result of CR scattering on randomly
moving magneto-hydro-dynamical (MHD) waves. A
correlation to the Galactic magnetic field and its discontinuities is expected, with a larger diffusion coefficient where the magnetic field is weaker. We assume,
on the basis of [2], an isotropic diffusion coefficient of
the form
D(r, z, R) = D0 β η (

R δ
r − r⊙
|z|
) exp (
) exp ( ) , (5)
R0
rd
zd

where R0 = 3 GV is the reference rigidity, δ is the
diffusion spectral index depending on mechanism that
builds up the turbulence in the ISM, rd and zd are,
respectively, the radial and vertical scales defining
the diffusion profiles in the Galaxy. The dependence
of diffusion on the particle velocity, β = vp /c, is
naturally expected to be linear (η = 1), however the
analysis by [9] shows an increase in diffusion at low
energies. To represent such a behavior, the parameter
η has been introduced by [10].

C.

Interstellar Gas:

The interstellar gas (ISG) is composed of hydrogen, helium and small contributions from heavier elements, with hydrogen observed in atomic (HI), molecular (H2) and ionized (HII) states. For the distribution of HI gas we use as a reference the model developed by [11].
Molecular hydrogen can exist only in dark cool
clouds where it is protected against the ionizing stellar
ultraviolet radiation. It can be traced with the λ = 2.6
mm (J = 1 → 0) emission line of CO, since collisions
between the CO and H2 molecules in the clouds are
responsible for the excitation of CO. The CO to H2
conversion factor, XCO which relates the H2 column
density, NH2 , to the velocity-integrated intensity of
the CO line, has considerable uncertainties. For the
H2 distribution we use for our reference model the
map provided by [12], assuming the conversion factor
to vary exponentially with Galactocentric radius,
R
XCO [H2 cm−2 K−1 km−1 s] = 1.4 exp(
) , (6)
11(kpc)
however [13] is also an older widely used model in the
literature. The radial and vertical profiles of H2 distribution models are shown in Fig. 1. Ionized hydrogen

FIG. 1: Large scale molecular hydrogen distribution in the
Galaxy vs r for z = 0(left); vs z for r = r⊙ (right). dashed,
solid and dashed-dotted lines for our reference model [12]
with, respectively, high, mean and low values of H2 mid
plane density, dotted lines for the model provided by [13].

occurs in the vicinity of young O and B stars, with
the ultraviolet radiation from these stars ionizing the
ISM. HII regions have a similar distribution to the
molecular hydrogen, but mass-wise their contribution
is negligible.

D.

Methodology

The propagation parameters are determined upon
fitting CR spectra. We consider a range of values for
δ, zd and rd in Eq. (5). For each set of these values
we derive (D0 , vA , η) by minimizing the χ2 for Boron
over Carbon B/C data (Fig. 2 (upper left)).
The injection spectrum of protons described by
three spectral indices, γip (see Table I) is fitted to the
PAMELA [14] and CREAM data [15] (Fig. 2 (upper
right)). The predicted antiproton spectrum is consistent with local flux (Fig. 2 (lower left)). Helium spectrum is also checked for consistency with the most
recent data from PAMELA [14].
The e± fluxes below E ∼ 30 GeV is dominated by
primary electrons accelerated by supernovae and by
secondary electrons (and positrons) produced in inelastic collisions of CR nuclei with the ISM. The spectrum of the secondary e± is related to the CR nuclei
spectrum, while the primary electron spectrum can
be described by a single power-law γ e above 5 GeV;
which we fit from the low energy e+ + e− spectrum
measured by Fermi (for a more detailed discussion see
[16]). Pulsars within ∼ 3kpc may also contribute to
the e+ + e− spectrum up to O(0.1) at E ≈ 50 GeV
and up to O(1) at E ≈ 500 GeV [5]. Assuming pulsars
contribute maximally, we find the properties of pulsars
J0 , n, and M in Eq. (3) upon fitting the Fermi data
as shown in Fig. 2 (lower right). The positron fraction and electron spectra measured by PAMELA are
checked for consistency as well.
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FIG. 4: Predictions for different values of the diffusion
index δ. dotted lines: δ = 0.5, dashed lines: δ = 0.4,
dashed-dotted lines: δ = 0.33. For all zd = 4 kpc and
rd = 20 kpc.

FIG. 2: Upper left: B/C spectrum to fit the diffusion
parameters in Eq. (5), Upper right: the proton flux to fit
γip , Lower left: the predicted antiproton spectrum, Lower
right: the e+ + e− flux to fit γ e and pulsar parameters in
Eq. (3).
FIG. 5: Predictions varying the diffusion radial scale rd .
dotted lines: rd = 5 kpc, dashed lines: rd = 10 kpc,
dashed-dotted lines: rd = 20 kpc. For all δ = 0.5 and
zd = 4 kpc.

FIG. 3: Reference model, predictions for the γ-ray spectrum for 0◦ < l < 360◦ , Upper left: 10◦ < |b| < 20◦ , upper
right: 20◦ < |b| < 60◦ , lower : 60◦ < |b| < 90◦ .

III.

RESULTS

Our reference model with δ = 0.5, zd = 4 kpc and
rd = 20 kpc called ”KRA4-20” provides a good combined fit of local CRs (Fig. 2) and diffuse γ-ray spectra
at intermediate and high latitudes (Fig. 3).
In Fig. 4 we show the γ-ray spectra for different spectral indices; δ = 0.5 (”KRA4-20”), δ = 0.4
(”RUN4-20”) and δ = 0.33 (”KOL4-20”). The π 0
component depends on the propagated proton spectrum. Lower values of the δ makes the propagated

spectrum harder, resulting in the need for a softer injection index γip in order to fit the data as shown in
Table I. The differences in γip + δ causes small differences in the π 0 fluxes. Electrons propagation, unlike
protons, mainly depends on energy loss time-scale and
thus is not affected much by varying the diffusion index. Since we normalize our diffusion coefficient at 3
GV (see Table I), for larger δ the higher energy e± diffuse faster, reaching the higher latitudes faster giving
a slightly harder inverse Compton spectrum. Differences in low energy Bremsstrahlung emissions come
from different Alfvén velocities (see Table I), with the
greater re-acceleration depleting the low energy spectrum. The decreasing of rd from 20 kpc (”KRA4-20”)
to 5 kpc (”KRA4-5”) makes the diffusion coefficient
smaller towards the Galactic center, which forces CRs
produced closer to the Galactic center to spend greater
time there. Since we refit the D0 for each propagation model (see Table I) the net effect in the fluxes
is negligible (Fig. 5). In Fig. 6 we show the effect
of varying the diffusion scale height zd from 1 kpc
(”KRA1-20”) to 10 kpc (”KRA10-20”). Since π 0 and
Bremsstrahlung emissions are morphologically correlated to the gas distribution which is concentrated
close to the galactic disk, they do not change much
by changing the size of diffusion zone. The inverse
Compton spectrum is mainly affected by the actual
distribution of electrons being confined within thinner
(thicker) diffusion zones resulting in lower (higher) to-
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γ1p /γ2p /γ3p

R1p

Name

δ

KRA4-20

0.5

4 20 2.49 19.5 -0.36 2.06/2.35/2.18 14.9

KRA4-5

0.5

4

KRA4-10

0.5

4 10 2.58 19.1 -0.25 2.05/2.35/2.18 17.5

KRA1-20

0.5

1 20 0.55 16.3 -0.52 2.07/2.34/2.18 16.5

zd rd D0 vA
5 2.76 16.9

η
0.0

2.07/2.35/2.18

27

KRA10-20 0.5 10 20 4.29 19.1 -0.37 2.05/2.35/2.18 15.2
RUN4-20

0.4

4 20 3.21 23.2 0.32 2.06/2.44/2.28

14

KOL4-20 0.33 4 20 3.85 24.8 0.77 2.03/2.49/2.35 10.7

FIG. 6: Predictions varying the diffusion scale height zd .
dotted lines: zd = 1 kpc, dashed lines: zd = 4 kpc, dasheddotted lines: zd = 10 kpc. For all δ = 0.5 and rd = 20 kpc.

FIG. 7: Predictions for different molecular hydrogen distributions shown in Fig 1.

tal inverse Compton flux, since even infrared and optical target photons have a much thicker distribution
profile than the ISM gas.
Among different components of the ISG, molecular hydrogen distribution has large uncertainties (see
Fig. 1). Our reference for H2 distribution [12] is called
”NS mean”. To account for uncertainties in H2 midplane density we also study its high and low values
called, respectively, ”NS high” and ”NS low”. We
study the model developed by [13] as well (”Bronf”).
The larger number of target nuclei in the gas model
[13], results in the need of a faster escape of CRs from
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As a result, to keep the same B/C flux ratio, the diffusion coefficient normalization needs to be increased.
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The optical properties of the z = 0.435 quasar PKS 1222+216 (4C+21.35) are summarized since
the discovery of impressive γ-ray activity in this source by Fermi /LAT. Unlike several other γ-raybright blazars, there appears to be little connection between optical and γ-ray activity. Spectropolarimetry shows this object to be a composite system with optical emission from both a polarized,
variable synchrotron power-law and unpolarized light from a stable blue continuum source (+broad
emission-line region) contributing to the observed spectrum. Spectrophotometry over a period of
about two years does not detect significant variability in the strong, broad emission lines, despite
large optical continuum variations. This suggests that the relativistic jet has little influence on the
output of the broad emission-line region, possibly either because the highly beamed continuum ionizes only a small portion of the line-emitting gas, or the observed non-thermal continuum originates
parsecs downstream from the base of the jet, further away from the central engine than the broad
emission-line region.

I.

INTRODUCTION AND OBSERVATIONS

Since the announcement on 2009 April 17 [1] that
the Large Area Telescope (LAT) aboard the Fermi
Gamma-ray Space Telescope [2] detected increased γray emission from PKS 1222+216, we have been systematically monitoring this z = 0.435 blazar at optical
wavelengths. PKS 1222+216 is now among the two
dozen or so γ-ray-bright blazars that form the core
of the sample being monitored by Steward Observatory [3] in support of Fermi. This optical program
uses the 2.3 m Bok and 1.54 m Kuiper telescopes
with the SPOL spectropolarimeter [4] and provides
publicly available spectropolarimetry, spectrophotometry, and calibrated broad-band flux measurements for
about 40 blazars.[14] PKS 1222+216 provides an example of how these data can be used to construct a
comprehensive view of the optical behavior of blazars
that can then be compared to observations made by
the LAT and at other wavelengths.
In both the γ-ray and optical spectral regimes, the
variability of PKS 1222+216 is characterized by numerous short-duration flares. For instance, the 0.1300 GeV light curve shows at least 8 outbursts, each
lasting just a few days at most (Figure 1). Similarly, large daily fluctuations in both the optical flux
and polarization are observed over the ∼2-year period. Interestingly, the optical and γ-ray activity do
not show a direct correspondence, unlike several other
well-studied blazars where the site(s) of γ-ray production can be directly tied to those producing the bulk
of the optical and radio flux [5], [6], [7]. In particular,
a recent optical outburst of PKS 1222+216 in 2011
March occurred without any apparent corresponding

γ-ray activity.
Figure 2 summarizes the nearly simultaneous
(within 12 hr) LAT γ-ray and optical measurements
from Steward Observatory of PKS 1222+216. The γray flux is not found to be correlated with the V -band
optical brightness, the degree of optical polarization of
the synchrotron continuum (P0 ; see §3), or the polarization position angle, θ. Although nearly the entire
range of θ is observed during monitoring program, the
majority of the optical measurements show θ to be
within 30◦ of north, more-or-less aligned with both
the position angles of the VLBI jet [8], [9] and the
polarized flux of the millimeter core [9].

II.

EMISSION LINES

The optical spectrum of the object exhibits strong,
broad MgII and Balmer emission lines. Narrowline emission in PKS 1222+216 is weak, although
[O III]λ5007 is detected in the moderate-resolution
spectra obtained by SPOL. Because the Steward Observatory program provides calibrated spectrophotometry in addition to linear polarization data, the
flux spectrum of PKS 1222+216 is monitored routinely. The emission from the broad-line region does
not vary on the extremely short time scales observed
for the continuum. Indeed, measurements of the Hβ
and Hγ fluxes over the two-year period do not detect
significant changes in the emission-line flux (Figure 3,
right panel ). The constancy of the line fluxes is also
reflected in the left panel of Figure 3, as the equivalent
widths (EWs) of both Hβ and Hγ systematically decrease as the optical continuum brightens. The larger
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FIG. 1: Top panel : The γ-ray (blue) and optical (red;
from 2009 April 27– 2011 March 8) flux variations of PKS
1222+216. Weekly LAT averages are shown for the γ-ray
light curve. Bottom panel : Optical polarization variations,
with the degree of polarization, P , shown in red and the
polarization position angle, θ, in green. The dotted vertical lines denote the occurrence of eight distinct γ-ray
outbursts. The major optical outburst during 2011 March
(MJD ∼ 55625) has no apparent γ-ray analog.

scatter in the measurements for Hβ compared to those
for Hγ are due to the presence of the strong atmospheric O2 absorption feature in the blue wing of Hβ
and fringing of the thinned CCD at these wavelengths.
The stability seen in the emission lines is consistent
with the broad-line region of the blazar not being affected by the highly beamed and variable continuum
produced by the jet. The lack of a coupling between
the jet and the broad emission-line region may be the
result of the beamed continuum intersecting only a
small fraction of the volume containing the emissionline gas. The observed jet emission could also originate further away from the central engine than the
extent of the region containing the broad-line emitting clouds, which is measured to be a few to several
light months from the ionizing continuum source (see,
e.g., [10]). The latter possibility is in line with other
evidence that suggests that the non-thermal continuum originates several parsecs from the base of the
relativistic jet [6], [7], [11].

III.

OPTICAL CONTINUUM AND
POLARIZATION

Although few connections can be found between
the optical and γ-ray variability in PKS 1222+216,

strong correlations are found optically between flux,
color, and polarization (Figure 4). As PKS 1222+216
brightens, the continuum becomes redder. In addition, the polarization is almost always observed to decrease toward the blue regardless of the level of polarization observed (Pobs < 10%). The decrease in P to
the blue is also generally found to be stronger when
the blazar is faint (middle panel of Figure 4). Similarly, the polarization is observed to decrease in the
major broad emission lines. This is especially apparent for the high-EW Hβ line, and is consistent with
the emission-line flux being completely unpolarized.
In contrast to P , the polarization position angle generally remains constant across the spectrum. These
trends are well illustrated in the individual observations of PKS 1222+216 shown in Figure 5.
The polarization properties and the correlation between brightness and optical color lead directly to a
picture that has the optical emission coming from two
sources: (1) a variable, polarized synchrotron continuum that is produced by the relativistic jet, and (2) a
much more stable (at least on the time scale of a year
or more), unpolarized source with a spectrum similar
to an optically-selected QSO. Figure 6 shows an illustrative example of how such a simple two-component
system explains all of the major optical correlations
seen in PKS 1222+216 during the monitoring program. In this model, the synchrotron continuum is
well described by a simple power law having constant
polarization over the observed spectral range. Fitting
the wavelength dependence observed in P is accomplished by assuming that the flux additional to the
synchrotron continuum is unpolarized. The resulting
flux spectrum that explains the variation in polarization as a function of wavelength is quite similar to
a typical optically-selected QSO in continuum color
and broad-line emission. Similar models have been
very successful in explaining the optical properties of
several other highly polarized quasars (see [12], and
references therein).
The particular model for PKS 1222+216 on 2011
March 8 (Figure 6) reveals that the intrinsic polarization (P0 ) of the power-law component is independent of wavelength at nearly 15% and that its spectral index is α ∼ −1.3. Furthermore, the correlations between brightness, color, and polarization are
reproduced by the model if the QSO component (essentially, a “Big Blue Bump” continuum that likely
provides the ultraviolet flux that ionizes the broad
emission-line region) is kept constant. The flux-color
correlation (see Figure 4) arises because as the variable jet emission brightens, its relatively redder continuum becomes more dominant and reddens the overall spectrum. The models and observed correlations
suggest an unpolarized component with an apparent
V magnitude ∼16.2 (right panel of Figure 4). In
turn, the observed polarizations can be corrected by
subtracting the unpolarized light from the total flux,
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FIG. 2: Simultaneous γ-ray and optical measurements. No clear trend is observed between γ-ray flux and either optical
flux, polarization (corrected for unpolarized emission; see §3), or the polarization position angle, θ. Upper limits for
single-day LAT fluxes are shown as red triangles.

FIG. 3: Measurements of the equivalent width (EW) and flux of the Hβ and Hγ emission lines. The line fluxes stay
relatively constant with time and continuum brightness over the ∼2-yr period. As a result, the EWs are closely tied to
variations of the optical continuum.

yielding an estimate of the intrinsic polarization of
the synchrotron continuum. The corrected polarizations are shown in the middle panel of Figure 2 and
can be substantial. The maximum observed polarization during period monitored is shy of 10%, but
P0 can reach ∼20%, putting PKS 1222+216 on par
with other blazars. Of course, the dilution of the nonthermal polarization by the QSO component has no
effect on θ.
IV.

SUMMARY AND CONCLUSIONS

GeV energies. In particular, major optical or γ-ray
events can occur with no obvious corresponding activity in the other energy regime. The importance of
PKS 1222+216 to the questions of the how and where
high-energy photons are produced in blazars is underlined by the recent discovery of TeV emission from this
source [13]. Continued optical spectropolarimetry enables not only efficient monitoring of the high-energy
tail of the primary relativistic electrons and the magnetic field within the jet, but also the “normal QSO”
emission, which provides valuable information on the
accretion processes that presumably give rise to the
jet.

PKS 1222+216 is an important object for continued intensive study across the entire electromagnetic
spectrum. Although direct connections can be made
between the optical and radio emission owing to the
rough alignment of the polarizations and the position angle of the inner VLBI jet, there are significant differences between the behavior of this quasar
relative to other γ-ray-bright blazars at optical and

Monitoring of PKS 1222+216 and ∼40 other γ-raybright blazars at Steward Observatory has been made
possible by NASA Fermi Guest Investigator grants
NNX08AV65G and NNX09AU10G.
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FIG. 4: Left panel : The flux density ratio between 4700 Å and 6600 Å plotted against the V -band brightness. The
object becomes redder as it brightens. Center panel : The same quantity plotted against the ratio of polarization at the
same wavelengths. As the object fades, the polarization decreases more strongly to the blue. Right panel : The correction
to the observed broad-band polarization as a function of apparent magnitude, assuming a constant source of light that
dilutes the polarized flux (P0 × Fν ) from a power-law continuum.

FIG. 5: Spectropolarimetry in the observed reference
frame when the blazar is bright (red) and faint (blue). Top
panel : The spectrum with major emission lines identified.
The atmospheric O2 feature in the blue wing of Hβ is also
marked. Middle panel : The q Stokes parameter rotated
so that u averages to 0 over the spectrum. There is a distinct decrease in polarization to the blue when the object
is either bright or faint. Bottom panel : The spectrum of
θ, which is generally observed to be constant with wavelength, as expected if the polarized emission is dominated
by a single non-thermal source.

FIG. 6: PKS 1222+216 on 2011 March 8. Top panel :
The optical spectrum is modeled with a polarized (P0
= 14.8%), power-law synchrotron source and an unpolarized, continuum+broad emission-line spectrum similar to
a typical optically-selected QSO. Bottom panel : The effect of the dilution of the non-thermal polarized flux by
the bluer QSO component. The model is shown by the
blue curve and the observed data indicated in red. Such
a picture explains both the decrease in P toward shorter
wavelengths and the observed correlation between optical
color and flux.
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AGILE data on Cygnus X-3 are reviewed focussing on the correlation between the production
of γ-ray transient emission and spectral state changes of the source. AGILE clearly establishes a
relation between enhanced γ-ray emission and the “quenched” radio/hard X-ray states that precede
in general major radio flares. We briefly discuss the theoretical implications of our findings.

I.

INTRODUCTION

Cygnus X-3 is a microquasar discovered, as a bright
X-ray source, in 1966 [1]. The companion star is
a Wolf-Rayet star with a strong stellar helium wind
(Ṁ ∼ 10−5 M y−1 , vwind ∼ 1000 km s−1 ). The system is located at a distance of about 7-10 kpc and
the orbital period is 4.8 hours, inferred from infrared
[2], X-rays [3] and γ-rays [4]. Due to the very tight
orbit (d ≈ 3 · 1011 cm), the compact object is totally
enshrouded in the wind of the companion star. The
nature of the compact object is still unknown [5]: published results suggest either a neutron star of 1.4 M
[6] or a black hole with a mass . 10 M [7]. In the radio band the system shows strong radio flares (“major
flares”) reaching up to few tens of Jy. Radio observations at milliarcsec scales confirm emissions (at cm
wavelengths) from both a core and a one-sided relativistic jet (v ∼ 0.3 − 0.7c), with an inclination to
the line-of-sight of . 14◦ [8]. The radiation from the
jet dominates the radio emission from the core during
(and soon after) the major flares [9].
Cygnus X-3 exhibits a clear and repetitive pattern
of (anti)correlations between radio and X-ray emission, and an overall anticorrelation between soft and
hard X-ray fluxes [10, 11].
Gamma-ray detections of Cygnus X-3 were reported
in the 1970s and in the 1980s at TeV [12–14] and PeV
energies [15, 16]. However, subsequent observations

by more sensitive ground-based telescopes did not confirm TeV and PeV emission from the source [17]. Furthermore, the COS-B satellite could not find any clear
emission from Cygnus X-3 at MeV-GeV energies [18]
and CGRO/EGRET observations of the Cygnus region (1991-1994), even confirming a γ-ray detection
above 100 MeV consistent with the position of Cygnus
X-3 [19], could not demonstrate a solid association
with the microquasar. The firm γ-ray detection of
Cygnus X-3 was announced at the end of 2009: on
December 2, 2009 the AGILE Team claimed the discovery of strong γ-ray flares above 100 MeV [20], and
on December 11, 2009 the Fermi -LAT collaboration
confirm the AGILE-GRID results, by announcing the
firm detection in γ-rays of the 4.8-hour orbital period
of Cygnus X-3 [4].
Here we present an extended analysis on Cygnus X3 with respect to the work published by the AGILE
Team in 2009 [20], taking into account the AGILEGRID data collected between 2007-November-02 and
2009-July-29, during the AGILE “pointing” mode
data-taking. We note the temporal repetitive coincidence of the γ-ray major flares with peculiar soft
X-ray spectral states and pre-flaring radio states. We
briefly discuss the theoretical implications of our findings in the perspective of the spectral modeling of this
microquasar.

II.

∗

e-mail: giovanni.piano@iasf-roma.inaf.it

OBSERVATIONS AND DATA ANALYSIS

Between November 2007 and July 2009 AGILE repeatedly pointed at the Cygnus region for a total of

eConf C110509

72

2

2011 Fermi Symposium, Roma., May. 9-12
∼275 days, corresponding to a net exposure time of
∼11 Ms. Seven γ-ray flares, each lasting 1-2 days,
were detected (Table I). The analysis was carried out
by using a Multi-Source maximum-Likelihood Analysis (MSLA), to take into account the strong emission
of the nearby γ-ray pulsars (PSR J2021+3651, PSR
J2021+4026 and PSR J2032+4127). By integrating
all the flaring episodes,
we found a γ-ray source de√
tected at 5.9σ ( T S = 5.9) at the average Galactic coordinate (l, b) = (80.0◦ , 0.9◦ ) ± 0.5◦ (stat)
± 0.1◦ (syst), with a photon flux of [131 ± 27 (stat)
± 10% (syst)]·10−8 photons cm−2 s−1 . The average
differential spectrum between 100 MeV and 3 GeV
is well described by a power law with a photon index Γ = 1.93 ± 0.23 (Figure 1). By using this
photon index, a Multi-Source maximum-Likelihood
Analysis (MSLA), applied in the deep integration of
the AGILE-GRID data (between November 2007 and
July 2009),
√ found a weak persistent emission (significance: T S = 5.17) from a position consistent with
Cygnus X-3 with a photon flux of [14 ± 3 (stat) ±
10% (syst)]·10−8 photons cm−2 s−1 . So the average
“flaring” flux is about 10 times the steady flux associated to Cygnus X-3, and the photon flux of a single
γ-ray flare can be as high as ∼20 times greater than
the steady flux (Table I).
TABLE I. Major γ-ray flares detected by the AGILE-GRID in
the period November 2007
√ - July 2009. All detections have a
significance above 3σ ( T S > 3). Column one: period of detection in MJD; Column two: significance of detection; Column
three: photon flux.
√
MJD
TS Flux [10−8 photons cm−2 s−1 ]
54507.76 - 54508.46 3.66 264 ± 104 (stat) ± 10% (syst)
54572.58 - 54573.58 4.48 265 ± 80 (stat) ± 10% (syst)

FIG. 1. Photon spectrum between 100 MeV and 3 GeV of
Cygnus X-3 as detected by the AGILE-GRID by integrating
all flaring episodes in Table I. Power law fit with photon index:
Γ = 1.93.

• there is a strong anticorrelation between hard
X-ray and γ-ray emission: every local minimum
of the hard X-ray light curve is associated with
γ-ray emission detected by the AGILE-GRID
(see also the weak γ-ray event detected on 2008June-21,√ MJD = 54638.58, in the plot of Figure 2: T S = 2.77, photon flux = [131 ± 61
(stat) ± 10% (syst)]·10−8 photons cm−2 s−1 );
vice versa, every time the AGILE-GRID detects γ-ray activity – with exception of the γray flare detected on 11-12 February 2008 (MJD:
54507.76–54508.46) – the system exhibits a very
deep local minimum (6 0.01 counts cm−2 s−1 ))
of the hard X-ray light curve;

54772.54 - 54773.79 3.92 214 ± 73 (stat) ± 10% (syst)
54811.83 - 54812.96 3.98 190 ± 65 (stat) ± 10% (syst)
55002.88 - 55003.87 3.84 193 ± 67 (stat) ± 10% (syst)

• every time we detect γ-ray activity, Cygnus
X-3 is in a soft spectral state (the 3-5 keV
RXTE /ASM count rate & 3 counts s−1 );

55025.05 - 55026.04 3.23 216 ± 89 (stat) ± 10% (syst)
55033.88 - 55035.88 3.62 158 ± 59 (stat) ± 10% (syst)

III.

DISCUSSION

In order to analyze the pattern of emission, the plot
in Figure 2 shows the comprehensive multi-wavelength
light curve of Cygnus X-3. The γ-ray emission of the
flaring episodes is compared with hard X-ray fluxes
from Swift/BAT (15-50 keV), soft X-ray fluxes from
RXTE /ASM (3-5 keV) and radio flux density (when
available) from AMI-LA (15 GHz) and RATAN-600
(2.15, 4.8, 11.2 GHz) radio telescopes.
Observing the light curve in Figure 2, we can notice
that:

• every time we detect γ-ray flaring episodes (Table I and red points in the AGILE-GRID light
curve in Figure 2) – with exception of the γ-ray
flare of 11-12 February 2008 (MJD: 54507.76–
54508.46) – the system is moving to a major
radio flare (radio flux density & 1 Jy) or to a
quenched state preluding a major radio flare.
In summary, the AGILE-GRID detected enhanced
γ-ray emission when the system is in a bright soft Xray spectral state, corresponding to a minimum of the
hard X-ray emission, few days before a major radio
flare (the gully of diagram in Figure 3).
A separate discussion is needed for the γ-ray flare
of 11-12 February 2008 (MJD: 54507.76–54508.46),
a special event among the AGILE-GRID detections.
The AGILE satellite pointed at the direction of
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FIG. 2. Multi-frequency light curve of Cygnus X-3 from 2007-December-12 to 2009-September-26 (MJD: 54450-55100). From top
to bottom: radio flux density [RATAN-600 (2.15, 4.8, 11.2 GHz) and AMI-LA (15 GHz)], soft X-ray count rate [RXTE /ASM
(3-5 keV)], hard X-ray count rate [Swift/BAT (15-50 keV)] and γ-ray photon fluxes [AGILE-GRID (above 100 MeV)].
√ In the
bottom panel gray regions represent the AGILE pointing at the Cygnus region; magenta
points are the γ-ray flares with T S > 3
√
(major γ-ray flares,
√ see Table I), black points are the γ-ray detections with 2 6 T S < 3 and dark-gray arrows are 2σ the upper
limits related to T S < 2.

the blazar Markarian 421 (Mkn 421) for a Target of Opportunity (ToO) during the period 2008
February 09-12 (ToO Mkn 421, Observation Block
5210, Galactic coordinates of the pointing centroid:
(l, b) = (77.3, 40.6)). During this short period the
AGILE-GRID detected γ-ray activity from Cygnus X3. Unfortunately we have no available radio dataset
covering this period, so we do not have all the ingredients we need to deeply analyze the behavior of
the microquasar. Furthermore, even if the soft X-ray
flux is ∼3 counts s−1 (i.e., Cygnus X-3 is on the transition level), the system does not appear to be in a
bright soft spectral state: the average hard X-ray flux
is quite high (∼0.03-0.04 counts cm−2 s−1 ). Anyway,
the γ-ray flare is coincident with a little but sharp dip
(∼0.01-0.02 counts cm−2 s−1 ) of the Swift/BAT light
curve. It seems to confirm the simultaneous γ-rayflare/hard-X-ray-minimum occurrence that we find in
all other cases.

Perspectives on spectral modeling

A possible leptonic interpretation [21] of the γ-ray
emission is based on inverse Compton scattering of
soft photons by high energy electrons of the jet. The
HE γ-ray modulated emission could explained in a
natural way by using a defined geometry of the jet
model: a jet launched around the compact object with
moderate bulk relativistic speed, oriented not too far
from the line-of-sight, interacting with the WR star
wind to produce a shock very close to the compact
object; in this shock, electrons - accelerated to GeV
energies - upscatter (via IC processes) soft photons
to energies above 100 MeV. According to this phenomenological picture, Cygnus X-3 is a microblazar,
with a jet pointing towards the Earth.
The strong γ-ray emission and the differential photon spectrum (Figure 1) detected by the the AGILEGRID during the flaring activity of Cygnus X-3 can
be interpreted in a natural way by assuming this sim-
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will be published soon in a dedicated paper [22]. Our
model takes into account the X-ray, γ-ray (AGILEGRID) and TeV emission from the microquasar during the peculiar spectral states when AGILE detected
the high energy flares. This model requires the introduction of a new component (“IC bump”) in the SED
of the system. The theoretical expectations based on
hybrid-Comptonization models in the corona, commonly used to model the X-ray spectra of the microquasars, fail to properly explain the observed HE
γ-ray flares.

IV.

FIG. 3. Schematic representation of the evolution of Cygnus
X-3 through its radio and X-ray state. The red stars mark the
approximate position of the γ-ray flares detected by the AGILEGRID, occurring in pre-quenching/pre-flaring radio states.

ple leptonic scenario based on IC scatterings by relativistic electrons (and positrons) injected in the jet
structure. Our attempt to model the multiwavelength
SED of Cygnus X-3, during the γ-ray flaring activity,
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If dark matter particles are not perfectly stable, their decay products might be seen in the cosmicray fluxes. A natural candidate for decaying dark matter is the gravitino in R-parity violating
scenarios. In the relevant GeV-TeV energy range, the Fermi Large Area Telescope (LAT) is now
measuring cosmic gamma-ray fluxes with an unprecedented precision. We use the Fermi LAT
gamma-ray data to search for signatures from gravitino dark matter particles, concentrating on
gamma-ray lines and galaxy cluster observations. Implications of our results for the decay length of
the next-to-lightest superparticle, which could be seen at the LHC in the near future, are discussed.

I.

INTRODUCTION

A theoretically well motivated example for decaying dark matter is the gravitino ψ3/2 , which appears
in locally supersymmetric extensions of the Standard
Model. In scenarios where R-parity is mildly violated and the gravitino is the lightest superparticle
(LSP), thermal leptogenesis, gravitino dark matter
and primordial nucleosynthesis are naturally consistent [1]. Within this framework, the gravitino would
decay with cosmological lifetimes [2], making its decay products potentially observable in the cosmic-ray
fluxes [3–7]. For gravitino masses m3/2 . 200 GeV,
the most prominent feature in the decay spectrum is
an intense gamma-ray line, produced by two-body decay into neutrinos and photons, ψ3/2 → γν [4]; this
line can be searched for in the gamma-ray fluxes observed at high latitudes. For larger gravitino masses
m3/2 & 200 GeV, the branching ratio into gammaray lines is suppressed, and instead the decay modes
ψ3/2 → W ± ℓ∓ and ψ3/2 → Z 0 ν produce a gammaray flux with a broad continuous energy spectrum;
this flux could potentially show up in observations of
galaxy clusters or the extragalactic gamma-ray background (see e.g. Ref. [3, 8, 9]).
Here, we briefly summarize our searches for gammaray signals from gravitino dark matter in the data
of the Fermi Large Area Telescope (LAT) [10].
Firstly [11], we extend the gamma-ray line analysis
presented in Ref. [12] to a larger energy range of 1–
300 GeV, searching for significant line signals that
might come from dark matter decay (or annihilation)
in the Galactic dark matter halo. Secondly [13], we
analyze the gamma-ray flux from eight galaxy clusters, targets which are more sensitive to continuous
spectra. Extending previous analysis [14, 15], we treat
the decaying dark matter signal as extended source
and analyze the different target clusters individually

as well as in a combined likelihood approach. We
present constraints on the dark matter lifetime as well
as on the annihilation cross section. We then apply
our findings to the scenario of decaying gravitino dark
matter and comment on implications for the possible
observation of long-lived superparticles at the LHC.
The remaining sections are organized as follows: In
the second section, we introduce briefly the gravitino
dark matter scenario, in section three we summarize
our gamma-ray line and galaxy cluster analysis, and
in the fourth section we present the resulting limits
on the gravitino lifetime and decay width of the nextto-lightest superparticle (NLSP).

II.

GRAVITINO DARK MATTER

Among the different scenarios that were proposed
to reconcile thermal leptogenesis and gravitino dark
matter with the standard BBN scenario [16–19], a
mild violation of R-parity that induces a rapid decay
of the NLSP before the onset of the BBN is maybe
the most interesting from the perspective of indirect
dark matter searches [1]. If R-parity is violated, the
gravitino dark matter particle becomes unstable and
subject to decay, which opens the possibility to look
for its decay products in the cosmic-ray fluxes.
Here, we consider the supersymmetric standard
model with explicit bilinear R-parity violation as described in Ref. [20]. Trading the mass mixing parameters for R-parity breaking Yukawa couplings as proposed in Ref. [20], the gravitino decay is a function of
a single dimensionless parameter ζ, which also enters
the decay width of the NLSP. As boundary conditions for the supersymmetry breaking parameters of
the MSSM at the grand unification (GUT) scale, we
consider equal scalar and gaugino masses m0 = m1/2 ,
a zero trilinear scalar coupling a0 = 0, and tan β = 10.
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FIG. 1: Two-body decay branching ratios of the gravitino,
from Ref. [13].

In this case, the bino-like neutralino χ
e01 is the NLSP;
the universal gaugino mass m1/2 remains as the only
independent variable, and the gaugino masses M1,2,3
satisfy the following relations at the electroweak scale:
M3 /M1 ≃ 5.9 and M2 /M1 ≃ 1.9. Electroweak precision tests (EWPT) [20–22], as well as the possible
overproduction of gravitinos in presence of the high
reheating temperatures required by standard thermal
leptogenesis [23], yield further bounds on the gravitino
mass like m3/2 & 30 GeV, and on the NLSP neutralino
mass like 100 GeV . mχ01 . 690 GeV (for details see
Ref. [11]).
The gravitino inverse decay rate into photon/neutrino pairs is given by [2, 20]
√
32 2 GF MP2 M12 M22
≃
,
αζ 2 m33/2 (M2 − M1 )2

(1)

where α is the electromagnetic fine structure constant,
MP = 2.4 × 1018 GeV the reduced Planck mass, and
GF = 1.16 × 10−5 GeV−2 is the Fermi constant. The
branching ratios into other channels are presented in
Fig.1.

III.
A.

101

mψ [GeV]

102

1000

m32 @GeVD

Γ−1
ψ3/2 →γν

Our analysis
Fermi LAT 1-year

FERMI LAT LIMITS
Gamma-Ray Lines

Our line search is based on the measurements of the
cosmic gamma-ray flux performed by the Large Area
Telescope (LAT). The gamma-ray events that enter
our analysis are selected from the ‘DataClean’ event
class measured between 4 Aug 2008 and 17 Nov 2010.
We consider energies between 1 GeV and 300 GeV,
and apply the zenith angle criterion θ < 105◦ in order to avoid contamination by the Earth’s Albedo.
The expected shape of the measured gamma-ray line

FIG. 2: Lower bounds on the dark matter inverse decay width into monochromatic photons and neutrinos as
a function of the dark matter mass mψ , cp. Ref. [11]. The
gray-solid line shows the 95% C.L. limits as function of
the gamma-ray line energy, the black dots show the weakest limits obtained in certain adopted energy bands. The
previous Fermi LAT limits from Ref. [12] are shown for
comparison.

spectrum is inferred from the Fermi LAT instrument response function. In our analysis, we consider
only Galactic contributions to the dark matter signal, and take the Navarro-Frenk-White (NFW) profile [12, 24] as a reference for the dark matter distribution (Einasto or isothermal profiles would lead to
very similar results). All profiles are normalized to
ρdm = 0.4 GeV cm−3 at Sun’s position. For decaying
dark matter signals we choose to consider the whole
sky excluding only the Galactic disk at |b| ≤ 10◦ with
its large foregrounds, since this large region features
the best signal-to-noise ratio.
The profile likelihood method [25] is used to calculate the significance of a potential gamma-ray line contribution to the observed gamma-ray flux. The data
are modeled by a simple power law plus a line signal at
fixed energy Eγ . Since the power law is only locally a
good approximation to the background fluxes, we use
a small sliding energy window in the fitting procedure.
68%
The size of this energy window varies between ±2σ∆E
1
at low gamma-ray line energies Eγ , and roughly 3 Eγ
to 3Eγ at high gamma-ray line energies. Lifetime upper limits at the 95% C.L. are derived by increasing
the line signal and refitting the remaining parameters
until the -2log(likelihood) of the fit increases by 4 from
its best-fit value.
No gamma-ray lines with 5σ significance were found
in our analysis; the corresponding limits on dark matter decay into monochromatic photons are shown in
Fig. 2.

B.

Galaxy Cluster Observations

The eight galaxy clusters that we consider in this
work are Fornax, Coma, A1367, A1060, AWM7, S636,
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FIG. 3: Lower limits on dark matter lifetime for decay
into b¯b final states, as function of the dark matter mass,
cp. Ref. [13]. Solid lines show individual cluster limits,
the dashed line the limits from the combined likelihood
analysis. The dotted line shows for comparison the limit
that can be derived from the EGBG.

NGC4636 and NGC5813. They are selected from the
extended HIFLUGCS X-ray catalog [26, 27] in order to yield large signals from dark matter decay.
The gamma-ray events entering our analysis are taken
from the P7SOURCE V6 event class of the Fermi LAT
data measured between 4 Aug 2008 and 21 Jul 2011.
From all events recorded by the Fermi LAT, we select
those with energies between 400 MeV and 100 GeV
and apply the zenith angle criterion θ < 100◦ in order
to avoid contamination by the Earth’s Albedo. For
each galaxy cluster, we consider photons events in a
10◦ × 10◦ squared region centered on the cluster position. These events are binned into a cube of 0.1◦ ×0.1◦
pixels with 24 logarithmic energy bins.
We assume that the smooth component of the dark
matter halo follows a Navarro-Frenk-White (NFW)
profile [12, 24], where the scale radius rs and the
density normalization ρs have to be determined from
observations. We adopt the observationally obtained
concentration-mass relation from Ref. [28] and use the
cluster masses derived from ROSAT PSPC X-ray observations in the extended HIFLUGCS catalog [27] to
calculate the signal surface densities. Gamma rays
from inverse Compton scattering between the CMB
and the electrons and positrons that are produced in
the dark matter decay are fully taken into account.
As above, we use the profile likelihood method to fit
the data with background and signal fluxes [25]. For
the diffuse background fluxes we take the isotropic
emission and the galactic foreground model templates
currently advocated by the Fermi LAT collaboration for point source analysis (iso p7v6source and
gal 2yearp7v6 v0). On top of the diffuse templates,
we add the point sources from the second Fermi LAT
catalog 2FGL [29] within a radius of 12◦ around the
cluster centers, as well as the extended dark matter
signal. We account for uncertainties of the cluster

10

3

FIG. 4: Lower limits on the gravitino lifetime, cp. Ref. [13].
The dot-dashed line shows the gamma-ray line limits, the
dashed line the limits resulting from the combined cluster
analysis (using the branching ratios shown in Fig. 1), and
the dotted line the EGBG limits.

masses as determined by X-ray observations as a systematic errors in our analysis. To this end, we approximate the posterior probability for the cluster masses
by log-normal distributions. The resulting signal uncertainties are as large as a factor two in some cases.
Finally, to combine the statistical power of the different target regions and to reduce the impact of the
cluster mass uncertainties, we performed a combined
likelihood analysis of all eight clusters simultaneously.
In this case, the combined likelihood function is defined as the product of the likelihood functions for the
individual clusters. The only parameter that is bound
to be identical for all targets is the dark matter lifetime.
No significant emission from the target clusters was
found. For the case of decay into bb̄, our resulting
limits are shown in Fig. 3. There, we show the limits
that we obtain from the clusters individually (solid
lines), as well as the limit from the combined analysis (dashed line). The dotted line shows limits derived from the extra-galactic gamma-ray background
(EGBG) as measured by Fermi LAT in Ref. [30] (see
Ref. [13] for details).

IV.

DISCUSSION

In Fig. 4 we finally summarize the limits on the
gravitino lifetime that we obtain from our gamma-ray
line searches (dotdashed) and the galaxy cluster analysis (dashed). As one can see from this figure, while
the search for gamma-ray lines is efficient for gravitino masses m3/2 . 200 GeV, constraints from galaxy
clusters observations dominates for m3/2 & 200 GeV.
However, at high gravitino masses even stronger limits
come from the measured EGBG (dotted).
A neutralino NLSP heavier than 100 GeV dominantly decays into W ± ℓ∓ and Z 0 ν. The correspond-
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Neutralino NLSP: Minimal allowed decay length χ˜ [m]
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FIG. 5: Contour plot of lower bounds on the neutralino
NLSP decay length, coming from both gamma-ray line and
cluster constraints on the gravitino lifetime, as function of
the neutralino and gravitino masses, mχ01 and m3/2 respectively, cp. Ref. [13]. The lower gray region is excluded
by electroweak precision tests (EWPT). For thermal leptogenesis, overproduction (O.P.) of gravitinos excludes at
minimum the left green region, a limit which strengthens
to the black-dashed line when assuming the discussed universal boundary conditions.
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Recent detections of GeV photons in a few GRBs by Fermi-LAT have led to strong constraints on the bulk
Lorentz factor in GRB outflows. To avoid a large γγ optical depth, minimum values of the Lorentz factor have
been estimated to be as high as 800-1200 in some bursts. Here we present a detailed calculation of the γγ optical
depth taking into account both the geometry and the dynamics of the jet. In the framework of the internal
shock model, we compute lightcurves in different energy bands and the corresponding spectrum and we show
how the limits on the Lorentz factor can be significantly lowered compared to previous estimates.
Our detailed model of the propagation of high energy photons in GRB outflows is also appropriate to study
many other consequences of γγ annihilation in GRBs: (i) the γγ cutoff transition in a time-integrated spectrum
is expected to be closer to a power-law steepening of the spectrum than to a sharp exponential decay; (ii) the
temporal evolution of the γγ opacity during a burst favors a delay between the MeV and GeV light curves;
(iii) for complex GRBs, the γγ opacity suppresses the shortest time-scale features in high energy light curves
(above 100 MeV). Finally we also consider GRB scenarii where MeV and GeV photons are not produced at the
same location, showing that the γγ opacity could be further lowered, reducing even more the constraint on the
minimum Lorentz factor.

1. Introduction
The compactness problem. The short time
scales observed in GRBs (down to a few ms) can
be used to deduce an upper limit on the size of the
emitting region producing γ-rays. This information
combined with the huge isotropic γ-ray luminosities
deduced from the measured redshifts imply huge
photon densities. Then the simplest assumption of an
emission produced by a plasma radiating isotropically
with no macroscopic motion predicts that γ-ray
photons should not escape due to γγ annihilation
γγ → e+ e− . This is in contradiction with the
observed GRB spectra which are non-thermal and
extend well above the rest-mass electron energy
me c2 ≈ 511 keV. Observation and theory can be
reconciled by assuming that the emitting material
is moving at ultra-relativistic velocities [1]. This
is mainly due to the relativistic beaming. First it
implies that the observer will see only a small fraction
of the emitting region: the constraint on the size of
the source is now less severe. Second, the collimation
of photons in the same direction reduce the number
of potential interactions. Finally the typical γγ
interaction angle becoming small the photon energy
threshold for pair production becomes higher. This
theoretical context combined with the observational
data gives the possibility to estimate a minimum
Lorentz factor Γmin for the emitting outflow in
GRBs [2] or directly a Lorentz factor estimate if the
γγ cutoff is clearly identified in the spectrum (see [3]).
Severe constraints on the Lorentz factor from
Fermi-LAT observations. Since the launch of
Fermi in June 2008, the LAT instrument has detected
high energy photons above 10 GeV in a few GRBs.
The observed γ-ray spectrum often remains consis-

tent with a Band function covering the GBM and
LAT spectral ranges without any evidence of a high
energy cutoff that could be identified as a signature
of γγ → e+ e− . This extension by Fermi of the observed spectral range upper bound from a few MeV
(e.g. BATSE) to 10 GeV implies constraints on Γmin
which are much more severe than the ones obtained
previously. In a few cases Γmin has been estimated to
be of the order of 1000 (for example: GRB 080916C –
Γmin = 887 [4], GRB 090510 – Γmin = 1200 [5]). These
extreme values put severe constraints on the physics
of the central engine which should be able to strongly
limit the baryon load in the outflow.
However these Γmin values were obtained from a simplified “single zone” model where the space and time
dependencies are averaged out. The motivation of this
work is to develop a detailed approach taking into account a more realistic treatment of the dynamics.

2. Computing the γγ optical depth
General γγ opacity formula. The γγ opacity (τγγ )
is given by:

τγγ (EGeV ) =

Z

∞

le

dl

Z

dΩ

Z

∞

Ec (EGeV ,ψ)

dE nΩ (E)σγγ (E, ψ)(1 − cosψ) (1)
All the physical quantities are measured in the laboratory (or source) frame. EGeV is the energy of
the photon for which τγγ is calculated whereas E is
the energy of the interacting field photon. ψ represents the interaction angle between the GeV photon and the interacting photon and σγγ is the γγ
interaction cross-section between these two photons.
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ton density nΩ taking into account all the relativistic
effects. Before dealing with more complex dynamical
configurations within the internal shock framework,
the validity of our numerical approach was tested on
a simple single-pulse case with a comparison to the
previous semi-analytic study of [6] (see Fig. 1).

3. Application to Internal Shocks
3.1. Internal shocks within a relativistic
outflow

Figure 1: Opacity in a single pulse: comparison
with the semi-analytical work of [6]. γγ absorbed
lightcurves at four different energies ǫ = EHE /me c2 are
plotted as a function of the observer time for a single
pulse using the prescriptions and model parameters
corresponding to the middle panel of Fig. 9 in [6]. Our
numerical calculation (solid line) is compared to the
semi-analytical result of [6] (dashed line). Notations are
the same (the observer time T and observed fluxes
ǫFǫ /F0 have normalized values). The agreement is
excellent except for T < 10−2 , where the discrepancy is
due to numerical resolution limitations (this corresponds
to a true observer time tobs < 0.1 ms). [figure from [7]]

Ec = 2(me c2 )2 /[EGeV (1 − cosψ)] is the energy threshold of the field photon above which γγ annihilation
can happen. Finally nΩ is the photon field distribution [ph · cm−3 · erg−1 · sr−1 ] at a given location and
time.
The equation (1) is made of a triple integral : the
dl-integration is done over the path of the GeV
photon from its emission location to the observer, the
dΩ-integration is done over the solid angle distribution of the interacting photon field surrounding the
GeV photon whereas the dE-integration is done over
its energy distribution. The equation (1) is general
and can be applied to any photon emitted at a given
location and time with a given propagation direction
within the GRB outflow.
Validation of the model. The kernel of our study is
the calculation of the γγ opacity created by a spherical
flash, i.e. an instantaneous flash of photons emitted
by an expanding relativistic spherical front. It is then
possible to model the case of a propagating radiating spherical front (representing for example a shock
wave) by the succession of many spherical flashes. One
of the critical step is the exact calculation of the pho-

Now the model is applied to dynamical evolutions
expected in the internal shock framework, where the
whole prompt γ-ray emission is produced by electrons
accelerated by shock waves propagating within a relativistic variable outflow. We model the dynamics via
a multiple shell model where the successive collisions
between shells mimic the propagation of shock waves
[8]. Each collision produces an elementary spherical
flash: the simulated light curves are the result of the
sum of all flashes. For each high energy photon, the
γγ opacity is computed by integrating equation (1)
from its emission location to the observer taking into
account the exact radiation field nΩ produced by all
the collisions in the outflow. A previous study of the
γγ opacity in internal shock was made by [9]. However the prescription used to compute τγγ was still approximate, using the local physical conditions of the
outflow where the high energy photon is emitted and
applying them to an average formula of τγγ (as can be
found in [2, 4, 5]).

3.2. Minimum Lorentz factor in GRB
outflows – The case of GRB 080916C
The first natural application of our model is
the estimate of the minimum bulk Lorentz factor
Γmin in GRB outflows, obtained from the constraint
τγγ (EHE,max ) ≃ 1, where EHE,max is the highest photon energy detected in the burst. To illustrate this aspect with an example, we applied our approach to the
case of one of the four brightest GRBs detected in the
GeV range by Fermi, i.e. GRB 080916C. The results
are shown in Fig. 2. Using our numerical model, a synthetic GRB was generated, which reproduces the main
observational features: the total radiated isotropic γray energy (Eiso = 8.8 × 1054 ergs between 10 keV
and 10 GeV), the spectral properties (Ep , α, β parameters of the Band function , the envelop of the
light curve and a short time-scale variability of 0.5 s in
the observer frame. The study is focused on the most
constraining time bin (time bin ’b’), during which the
highest observed photon energy was EHE,max = 3 GeV
(16 GeV in the source rest frame): for this reason,
only time bins ’a’ and ’b’ are reproduced in the synthetic GRB. These two intervals correspond to 32 %
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Figure 2: Minimum Lorentz factor for GRB 080916C. The two first panels are plotted for the limit case leading
to τγγ (3 GeV) = 1 in time bin ’b’, i.e. for a mean Lorentz factor Γ = Γmin = 340. Upper left panel: initial Lorentz factor
distribution in the outflow. Upper right panel: γ-ray lightcurves in the GBM band (8 keV – 5 MeV, top) and at 3 GeV
(bottom). The lightcurves are plotted as a function of tobs − tobs,trig , where tobs,trig is the observer time of the first
detected photons. Lower left panel: evolution of τγγ at EHE = 3 GeV against the mean Lorentz factor in the outflow Γ,
following our detailed modeling (solid line) and using the average formula from [4] (dashed line). Lower right panel:
time integrated spectrum over time bin ’b’ for different mean Lorentz factors (the relative shape of the initial Lorentz
factor distribution is kept the same) and reference spectrum without γγ annihilation (dashed line). [figure from [7]]

of the total radiated isotropic equivalent energy. The
minimum mean Lorentz factor Γmin is obtained by
requiring that τγγ (EHE,max ) ≤ 1 (see Fig. 2, lower
panel). With the detailed calculation, we find a minimum mean Lorentz factor Γmin = 340, i.e. a factor 2.6
lower than the value Γmin = 887, which was obtained
from an approximate “single zone” model [4]. Even
more remarkable, the whole initial distribution of the
Lorentz factor used in this model of GRB 080916C
(from 170 to 700) remains below the “minimum” value

of the Lorentz factor derived from single zone models
(see Fig. 2, upper left panel).

3.3. Is the delayed onset of the GeV
emission a signature of the γγ opacity ?
The high energy emission (above 100 MeV) detected
by Fermi in a few bright GRBs often shows a delayed
onset compared to the softer γ-ray emission (below
5 MeV). The analysis by [10] indicates that such a
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delayed onset is present in at least 7 in a sample of
17 GRBs detected by Fermi-LAT. This feature seems
to be common to long and short GRB classes and its
origin is debated [11]. Among the proposed explanations (see e.g.[12, 13, 14]), the possibility that this
delayed onset is induced by a γγ opacity temporal evolution effect has already been discussed by [4]: as the
shock wave producing the γ-ray emission expands to
larger radii, the opacity seen by the high energy photons evolve from an optically thick to an optically thin
regime. The model developed in the present study is
well appropriate to investigate this possibility in more
details. The synthetic burst used in Fig. 2 to model
bins ’a’ and ’b’ of GRB 080916C gives an example
of a delayed onset at 3 GeV induced by an evolving
γγ opacity. The first pulse is produced at lower radii
and in lower Lorentz factor material and is therefore
strongly absorbed. For this reason, it is almost suppressed in the 3 GeV lightcurve, whereas the second
pulse is well visible. Note that the model reproduces
simultaneously the onset delay of ≃ 5 s at high energy,
and the short timescale variability of ≃ 0.5 s at low
energy.

4. Consequences of distinct emission
regions for MeV and GeV photons
4.1. Are GeV and MeV photons produced
in the same place ?
It has been proposed in several recent studies that
the delayed onset and/or the long-lasting tail of the
high energy emission could be an evidence in favor of
two different regions for the emission of MeV and GeV
photons. An extreme version is the scenario proposed
by [15, 16] where the whole GeV emission (prompt and
long lasting) is produced by the external shock during the early deceleration of the relativistic outflow.
Note that this scenario leads to strong constraints on
the density and magnetization of the external medium
[17] and that the observed temporal slope of the longlasting high-energy emission would imply a strongly
pair-enriched medium [16].
Even in scenarios where the prompt GeV emission
has an internal origin, a partially distinct emission region could be due to a spectral evolution of the prompt
mechanism. For instance, in the framework of internal
shocks, the evolution of the physical conditions in the
shocked region during the propagation of a shock wave
leads to an evolving efficiency of the IC scatterings,
depending on the importance of Klein-Nishina corrections. This naturally leads to a variable high-energy
component following with a delay the main (Band)
component in the MeV range [18, 19, 20]. Successive
generations of collisions in a variable outflow can also
lead naturally to different emission regions [13]. An

evolution in the microphysics of the acceleration process could also be responsible for some spectral evolution in scenarios where there is a dominant hadronic
component at high energy (see e.g. [21]). Finally,
two emission regions are naturally expected in photospheric models, as it is often assumed that the main
(Band) component has a photospheric origin and that
internal shocks or magnetic dissipation occurring at
larger distance produce an additional component at
high energy (see e.g. [22, 23]).

4.2. Loosening the constraint on Γmin
As discussed in [24, 25], the possibility for the GeV
photons to be produced in a different region than
the MeV photons can loosen the constraint on the
minimum Lorentz factor in GRB outflows. To investigate this effect, we consider the same synthetic
GRB as used in §3.2 to model time bins ’a’ and ’b’
of GRB 080916C. We focus on the onset of the GeV
component, which occurs at tobs,onset = tobs,trig +
0.67 (1 + z) s, where tobs,trig corresponds to the observer time of the first MeV photons. The MeV photons observed at tobs,onset are emitted at radius RMeV
and it is assumed that the emerging GeV photons
observed at the same time were emitted by material moving with Lorentz factor ΓGeV (velocity βGeV c)
at radius RGeV and time tGeV (source frame) with
tGeV − RGeV /c = tobs,onset /(1 + z). The flash of GeV
photons emitted at RGeV is assumed to have a powerlaw spectrum with photon slope β = −2.2. We define
a latitude-averaged γγ opacity for GeV photons of energy EGeV by
R −τ (E ,Θ )
e γγ GeV e D(Θe )1−β sin Θe dΘe
−τ γγ (EGeV )
R
e
=
,
D(Θe )1−β sin Θe dΘe
(2)
where τγγ (EGeV , Θe ) is the opacity seen photons emitted at colatitude Θe and D (Θe ) =
−1
(ΓGeV (1 − βGeV cos Θe ))
is the corresponding
Doppler factor. The contribution of each colatitude
to the mean value is weighted by the corresponding
fluence, leading to the 1 − β exponent. We plot
in Fig. 3 the evolution of the latitude averaged γγ
opacity τ γγ at 16 GeV (source frame) as a function
of RGeV for RGeV > RMeV and for different values
of the Lorentz factor ΓGeV . When GeV and MeV
photons are emitted at the same location, we find
that τ γγ ≤ 1 for ΓGeV ≥ ΓGeV,min,same zone ≃ 340, i.e.
the same limite as in §3.2. When RGeV increases, the
opacity τ γγ decreases as expected, which loosen the
constraint on the minimum Lorentz factor Γmin,GeV
of the material emitting GeV photons:
RGeV /RMeV
1 1.2 5.1 13
Γmin,GeV /Γmin,GeV,same zone 1 0.59 0.29 0.15
This follows approximatively the dependency on
Re /R0 found in [7] (section 2.2.3), i.e. τγγ ∝
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Lorentz factor of the outflow during the MeV emission phase. We have assumed here Γ = 340 as derived
in §3.2 using EMeV,max = 16 GeV (source frame) but
Γmin will be reduced if EMeV,max is lower. There is
one further complication: the component produced at
RGeV extends probably in the soft gamma-ray range,
as suggested by the observation of a soft excess correlated with the high energy component in some GRBs
such as GRB 090926 [3], GRB 090926 [26] and GRB
090510 [5]. It has been assumed here that the annihilation rate of GeV photons with the seed photons
produced at RGeV is negligible compared to the annihilation rate with MeV photons produced earlier.
This is however not necessarily the case depending on
the relative intensity of the two components. Clearly,
a detailed modeling of the emitted spectrum is necessary to investigate such effects. This is beyond the
scope of these proceedings and we leave to a forthcoming study the coupling of the formalism presented here
to compute the γγ opacity with a detailed radiative
model such as developed by [19].
Figure 3: Two emitting region scenario. The γγ
opacity τγγ seen by 16 GeV photons (source frame)
observed at tobs,onset − tobs,trig ≃ 0.67 (1 + z) s (see text)
is plotted as a function of their emission radius RGeV for
different values of the Lorentz factor ΓGeV = 50, 100,
200, 400 and 800 from top to bottom. [figure from [7]]
2(β−1)

(Re /R0 )
when Re ≫ R0 , leading to Γmin,GeV ∝
−1
(Re /R0 ) . As shown in §3.2 the detailed modeling
of the γγ opacity in a scenario where GeV and MeV
photons are emitted in the same regions leads to a
reduction of the minimum Lorentz factor by a factor
≃ 2–3 compared to single zone models. The calculation presented here shows in addition that the minimum Lorentz factor can be reduced further more by
another factor ≃ 2 − 8 for ΓGeV if GeV emission becomes efficient at a radius larger than for MeV photons. Assuming that the radiated energy at RGeV
is not larger than the radiated energy at RMeV , we
have checked that the outflow remains optically thin
for the Thomson opacity due to primary electrons and
secondary leptons at RGeV in the case shown in Fig. 3.
Note that this result on the loosening of the constraint
on the minimum Lorentz factor does not apply to
models where GeV photons are entirely due to the
external shock. Indeed, the small value of tobs,onset
implies an early deceleration. As the isotropic equivalent energy of GRB 080916C is huge, this leads to
a minimum Lorentz factor Γ > 103 in the outflow,
which is more constraining that the γγ opacity limit.
The discussion of the effect of a distinct GeV emission region presented here is quite simplified and some
limitations should be kept in mind. If an additional
GeV component could be firmly identified in GRB
080916C, the maximum energy EMeV,max of photons
associated with the main component should be taken
into account to derive a new constraint Γmin on the

5. Conclusions
5.1. A new formula of Γmin
This study clearly illustrates the need for a detailed
modeling to constrain the Lorentz factor in GRB outflows. However, when it is not possible, a reasonably
accurate estimate of Γmin can be obtained from the
following formula

 1
C1 21+2β I(β) 2(1−β)
− 1+β
Γmin ≃ h 

i1/2 (1 + z) 1−β
RGeV
RGeV
1
2 1 + RMeV
RMeV
1
" 
# 2(1−β)
2

 β+1
DL (z)
Emax Ec 2(β−1)
× σT
Ec F (Ec )
,
c∆tvar
(me c2 )2
(3)
where C1 ≃ 4 · 10 , ∆tvar is the observed variability timescale, RGeV /RMeV is the ratio of the radii
where the GeV and MeV components are emitted,
and where the high energy spectrum (over a duration ∼ ∆tvar ) is assumed to follow a power-law with
photon index β above an observed characteristic energy Ec : F (E) = F (Ec )(E/Ec )β (ph.cm−2 .keV−1 ).
Energy Emax is the observed energy of the most energetic detected photons. As usually the spectrum is
measured over a time interval ∆tspec which is larger
than the variability timescale ∆tvar , the normalization F (Ec ) entering in Eq.(3) (fluence at energy Ec
in ph.cm−2 .keV−1 ) must be corrected by a factor
F (Ec ) = F (Ec ) × (∆tvar /∆tspec ). This equation can
be directly applied to Fermi-LAT observations and
generalizes the usual formula given by [4] by introducing two corrections: (1) a more accurate normalization including a numerical factor C1 obtained from
−2
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the comparison with numerical simulations presented
in §3.2 and [7]; (2) the possibility to take into account two different emitting regions for MeV and
GeV photons. The standard limit is obtained with
RGeV /RMeV = 1 (same region): then the denominator
in Eq.(3) equals 1. The radius RMeV is estimated from
the variability timescale by RMeV ≃ Γ2 c∆tvar /(1 + z),
which is valid for most models of the prompt emission.
The radius RGeV is difficult to constrain without a detailed model of the high-energy emission mechanism.
If GeV photons have an internal origin, an upper limit
for RGeV is given by the deceleration radius. In the
future, a measurement of the variability timescale in
the GeV lightcurve could provide a better estimate of
this radius.

5.2. Other effects
The detailed γγ opacity calculation model presented in these proceedings is appropriate and accurate to study many aspects and consequences of γγ
annihilation in GRBs. In the present work we focus
on the internal shock model and consider the consequences and signatures that γγ opacity could have
in GRB observations, showing that: (i) the temporal evolution of τγγ during a burst could favor a delay
between the MeV and GeV light curves (ii) the γγ cutoff transition can be characterized in time-integrated
spectra. It is usually closer to a power-law steepening
than to a sharp exponential cutoff. The exact shape
of the transition strongly depends on the details of the
GRB dynamics. (iii) for complex GRBs, the γγ opacity could suppress the shortest time-scale features in
high energy light curves (above 100 MeV). Only the
point (i) is discussed in these proceedings: we refer the
reader to the corresponding paper [7] for more details
on these different aspects.

References
[1]
[2]
[3]
[4]
[5]
[6]
[7]
[8]
[9]
[10]
[11]

[12]
[13]
[14]
[15]
[16]
[17]
[18]
[19]
[20]
[21]
[22]
[23]

Acknowledgments
This work is partially supported by the French
Space Agency (CNES). R.H.’s PhD work is funded
by a Fondation CFM-JP Aguilar grant.

[24]
[25]
[26]

M. J. Rees, 211, 468 (1966).
Y. Lithwick and R. Sari, ApJ, 555, 540 (2001).
M. Ackermann et al., ApJ, 729, 114 (2011).
A. A. Abdo et al., Science, 323, 1688 (2009).
M. Ackermann et al., ApJ, 716, 1178 (2010).
J. Granot, J. Cohen-Tanugi and E. do Couto e
Silva, ApJ, 677, 92 (2008).
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The high-frequency peaked blazars and known TeV emitters 1ES 1011+496, Mrk 180 and 1ES 2344+514 have
been observed in the course of multi-wavelength campaigns in 2008, covering the frequency bands from radio
up to TeV energies. For all three sources, these coordinated observations represent the first of their kind. We
will present and discuss the campaigns, resulting light curves and spectral energy distributions.

1. Introduction
The extragalactic Very High Energy (VHE, >
∼
100 GeV) gamma-ray sky is dominated by blazars, active galactic nuclei whose non-thermal emission is emanating from a relativistic plasma jet closely aligned
to our line of sight [1]. Due to beaming effects, these
sources are the brightest and most variable extragalactic gamma-ray emitters. Their spectral energy
distribution (SED) shows two pronounced peaks (in
a double-logarithmic energy flux vs. frequency representation), one around optical to X-ray energies, the
other one located at gamma-ray energies. According
to the position of the first peak, BL Lacertae objects
(blazars without strong spectral lines) are categorised
as high-frequency peaked BL Lac objects (HBLs) if
the peak energy falls within the UV to soft X-ray
regime (e.g. [2]). The first peak is thought to be produced by synchrotron radiation from relativistic electrons accelerated in the jets of the blazar, whereas
the origin of the second peak is still a matter of debate. Most of the measured SEDs can be described
by the widely used Synchrotron Self-Compton models
(e.g. [3, 4]), though some sources require additional
emission components like external radiation fields (e.g.
[5, 6]). Also hadronic models (e.g. [7, 8]) are successfully applied. Due to lack of constraining data, it is

until now not possible to discriminate between the different kind of models, which also makes it difficult to
determine the physics at work in these sources.
Blazars show variability in flux as well as spectral
shape from radio to VHE frequencies at timescales
down to minutes (e.g. [9]). Consequently, simultaneous observations at all involved frequency bands are
necessary to retrieve a reliable SED. The complexity
and amount of inter-collaborative efforts of such observation campaigns as well as the low sensitivity of
the first generation of gamma-ray instruments made
these campaigns quite rare. At the time of 2008, only
a handful of sources had been studied in simultaneous multi-wavelength (MW) campaigns, dominantly
centered on the brightest objects or high flux states.
Also just since end of 2007 and mid of 2008, respectively, the AGILE and F ermi satellites are available
which cover for the first time since EGRET (mission
end: 2000) the crucial high energy (HE, >
∼ 100 MeV)
regime.
The campaigns described in the following were organised intentionally regardless of the flux state of
the source to obtain an unbiased sample of simultaneously measured SEDs for objects hardly studied in
MW campaigns until now. The MW light curve plots
of these campaign can be found in [10] and [11].
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2. Observational Targets
All three objects of these campaigns, 1ES 1011+496
(redshift z = 0.212), Mrk 180 (z = 0.046) and
1ES 2344+514 (z = 0.044), are HBLs detected at TeV
energies. The first two objects were discovered at
VHE by MAGIC in 2007 [12] and 2006 [13], respectively, following an optical high state. 1ES 2344+514
on the other hand is a known VHE emitter since 1998
[14]. For an overview of historical observations of
the three sources at different wavelength see [10] and
[11], respectively, as well as the references mentioned
above. None of the objects have been observed in
simultaneous MW campaigns from radio to TeV energies until now.

3. Observation Campaigns and Results
3.1. 1ES 1011+496
The observations have been conducted from March
till June 2008. MAGIC observed during 25 nights as
close to the two AGILE observation windows (spanning 14 and 10 days, respectively) as possible. The
achieved simultaneous coverage was limited by adverse meteorological conditions like cloud coverage or
calima at the MAGIC site. Optical observations were
provided by the KVA telescope, which is operated
concurrently with the MAGIC telescope. Additionally, Swif t ToO observations were carried out for 10
days during the campaign, and the radio telescope
Metsähovi observed on 2 nights at 37 GHz.
The preliminary analysis shows that MAGIC detected the source clearly with a significance of > 7σ
during the campaign. The light curve was consistent
with a constant flux, though for one night the flux was
> 2σ above the average flux. The average spectrum
derived from the observations showed a flux comparable with the one during the MAGIC detection and
compatible but slightly harder spectral index.
At X-rays, Swif t XRT detected a small flare, where
the flux rose by ∼ 40% within 5 days and subsequently
decreased to half of the flare peak flux after 6 days.
As coverage and hence the flux baseline before and
after this flare is missing, the overall flare rise and
fall times could not be evaluated. The changes of the
XRT spectral indices during that flare were clearly
correlated with the changes of the X-ray fluxes.
In the optical regime, significant variability has
been found in the R band. The optical flux rose from
relatively low levels by ∼ 50% towards the end of
the campaign. Measurements by KVA in the V and
B band from end of April till beginning of May as
well as in the Swif t UVOT filters followed in general the trend in the R band, showing only moderate
flux changes in this time period. A correlation of the

R band behaviour with other frequency bands cannot be investigated due to missing coverage at other
wavelengths.
Within the given time windows, Metsähovi and
AGILE did not detect the source.

3.2. Mrk 180
Most of the Mrk 180 observations were conducted
in two separate windows, one around beginning of
May, the other one from end of October till beginning
of December 2008. MAGIC observed on 24 nights,
mostly during moderate moonlight or twilight, accompanied by dense KVA monitoring. Two AGILE windows were covered, the first around May spanning 10
days, the second in November (30 days). For both
windows, Swif t ToO pointings could be arranged
for altogether 21 nights. At radio frequencies, several snapshot observations by Effelsberg, RATAN-600,
Metsähovi and IRAM were conducted. Additionally,
the F ermi satellite was already in orbit during the
second observation window.
The MAGIC threshold for this observations was
strongly increased due to the high zenith angle of
the source and the increased background noise due
to moonlight and twilight. Additional cloud coverage
and calima rendered only ∼ 7 hours out of > 15 hours
of data taken usable for further analysis. The analysis
results will be presented soon.
Swif t XRT detected significant variability in both
time windows. In the first window, the flux increased
towards the end by more than a factor of 2, whereas in
the second window, a huge flare with a flux increase
by a factor of 9 was detected. This represents the
strongest flare and highest flux ever measured for this
object at X-rays. Within 6 days, the flux was declining to only ∼ 35% of the peak flux and reaching the
baseline level again after another 11 days. The strong
signal should allow to detect intra-night variability,
but for the three nights with the highest fluxes, significant variability was not present investigating time
bins of 200 s. Also in this case, the XRT flux and
spectral index were significantly correlated.
A HE flare, lasting for ∼ 17 days, could be detected
by F ermi-LAT, which ended ∼ 15 hours before the
highest flux at X-rays was reached. Due to missing
X-ray data during the HE flare, a direct correlation
cannot be excluded nor confirmed.
The KVA R band flux was overall higher during
the second window than during the first window and
showing in both windows decreasing trends. But the
optical light curve didn’t show correlations on daily
scale with the observed X-ray flares. Also a correlation
between the Swif t UVOT and XRT measurements is
not apparent.
At radio frequencies < 50 GHz, flux variability is
present over timescales of month; shorter timescales
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cannot be tested due to the low sampling at these
frequencies. The better sampled IRAM light curve
showed a constant flux over months at 86 GHz but a
rise on the last day of observations (30 days before the
start of the F ermi-LAT flare).
Metsähovi and AGILE did not detect the source
during the campaign.

3.3. 1ES 2344+514
For 1ES 2344+514, the same wavelength coverage
was achieved as for Mrk 180 but additional VLBA observations. The campaign took place between September 2008 and January 2009. MAGIC observed the
source on 17 nights, collecting a total of ∼ 21 hours
good quality data. Swif t observations were conducted on 21 days.
MAGIC did not detect the source with > 5σ. Considering that 1ES 2344+514 is a well-established VHE
source, the rather long observation time of > 20 hours
and the good data quality, a spectrum and light curve
was derived nevertheless. The low significance of the
signal should be kept in mind, though. The source
was found on a flux level slightly below the one found
by MAGIC in 2005 with a spectral index slightly
harder than during the MAGIC detection, but consistent with that value within the error bars. The
light curve did not show any hint of variability.
The optical R band light curve measured by KVA
was also consistent with a constant flux, whereas at
X-rays, Swif t XRT found significant variability. The
flux increased by ∼ 50% within 2 days and dropped
to about half the peak flux value within 8 days. Spectral variability was present during the flare, and again
the spectral index was clearly correlated with the flux.
The overall flux level was among the lowest ever measured at X-rays for 1ES 2344+514.
At radio wavelength, the source showed variability
on the sampling timescale of ∼ 4 weeks at frequencies
below 50 GHz. The IRAM light curve did not show a
hint of variability throughout the observations. Correlated behaviour with other frequency bands could
not be investigated due to the different sampling.
Metsähovi detected the source three month before
the campaign, but not during the coordinated observations. This excludes major flares to have happened
at 37 GHz during the campaign. Also AGILE and
F ermi-LAT did not detect the source in the given
time windows.

4. Discussion and Conclusions
For each source two simultaneous SEDs were constructed. These data sets have been chosen according
to the X-ray flux state with the criteria of (1) a significant flux difference between the two data sets and (2)

Figure 1: SED of 1ES 1011+496 resulting from this
campaign. The KVA and UVOT data are host-galaxy
corrected, the UVOT data additionally de-reddened. The
grey bow-tie is deduced from the LAT 1-year Catalog,
the VHE points represent the average MAGIC spectrum
(already corrected for EBL effects using [17]).

having the best possible simultaneous coverage at all
wavelengths. The SEDs were modelled using a onezone SSC model [15] as well as a self-consistent twozone SSC model [16]. Note that the data collection
and modelling is still ongoing.
Due to the rather small difference in flux in the case
of 1ES 1011+496, only one model fit was applied to
the two data sets (see Figure 1). The resulting model
parameters are typical for HBLs but the high Doppler
factor and γmin of [16], which may be attributed to the
preliminary nature of the modelling and will be refined
in the near future. Comparing the MAGIC discovery
spectrum with the one derived here and taking into
account that the Fermi bow-tie shown in the SED fits
the VHE data rather well though being taken month
after the actual campaign, 1ES 1011+496 seems to be
a rather constant gamma-ray emitter. More observations are of course necessary to confirm that interpretation. The synchrotron component in the optical
and X-rays shows significant variability instead. In
[12], non-contemporaneous X-ray data, at a factor 10
lower in flux than the ones measured here simultaneously, was used for modelling the SED. The results
led to the conclusion that 1ES 1011+496 would be a
Compton dominated source, unlike most of the other
HBLs. The results derived here show instead that also
this source seems to by synchrotron dominated.
The simultaneous SED of the Mrk 180 low X-ray
flux state could be modelled well with both models
(see Figure 2), also yielding rather standard parameters. On the contrary, the rather steep X-ray spectrum
and high optical flux made it difficult for both models
to describe the high flux data. Either they have to
assume a different spectral shape in X-rays, or underestimate the optical flux. Despite these modifications,
γbreak and δ are high for both models. One solution
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sequently we either have not yet observed the ’quiescent state’ of the source, or this flux state is not
characterised by model parameters different from the
standard ones published up to now. From the VLBA
observations, upper limits on the size and magnetic
field of the radio emitting region could be derived [19]
which are in agreement with the model parameters
found for the blazar emission zone here.

Acknowledgments
Figure 2: SEDs of Mrk 180 from the campaign presented
here. The KVA data are host-galaxy corrected, the
UVOT data are de-reddened and the thermal
contribution has been subtracted. At high gamma-ray
energies, a 95% c.l. upper limit derived by AGILE is
shown together with F ermi bow-ties deduced from the
LAT 1-year Catalog (dashed line) and from the
MAGIC-simultaneous period (grey shaded). The shown
MAGIC data points are taken from [13].

Figure 3: SEDs of 1ES 2344+514. The KVA data are
corrected for host galaxy effects. The AGILE upper limit
shown at high gamma-ray energies has a c.l. of 95%. The
black data points denote the average spectrum measured
by MAGIC, corrected for EBL absorption by [17].

to explain this discrepancy would be to assume that
the optical and X-ray emission originates in different
regions of the jet. Further modelling is in progress.
The unprecedented high X-ray flux state of Mrk 180
was accompanied by a strong shift of the synchrotron
>
peak, from <
∼ 0.5 keV to ∼ 5 keV, making also Mrk 180
an ’extreme blazar’ ([18]) candidate.
1ES 2344+514 was observed in one of the lowest flux
states ever at VHE, X-rays and optical wavelengths.
The SEDs in low and high flux state could nevertheless
be described well by the applied models (see Figure
3), resulting in typical HBL parameter values. Con-
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Rügamer, S., et al., 2011, Proc. of the 32nd ICRC, Beijing,
China, arXiv:1109.6808 [astro-ph]
Albert, J., et al. (MAGIC Collab.), 2007, ApJ 667L, 21
Albert, J., et al. (MAGIC Collab.), 2006, ApJ 648L, 105
Catanese, M., et al., 1998, ApJ 501, 616
Maraschi, L., & Tavecchio, F., 2003, ApJ 593, 667
Weidinger, M., & Spanier, F., 2010, A&A 515, A18
Kneiske, T. M., & Dole, H., 2010, A&A 515, A19
Costamante, L., et al., 2001, A&A 371, 512
Sokolovsky, K. V., et al., 2010, in Proc. of the Workshop
“Fermi meets Jansky - AGN in Radio and Gamma-Rays“,
Bonn, Germany, arXiv:1006.3084 [astro-ph]

eConf C110509

89

1

2011 Fermi Symposium, Roma., May. 9-12

The Bologna Complete Sample: radio and gamma-ray data.
E. Liuzzo, G. Giovannini
Istituto di Radioastronomia, Via P. Gobetti 101, 40129 Bologna (Italy) and
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To study a statistical properties of different classes of radio sources, we defined and observed the Bologna
Complete Sample (BCS) which is unbiased with respect to the orientation of the nuclear relativistic jet being
selected from low-frequency samples. The BCS is a complete sample of 94 nearby (z<0.1) radio galaxies that
are well studied targets with literature kiloparsec data. For all of them, we collected parsec scale information
asking new VLBI observations. Statistical results on their properties in radio band are presented. From the
estimates of the Doppler factor and viewing angles, we discuss the connection with the available gamma-ray
data. Finally, we show how future observations with Fermi could reveal new important detections of some of
the BCS sources.

1. INTRODUCTION
The statistical study of the parsec scale properties
of different classes of radio galaxies is crucial to obtain information on the nature of their central engine.
To this aim, it is important to define and observe
a sample that is free from selection effects looking
at radiogalaxies in low radio frequencies survey. In
fact, sources in low-frequency samples are dominated
by their extended and unbeamed (isotropic) emission,
rather than the beamed compact emission that dominates in high-frequency studies. Low frequency surveys are therefore unbiased with respect to the orientation of the nuclear relativistic jet. With this purpose
in mind, we initiated a project to investigate a complete sample of radio galaxies selected from the B2
Catalogue of Radio Sources and the Third Cambridge
Revised Catalogue (3CR) ([4, 6]), with no selection
constraint on the nuclear properties. We named this
sample “the Bologna Complete Sample” (BCS).
In the original sample, 95 radio sources from the
B2 and 3CR catalogues were present, but because of
the rejection of one source ([7, 10]), we redefined the
complete sample to be 94 sources. We selected the
sources to be stronger than a flux density limit of 0.25
Jy at 408 MHz for the B2 sources and greater than
10 Jy at 178 MHz for the 3CR sources ([2]). We also
applied the following criteria: 1) declination > 10◦ ;
2)Galactic latitude |b| > 15◦ ; 3)redshift z<0.1. As our
main goals was to properly study the central engine
of this sample, we asked and obtained high resolution
observations with VLBI technique ([6, 7, 10]) for all
sources not yet analysed at this spatial scale.
The Large Area Telescope (LAT) on board Fermi,
with its large field of view and unprecedented sensitivity, is now putting us in the condition of a better
understanding of the extragalactic gamma-ray source
population. In anticipation of the launch of Fermi,
large projects in the radio band have been undertaken
(e.g. [3, 8]). The results of these projects can now

be exploited to gain insights into the radio properties of this population and into the relation between
radio and gamma-ray properties. With these latter
purposes, we decided to compare Fermi and results in
radio band for our complete sample of nearby radiogalaxies. In the following, we describe our study and
we report its most important conclusions.

2. RADIO DATA
Up to now, at parsec scale and in radio band, we
analysed 76 sources. Our main results are:
• The detection rate is high: only 3 sources out
of 76 (4%) have not been detected, even though
we observed sources with an arcsecond core flux
density as low as 5 mJy at 5 GHz. This result
confirms the presence of compact radio nuclei at
the center of radio galaxies.
• As expected in sources with relativistic parsecscale jets, the one-sided jet morphology is the
predominant structure present in our VLBI images, however 22% of the observed sources show
evidence of a two-sided structure. This result is
in agreement with a random orientation and a
high jet velocity ( β ∼ 0.9).
• We find two sources (4C26.42, [9] and 3C 310,
Fig. 1) with a Z-shaped structure on the parsecscale suggesting the presence of low velocity jets
in these peculiar radio sources.
• In 8 sources, the low core dominance suggests
that the nuclear activity is now in a low activity
state. The dominance of the extended emission
implies a greater activity of the core in the past.
However in these sources a parsec-scale core and
even jets are present. In this scenario the nuclear activity may be in a low or high state but
is not completely quiescent. This result is in
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Figure 1: Clockwise from left to right, zooming from kiloparsec to mas scale radiostructure of 4C 26.42 ([9]): color maps
of VLA X band, VLBI L band, VLBI C band, VLBI X band and VLBI K band data. (C) indicates the core component.

agreement with the evidence that a few sources
show evidence of a recurring or re-starting activity. This point can be better addressed when
observations are available for the full sample so
that we can discuss the time-scale of the recurring activity.
• In most cases, the parsec and the kiloparsec scale
jet structures are aligned and the main jet is always on the same side with respect to the nuclear emission. This confirms the idea that the
large bends present in some BL Lacs sources are
amplified by the small jet orientation angle with
respect to the line-of-sight.
• In 62% of the sources, there is good agreement
between the arcsecond-scale and the VLBI correlated flux density. For the other 38% of the
sources, at the milliarcsecond scale more than
30% of the arcsecond core flux density is missing. This suggests the presence of variability,
or of a significant sub-kiloparsec-scale structure,
which will be better investigated with the EVLA
at high frequency or with the e-MERLIN array.

3. GAMMA-RAY DATA.
We search in the 1 Year Fermi catalog (1FGL, ??)
available information of the gamma-ray emission for
all the BCS sources. We found that:

• Among the BCS,there are 3 sources in 1FGL
catalog :2 BL Lacs (Mkn 421 and Mkn 501) plus
M87;
• Thanks to radio data, we also estimated the core
dominance (CD). According to [? ] and references therein, a correlation is present between
the core and total radio power and we can use
the core dominance to estimate the jet velocity
and orientation. We calculated the core dominance defined as the ratio between the observed
and the estimated core radio power according
to the relation given in [5] (named here GC). As
expected, among the 1FGL Radiogalaxies (RG),
the majority of sources are above the Giovannini
1994s correlation (GC) having high CD which
indicates small angle (θ) of view;
• M87 and Cen A are peculiar objects being below
the GC while 3C 236 is interesting being not in
the 1FGL Catalog (see Notes on sources below);
• From kiloparsec VLA measurements, we derived
the total power at 5 GHz of the core (Pcore ) and
the total power of the source at 408 MHz (Pcore ).
In the Pcore - CD plane (top left panel in Fig. 2),
1FGL RGs lie in a well defined region with high
CD and high Pcore .
• Pcore and Ptot do not show any evident correlation (top right panel in Fig. 2).
• In the Ptot − CD plane (bottom panel in Fig. 2),
the 1FGL RGs spread over Ptot , meaning in-
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Figure 2: Top left: LogPcore versus CD for BCS sources (blue points) plus the RGs in the 1FGL (red points), where
Pcore is the total arcsecond power of the core at 5 GHz. Yellow circles indicate BCS that appears also in the Fermi
catalog, green points correspond to BL Lacs BCS sources, azure square identify peculiar BCS radiogalaxy. Top right:
We show Log Ptot versus CD where Ptot is the total power at 408 MHz. Bottom: We plotted LogPcore versus LogPtot .

dependence of Fermi emission from Ptot , but

they are segregate at high CD values that sug-
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gests the Independence of the Fermi emission
from Ptot , but the presence of a relation with
Pcore , due to beaming effects plus also intrinsically high Pcore .

3.1. Notes on individual sources.
Three objects have peculiar behavior and need
notes:
• M87 has small CD and large θ but it is detected by Fermi as a consequence of its proximity (z=0.04).
• 3C 236 has Pcore , Ptot and CD similar to the
1 FGL RGs but it is not a Fermi source. In
this case, the high CD is due to the restarted
activities. It is like a young source. It could be
detected by Fermi in the future. ([12]).
• Cen A, despite its small CD, is a 1FGL sources
as the Fermi emission is not only nuclear but it
comes also from lobes.

87. We compared our sample with the 1 FGL RGs.
We found that for 1 FGL RGs, the Pcore correlates
with Ptot and with the CD, with typically high values
of CD, Pcore and Ptot . Two sources are detected
by Fermi despite their small CD: M87 because of
its proximity, and CenA for which the gamma-ray
emission comes from the lobes. Thanks to the
unprecedented sensitivity and positionally accuracy
of Fermi, we expect that other BCS sources with low
CD will be detected in the next future, allowing us to
better investigate the correlation between gamma-ray
and radio emission in nearby radiogalaxies.
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MAGIC, a stereoscopic cherenkov telescope array, sensitive to gamma-rays between 50 GeV and several tens of TeV, is ideally
suited to observe promising Fermi LAT sources with a hard -ray spectrum. Here we discuss the discovery of very high energy
-ray (VHE, E > 100 GeV) emission from the Fermi LAT sources 1FGL J2001.1+4351 and B3-2247+381 with MAGIC. 1FGL
J2001.1+4351, recently identified as MG4 J200112+4352 (Bassani et al. 2010), is most likely a high peaked BL Lacertae
object. The red shift of this source is still unknown, though the identification of the optical host galaxy suggests z < 0.2.
MAGIC observations indicate short term variability, since the source showed a strong emission of 20% of the Crab Nebula flux
above 90 GeV during the 16th of July 2010 and none of the other observation nights yielded a detection. B3-2247+381 is
classified as a BL Lac object at z = 0.1187 (Veron-Cetty & Veron catalogue of known AGN). In July 2010 it showed increased
optical activity in the Tuorla blazar monitoring program, which subsequently activated target of opportunity observations by
MAGIC. Within 18 hours of observation time extended over 13 days between September and October 2010, a strong signal
was found above an energy threshold of 150 GeV. The flux (4% of the Crab Nebula) is consistent with being constant over the
entire observation campaign. We compute the light curves, model the spectral energy distributions of these new very high
energy -ray emitters and discuss the physical properties of the VHE -ray emission region.

1. INTRODUCTION

ray emitters by MAGIC: B3 2247+381 and 1FGL
J2001.1+4351.

In recent years the window to the very high energy
(VHE, E > 100 GeV) -ray sky has been opened wide: up
to now 125 sources of VHE -rays have been
discovered1. Since however the most sensitive
instruments are designed for pointed observations with a
typical field of view in the order of a few degrees, full
sky surveys are practically unfeasible. It is thus common
practice to use already existing catalogues in the optical,
X-ray or high energy range to determine potential targets
for pointed observations with VHE -ray telescopes.
MAGIC, a system of two 17 m diameter Imaging
Atmospheric Cherenkov Telescopes (IACT) of the latest
generation, is sensitive to -rays between 50 GeV up to
several tens of TeV. A summary of its current
performance and software developments can be found in
[1] and [2], respectively. In short, a good sensitivity of
0.76% (above ~300 GeV) of the Crab Nebula flux with
an angular resolution better than 0.07° and an energy
resolution as good as 16% have been achieved. In this
proceeding we discuss the discovery of two new VHE -

A redshift of z = 0.119 [3], an X-ray flux > 2 µJy [4]
and the classification as high frequency peaked BL Lac
object [5] made B3-2247+381 a promising target for
VHE -ray observations. The source was also included in
the list of potential TeV sources released to the IACT
experiments by the FERMI - Large Area Telescope
(FERMI-LAT) Collaboration in October 2009 [6].
Observations with the single MAGIC-I telescope for 8.3
hours in 2006 did not result in a detection and thus an
upper limit of 5.2% of the Crab Nebula flux above 140
GeV was derived [7].
In September 2010, B3-2247+381 showed a
significant increase of its emission in the R-band2, which
triggered observations with MAGIC and Swift. MAGIC
observed the source for a total of 18.3 h and detected
VHE -ray emission at a significance level of 5.6  with
an estimated flux of 2% of the Crab Nebula flux above
150 GeV ([8], Figure 1). The measured flux is consistent

1

2

TevCat: http://tevcat.uchicago.edu/
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with the upper limit from the 2006 observations. It is
thus unclear if the source was in a high VHE -ray state.
However the X-ray light curve shows a significant
enhancement of the flux during our observations as well
as variability (see Figures 2 and 3).
The diﬀerential energy spectrum is well described by a
simple power-law. The photon index was found to be
−3.2 ± 0.5stat ± 0.5sys with a ﬂux normalization f0 at 300
GeV of (1.4 ± 0.3stat ± 0.2sys) 10−11 ph cm−2 s−1 TeV−1.
Taking into account the attenuation due to pair
production with the extragalactic background light
(EBL), the spectrum was found to be compatible with a
power law with a photon index  = −2.7 ± 0.5stat ± 0.5sys
and a ﬂux at 300 GeV f0 = (2.0 ± 0.3stat ± 0.3sys) 10−11 ph
cm−2 s−1 TeV−1. Two diﬀerent EBL models were used
([9] and [10]), and the obtained results were found to be
in good agreement with each other, well within the
statistical uncertainties. The finally obtained VHE -ray
spectrum is shown in Figure 4. The black data points
refer to the measured spectrum, while the grey dashed
points have been corrected for the attenuation of the
EBL. The thick black and dashed grey lines are powerlaw ﬁts to the respective data points. The dashed band
corresponds to the statistical error of the ﬁt to the
measured spectrum, while the white band surrounding it
is the sum of the statistical and systematic errors of the
ﬁt.

limits the determination of the inverse Compton
component.
We reproduce the SED with a one-zone synchrotronself Compton (SSC) model (see [11] for a description).
In brief, the emission region is assumed to be spherical,
with a radius R, ﬁlled with a tangled magnetic ﬁeld of
intensity B. The relativistic electrons follow a smoothed
broken powerlaw energy distribution speciﬁed by the
limits min, max and the break at b as well as the slopes
n1 and n2 before and after the break, respectively.
Relativistic eﬀects are taken into account by the Doppler
factor. The used input model parameters are shown in
Table 1.
The comparison with parameters derived for BL Lac
objects (e.g. [12]) reveals that the parameters used for
B3-2247+381 are close to the typical values. As for other
sources, the somewhat larger (lower) value of the
Doppler factor (the magnetic ﬁeld intensity B) with
respect to “standard” values is mainly due to the
relatively large separation between the synchrotron and
IC peaks.

Figure 1: Distribution of the squared angular distance
() for the on-source counts in the direction of B32247+381 (black points with error bars) and the
normalized off-source events (gray histogram).
In Figure 5 we show the spectral energy distribution of
the source during the MAGIC observations, together
with simultaneous Swift and optical data, and other nonsimultaneous data. The Swift observations show that the
source was in a high state also in X-rays. In the Fermi
energy range the source is very weak, which limits the
capability of detecting statistically signiﬁcant ﬂuxvariability on time scales of a few months. The
synchrotron component of the SED is showing a
signiﬁcantly larger emission in the high state, while the
inverse Compton component is consistent with only
minor changes. We must however note that the weak
detection in the HE and VHE -ray band signiﬁcantly
eConf C110509

Figure 2: Long term light curves of B3-2247+381 in
VHE -rays, Fermi-LAT HE -rays (two months time
intervals), Swift X-rays and optical KVA R-band.

95

2011 Fermi Symposium, Roma., May. 9-12

Figure 3: Same as Fig. 2, but zoomed into the time
interval of the MAGIC observations in SeptemberOctober 2010.

3

Figure 5: Spectral energy distribution of B3-2247+381
(red: EBL corrected MAGIC spectral points). The green
crosses are 1FGL Fermi data points (Abdo et al. 2010),
while the pink points represent the Fermi analysis of this
work (2.5 years of data). Blue arrows show the 95%
confidence upper limits computed from Fermi-LAT data
for the time interval of the MAGIC observation. Low
(high) state Swift data were taken on April 18th 2010
(October 5-16, 2010). The host galaxy contribution has
been subtracted from the KVA R-band data (red and
light blue squares), following Nilsson et al. (2007). The
data have been corrected for galactic absorption. Green
and light blue points represent non-simultaneous low
state data. The solid line is our SSC-model fit to the high
state observations; the dotted line is a fit to the low state
observations.

Figure 4: The unfolded diﬀerential energy spectrum of
B3-2247+381 observed by MAGIC. For more
explanations see text.
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Table 1: Input parameters for the high and low states of the SSC-model shown as solid and dashed lines in Figure 5. For
more explanations see text.

3. 1FGL J2001.1+4351
Following an agreement with the IACT groups (MAGIC,
VERITAS and H.E.S.S.) the FERMI-LAT Collaboration
provided a list of sources flagged as good VHEcandidates, which included 1FGL 2001.1+4351
(RA=300.304, Dec=43.886) as one of the most prominent
candidates [6]. Remarkably it was at first detected only
above 1 GeV [13]. The unknown identification of the
object triggered a study by Bassani et al. [14] in the
optical, radio and X-ray band. The most likely counterpart,
MG4 J200112+4352 (a bright flat spectrum radio source),
was subsequently classified as a high frequency peaked
BL Lacertae object. The source was found to be variable
both in the X-ray as well as the optical band. The redshift
of this source is still unknown (identification of the optical
host galaxy suggests z<0.2).
MAGIC observed 1FGL J2001.1+4351 from July until
September 2010. Only one night, July 16 th, showed a
significant excess of 7.6  (pre-trial, Figure 6, [15]). This
corresponds to 22% of the Crab Nebula flux above 90
GeV. The preliminary analysis of Swift data obtained
simultaneously with MAGIC indicates an enhancement in
the X-ray flux by a factor of three with respect to the
previous days, indicating a positive correlation of the VHE
and X-ray flux for this source.

optical emission). It can thus be concluded that optical/Xray triggers and a pre-selection based on the FERMI -ray
catalogue are successfully enhancing the detection
probability of VHE -ray sources.
The final results (including the spectral energy
distributions) will be discussed in forthcoming journal
publications.

Acknowledgments
We would like to thank the Instituto de Astrofísica de
Canarias for the excellent working conditions at the
Observatorio del Roque de los Muchachos in La Palma.
The support of the German BMBF and MPG, the Italian
INFN, the Swiss National Fund SNF, and the Spanish
MICINN is gratefully acknowledged. This work was also
supported by the Marie Curie program, by the CPAN
CSD2007-00042 and MultiDark CSD2009-00064 projects
of the Spanish Consolider-Ingenio 2010 programme, by
grant DO02-353 of the Bulgarian NSF, by grant 127740 of
the Academy of Finland, by the YIP of the Helmholtz
Gemeinschaft, by the DFG Cluster of Excellence “Origin
and Structure of the Universe”, by the DFG Collaborative
Research Centers SFB823/C4 and SFB876/C3, and by the
Polish MNiSzW grant 745/N-HESSMAGIC/2010/0.

References
[1]
[2]
[3]
[4]
[5]
[6]
[7]

Figure 6: Squared angular distribution with respect to the
position of 1FGL J2001.1+4351 (Observation details in
the inlay). The energy threshold of this preliminary
analysis is ~90 GeV.

4. CONCLUSIONS
The two sources discovered were detected during high
X-ray states (B3-2247 additionally showed enhanced

eConf C110509

[8]
[9]
[10]
[11]
[12]
[13]
[14]
[15]

E. Carmona et al. (MAGIC Coll.), proc. 32 nd ICRC
(2011) Beijing
S. Lombardi et al. (MAGIC Coll.), proc. 32 nd ICRC
(2011) Beijing
E. Falco et al., ApJ 494 (1998) 47
E. Nieppola et al., A&A 445 (2006) 441
D. Donato et al., A&A 375 (2001) 739
P. Fortin, D. Sanchez, S. Digel, D. Paneque (2009)
private communication
J. Aleksić et al. (MAGIC Coll.), ApJ 729 (2011)
115
M. Mariotti et al. (MAGIC Coll.), Atel#2910
A. Domínguez et al., MNRAS 410 (2011) 2556
T. M. Kneiske & H. Dole, A&A 515 (2010) 19
F. Tavecchio et al., ApJ 554 (2001) 725
F. Tavecchio et al., MNRAS 401 (2010) 1570
A. A. Abdo et al. (Fermi Coll.), ApJS 188 (2010)
405
L. Bassani et al., MNRAS 397 (2009) L55
M. Mariotti et al. (MAGIC Coll.), Atel#2753

97

1

2011 Fermi Symposium, Roma., May. 9-12

Review of canonical scenarios of gamma-ray jet emission from recent
HE-VHE observations of 3C279 with MAGIC
K. Berger, J. Becerra González
Instituto de Astrofisica de Canarias and Universidad de La Laguna, E-38206 La Laguna, Spain
G. Bonnoli, L. Maraschi, F. Tavecchio
INAF National Institute for Astrophysics, I-00136 Rome, Italy
A. Domínguez
Inst. de Astrofísica de Andalucía (CSIC), E-18080 Granada, Spain; Now at: Department of Physics
and Astronomy, University of California, Riverside, CA 92521, USA
E. Lindfors
Tuorla Observatory, University of Turku, FI-21500 Piikkiö, Finland
A. Stamerra
Università di Siena, and INFN Pisa, I-53100 Siena, Italy
On behalf of the MAGIC Collaboration
In 2006 the stand-alone MAGIC-I telescope discovered very high energy gamma-ray emission from 3C279. Additional
observations were triggered when the source entered an exceptionally bright optical state in January 2007 and the Fermi space
telescope measured a bright GeV gamma-ray flare in December 2008 until April 2009. While the complete January 2007
dataset does not show a significant signal, a short flare (of one day duration) has been detected on January 16th with a
significance of 5.4  (trial-corrected). The flux corresponds to F(> 150 GeV) = (3.8 ± 0.8)·10-11 ph cm-2 s-1. The December 2008
- April 2009 observations did not detect the source. We collected quasi-simultaneous data at optical and X-ray frequencies and
for 2009 also -ray data from Fermi, which we use to determine the spectral energy distributions and the light curves. The hard
-ray spectrum is a challenge for standard one-zone models, which are based on relativistic electrons in a jet scattering broad
line region photons. We study additionally a two zone model and a lepto-hadronic model, which fit the observed spectral
energy distribution more satisfactorily.

1. INTRODUCTION
Since autumn 2009 MAGIC is a system of two 17 m
diameter imaging air Cherenkov telescopes, situated on
the canary island La Palma. It is sensitive to very high
energy (VHE) -rays between 50 GeV and several tens of
TeV.
In 2006 (before the operation of the second telescope
began) the single MAGIC-I telescope discovered VHE ray emission from the flat spectrum radio quasar 3C 279
[1], which was the ﬁrst quasar discovered to emit VHE
γ-rays and is the most distant VHE -ray emitter known
until today. It’s brightness and distance across the
electromagnetic spectrum make it an ideal candidate to
study jet emission models as well as models of the extragalactic background light (EBL, see e.g. [2]).

2. DATA SAMPLE
In January 2007, 3C 279 was exceptionally bright in
the optical R-band1. This historical high state triggered
observations with the MAGIC-I telescope from January
15th onwards. 3C 279 was observed during nine nights in
January 2007 for a total of 23.6 h, 18.6 h (seven nights)
of which passed the quality selection. A VHE -ray flare
(of one day duration) was detected on January 16th 2007
at a significance of 5.4  post-trial.
1

http://users.utu.fi/kani/1m/3C_279_jy.html
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Quasi-simultaneous data was collected at optical, IR
and X-ray frequencies to determine spectral energy
distributions (SED) and light curves.
During December 2008-April 2009 the source entered
a bright GeV -ray state, as observed by the Fermi Large
Area Telescopes (Fermi-LAT). Observations with
MAGIC-I were triggered and (after quality selection)
11.9 h of data were collected. The main part of this
dataset is from January 2009, but it also includes one
night (29) in December 2008 and one (16) in April 2009.
No detection in VHE -rays was achieved during the
2009 observation campaign. It should however be noted
that the main part of the MAGIC data was taken in
between the two -ray flares seen by Fermi.

3. MODELLING THE SED
In this section we discuss the SEDs of 3C 279 at three
epochs: February 23, 2006, January 16, 2007 and
January 21 - February 1, 2009. The VHE -ray data was
corrected for EBL absorption using [2].

3.1. February 2006
We try to reproduce the 2006 data sample with a
simple one-zone leptonic emission model for FSRQs
(details in [3]) considering the synchrotron and inverse
Compton (IC) emission from a population of relativistic
electrons in a spherical emission region with radius R in
motion with bulk Lorentz factor Γ at an angle θ with the
line of sight. The electron energy distribution is
described by a smoothed broken-power law with
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normalization K (measuring the number density of
electrons at γ = 1) extending from γ1 to γ2, with indices
n1 and n2 below and above the break at a γb, respectively.
The magnetic ﬁeld with intensity B is supposed to be
homogeneous and tangled. The seed photons for the IC
emission are both the synchrotron photons produced
within the jet (Synchrotron Self Compton mechanism,
SSC) and those outside the jet. We consider two cases, in
which the IC process occurs within or outside the Broad
Line Region (BLR). In the ﬁrst case the high energy
emission is dominated by comptonization of the UV
photons of the BLR (External Compton, EC/BLR). In the
latter case the external radiation ﬁeld is dominated by the
IR thermal emission from the dusty torus (EC/IR, see [4]
and [5]). In the case of the BLR emission we assume that
the clouds are located at a distance RBLR from the central
black hole. In the case of the torus emission, located at a
distance RIR we assume that a fraction τIR = 0.5 of the
disk luminosity is intercepted and re-radiated from dust
as IR emission. The result of the model fit is shown in
Figure 2 and the model parameters are listed in Table 1.
The modeling of the VHE γ-ray emission from 3C 279
is particularly challenging ([1], [6]). Indeed, due to the
reduced IC scattering eﬃciency at high energies (e.g.
[7]) one zone emission models predict a soft VHE γ-ray
spectrum. Both the EC/BLR and the EC/IR models can
reproduce the data but require a large ﬂux in the LAT
band. Future detections of 3C 279 simultaneously in the
LAT and VHE band will be crucial to conﬁrm or rule out
this possibility.

2

reproduce the MAGIC data, due to the possibility to shift
the peak of the EC bump to higher energies.
The lepto-hadronic model will be described in full
detail in a forthcoming paper [9]. It comprises a nonthermal proton and electron distribution injected into the
radiation volume as a power law with lower and upper
bound (γmin and γmax respectively). The electrons may
radiate through the above described mechanisms of
synchrotron emission and inverse Compton scattering oﬀ
synchrotron photons. The protons will also emit
synchrotron radiation. Additionally they take part in
photo-hadronic processes, where π0 and π± are produced.
The π0 decay into γ-rays may eventually start a pair
cascade if γ-rays are emitted in the optically thick
regime. The π± decays into electrons and positrons which
again emit synchrotron radiation.
In this model the number of free parameters is
comparable to one-zone SSC models. We introduce four
extra parameters to describe the proton population. Since
we assume an identical minimum Lorentz factor and
spectral index for electrons and protons, we end up with
a total of nine free parameters. The fit results are
reported in [10] and the model fit is shown in Figure 4.

3.2. January 2007
At the time of the second MAGIC detection, in
January 2007, 3C 279 was in a brighter optical state but
in a fainter X-ray state compared to the discovery.
It is noteworthy that the VHE -ray flare occurred
when the activity decreased in other wavebands (see
Figure 1, [8]). A possible explanation could be the
separation between two independent emission regions.
Motivated by the difﬁculties of the one-zone model
discussed above (for 2007 the required GeV ﬂux would
be even higher than for 2006), we consider a “two-zone”
and a lepto-hadronic model for this dataset.
In the two zone model, the emission from the optical
up to the X-ray and γ-ray bands derives from a diﬀerent
emission region than the VHE γ-ray photons. As the
VHE γ-ray ﬂare follows the optical one, we assume that
the optical up to the X-ray and γ-ray emission zone is
closer to the central engine than the VHE γ-ray emission.
We therefore model the spectral energy distribution
assuming that the optical up to the X-ray and γ-ray bands
are emitted within the BLR while the VHE γ-ray
emission origins in a region outside the BLR. Assuming
two regions we are doubling the number of free
parameters, therefore this scenario is less constrained
than one-zone models. The parameters for the two
regions are reported in Table 1 and the ﬁt to the 2007
data in Figure 3. The two-zone model can better
eConf C110509

Figure 1: Light curves during the 2007 observation
campaign (from top to bottom): VHE γ-ray ﬂux >150
GeV as measured by MAGIC, RXTE PCA ﬂux in the 210 keV range [8], KVA R-band observations and REM
infrared observations. For the MAGIC light curve the
night by night ﬂux is calculated assuming that 3C 279
always emits γ-rays above 150 GeV.

99

1

2011 Fermi Symposium, Roma., May. 9-12

rd

Figure 2: February 23 , 2006 SED of 3C 279 (red
symbols: MAGIC deabsorped (triangles), RXTE (bowtie
from Böttcher et al. 2009), KVA (filled circle) and
optical data from literature (filled circles, Böttcher et al.
2009).. The lines assume EC emission inside (blue) and
outside (red) the BLR (from a single region). Dashed
lines correspond to blackbody radiation from the IR torus
(red) and BLR (blue).

Figure 4: Lepto-hadronic model of the January 2007
SED. For a detailed list of all the components see [10].
The total fit is shown as red line.

Figure 5: The spectral energy distribution of 3C 279 in
January 2009 (red symbols): MAGIC (upper limits,
arrows), LAT (pentagons), XRT and UVOT (red
squares) and KVA (filled circle). The emission region is
assumed to be inside the BLR. Blue dashed line:
blackbody radiation from the IR torus.
Figure 3: January 16th, 2007 SED of 3C 279 (red
symbols, like in Figure 2, but red triangles at infrared are
from REM). The two lines show the emission from
inside (blue) and outside (red) the broad line region.
Dashed lines as in Figure 2.
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4

Table 1: Input parameters for the leptonic emission models. See text for deﬁnitions.

3.3. January 2009
For the 2009 observations we present a SED built using
multiwavelength data nearly simultaneous to the MAGIC
data taken in the period 21-31 January, which yielded in
upper limits in the VHE γ-ray band. γ-ray data were
derived from Fermi LAT and averaged over the same
period and XRT and UVOT data of February 1, 2009 were
used. The source was in a rather low state in all available
bands. The SED can be modeled quite satisfactorily with a
standard one zone model assuming the emission region
inside the BLR (Figure 5) with typical parameters
(reported in Table 1).

4. CONCLUSIONS
An extensive study of the multi-frequency SED and
light curves of 3C 279 from the 2006, 2007 and 2009
observing seasons has been performed.
The SED of 2007 January disfavours standard one-zone
SSC+EC models with an emission region inside as well as
outside the BLR. A Two-zone model, wherein the VHE rays are produced outside the BLR and a lepto-hadronic
model can satisfactorily describe our data.
Only two more ﬂat spectrum radio quasars have been
detected in VHE γ-rays: PKS 1510-089 [11] and PKS
1222+21 [12]. In both cases the VHE γ-ray emission
cannot be explained by the canonical emission scenario, as
discussed in [10] and [12]. One of the possible solutions is
the assumption that the VHE γ-ray emission comes from a
small blob inside the jet [13].
The non-detection at VHE -rays during the 2009
observation period is consistent with a low optical to Xray state and the HE -ray emission detected by the FermiLAT.
The MAGIC detection in January 2007 took place at the
beginning of the rotation of the optical polarization angle,
thus conﬁrming that such events are recurrently
accompanied with γ-ray ﬂares in 3C 279 (see [10] for
details).
A simultaneous detection of a γ-ray flare by MAGIC
and the Fermi-LAT is necessary to test (and distinguish
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between) the two zone and lepto-hadronic models with
better accuracy.
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arXiv:1110.6421v1 [astro-ph.HE] 28 Oct 2011

Instituto de Astronomı́a, Universidad Nacional Autónoma de México,
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GRB 980923 was one of the brightest bursts observed by the Burst and Transient Source Experiment (BATSE). Previous studies have detected two distinct components in addition to the main
prompt episode, which is well described by a Band function. The first of these is a tail with a
duration of ≃ 400s, while the second is a high-energy component lasting ≃ 2 s. After summarizing
the observations, we present a model for this event and conclude that the tail can be understood
as the early gamma-ray afterglow from forward shock synchrotron emission, while the high-energy
component is described by the SSC emission from the reverse shock. The main assumption is that
of a thick-shell case from highly magnetized ejecta. The calculated fluxes, break energies, starting
times and spectral index are all consistent with the observed values.

I.

INTRODUCTION

The most successful theory to explain GRBs and
their afterglows is the fireball model [1].
This
model predicts an expanding ultrarelativistic shell
that moves into the external medium. When the
expanding shell collides with another shell (internal
shocks) or surrounding interstellar media (external
shocks) gives rise to radiation emission through the
synchrotron and SSC processes. Besides when the
expanding relativistic shell encounters the external
medium involves two shocks: an outgoing shock (the
forward shock) and other that propagates into the
ejecta (the reverse shock). When the forward shock
collides with ISM, electrons are accelerated up to relativistic energies. The reverse shock heats up the
shell’s matter and accelerates electrons when it crosses
the shell. Now, although the contribution of the synchrotron emission of reverse shock to the X-ray band
could be small, electrons in the reverse shock region
can upscatter the synchrotron photons (SSC process)
up to higher energies. In this work we extend the
smooth tail work done by [2] and study synchrotron
self-inverse Compton radiation from a thick shell of
reverse shock fireball to explain the hard component
of the GRB 980923.

II.

GRB 980923

GRB 980923 was observed by BATSE on 1998
September 23 at 20:10:52 UT for 32.02 s. It was localized to 2340 with respect to the pointing-axis direction
of CGRO. In accordance to [3], the event consists of
three components [4]. The first component is related
to the typical prompt emission, the second one is related to the smooth tail which lasts 400s and the last
one is related to the hard component which shows a
high energy spectral component extending up to 150
MeV and the power index -1.44 ± 0.07. The smooth
tail was well described by [2] as the evolution of a

synchrotron cooling break in the slow-cooling regime
at t0 =32 seconds where the characteristic value of the
power index was p= 2.4 ± 0.11. However, [3] point
out that the tail could begin before or at least about
14s after the burst trigger and after of a short period
of time occurred the transition between fast to slow
cooling.
III.

DYNAMICS OF THE FORWARD AND
REVERSE SHOCK

In a unified way between forward and reverse shock,
we compute the energy range for synchrotron selfinverse Compton radiation from a thick shell of the
reverse shock fireball to explain the hard component.
The subscripts f and r refer throughout to the forward
and reverse shock, respectively.
A.

Smooth tail from Synchrotron radiation
forward shock

For the forward shock, we assume that electrons are
accelerated in the shock to a power law distribution
of Lorentz factor γe with a minimum Lorentz factor
γm : N (γe )dγe ∝ γe−p dγe , γe ≥ γm and that constant
fractions ǫe,f and ǫB,f of the shock energy go into the
electrons and the magnetic field, respectively. Then


p − 2 mp
γm,f = ǫe,f
γf
p − 1 me
= 524.6 ǫe,f γf
(1)
where we have used the value of p = 2.4 ± 0.11 as was
obtained by [2]. Using the typical parameters given
by [5], we compute the typical and cooling frequencies
of the forward shock synchrotron emission [6] which
are given by,

1/2 
2
1+z
ǫe,f
1/2
νm,f ∼ 1.9 × 1019
ǫB,f,−5
2
0.95
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1/2 −3/2

E54 t1

νc,f

Fmax,f
ttr,f

Hz

−1/2 
−2
1+z
1 + xf
∼ 3.0 × 1019
2
2.5
−3/2
−1 −1/2 −1/2
ǫB,f,−5 nf,0 E54 t1
Hz


1 + z 1/2
1/2
−2
∼ 2.2 × 10
ǫB,f,−5 nf,0 D28
E54 µJy
2


2
1+z
ǫe,f
∼ 8.7
ǫ2B,f,−5 nf,0 E54 s (2)
2
0.95

where the convention Qx = Q/10x has been adopted
in cgs units throughout this document unless otherwise specified. ttr,f is the transition time, when the
spectrum changes from fast cooling to slow cooling,
D is the luminosity distance, nf is the ISM density,
t is the time of the evolution of the tail, E is the energy, and the term (1 + xf ) was introduced because a
once-scattered synchrotron photon generally has energy larger than the electron mass in the rest frame
of the second-scattering electrons. Multiple scattering
of synchrotron photons can be ignored. xf is given by
[22] as:

xf =





ηǫe,f
ǫB,f



,

ηǫe,f
ǫB,f

1/2

if

ηǫe,f
ǫB,f

≪ 1,

, if

ηǫe,f
ǫB,f

≫ 1.

(3)

where η = (γc,f /γm,f )2−p for slow cooling and η = 1
for fast cooling.
From eq. (2), we observe directly that νm,f ≤ νc,f , the
break energy Ec,f ∼ 124.1 keV and ttr,f ∼ 8.7, implying also that the transition from fast to slow cooling
could take place on very short timescales, comparable
to the duration of the burst.

B.

X ray flare from thick shell Reverse shock

For the reverse shock, it is possible to obtain a simple analytic solution in two limiting cases, thin and
thick shell, [7] by using a critical Lorentz factor Γc ,
1/8 
3/8
3E
1+z
4πnr mp c5 T 3
2

3/8

−3/8
1+z
T90
−1/8 1/8
= 255.2
nr,1 E54
(4)
2
32s

Γc =



where T90 is the time of the GRB, which is much larger
that the peak time of the reverse shock emission, and
nr is the thick shell density. We consider the thick
shell case in which the reverse shock becomes relativistic during the propagation and the shell is significantly decelerated by the reverse shock. Hence, the
Lorentz factor at the shock crossing time tc is given by
γd ∼ Γc [8, 9] and for σ = Lpf /Lkn ∼ 1 the crossing

time tc is much shorter than T90 , tc ∼ T90 /6, [10–13].
Now, if the constant fractions, ǫe,r and ǫB,r of the reverse shock energy go into the electrons and magnetic
fields, respectively, we have


p − 2 m p γr
γm,r = ǫe,r
p − 1 me Γc
−3/8 


3/8

ǫe,r
T90
1+z
1/8 −1/8
γr,3 nr,1 E54
(5)
= 1233.5
2
0.6
32s
where γr is the Lorentz factor of the thick shell. The
spectral characteristics of the forward and reverse
shock synchrotron emission are related [8, 10, 14–17]
by,
νm,r ∼ R2e RB R−2
M νm,f
3/2
−2
νc,r ∼ RB Rx νc,f
−1/2
Fmax,r ∼ RB RM Fmax,f
−1/2

(6)

where RB = ǫB,f /ǫB,r , Re = ǫe,r /ǫe,f , Rx = (1 +
xf )/(1 + xr + x2r ) and RM = Γ2c /γ. The previous
relations tell us that including the re-scaling there is
a unified description between both shocks (forward
and reverse). Such as the magnetic field where there
are some central engine models[19–21] for which the
fireball wind may be endowed with ”primordial” magnetic fields. Also as the cooling Lorentz factor must
be corrected, then Rx is introduced as a correction
factor for the IC cooling, where xr is obtained by [8]
as,

xr =





ηǫe,r
ǫB,r ,



ηǫe,r
ǫB,r

1/3

if

ηǫe,r
ǫB,r

≪ 1,

, if

ηǫe,r
ǫB,r

≫ 1.

(7)

Using equations (2) and (6), the typical and cooling
frequencies of the reverse shock synchrotron emission
are

−1 
2 
1/2
ǫe,r
ǫB,r
16 1 + z
νm,r ∼ 3.4 × 10
2
0.6
0.125
1/2
2
γr,3 nr,1 Hz,

3/2 
−2
1 + xr + x2r
11 1 + z
νc,r ∼ 1.5 × 10
2
6

−7/2

5/2
ǫB,r
T90
−1/2 −6
n−3
E
γ
Hz,
r,1 54
r,3
0.125
32s

7/4 
1/2
1+z
ǫB,r
1/4
−2 5/4
Fmax,r ∼ 5.02 × 102
nr,1 D28
E54
2
0.125

−3/4
−1 T90
γr,3
Jy.
(8)
32s
From equation (8) we see that νm,r and νc,r correspond to optical and IR frequencies, respectively.
However these energies were not recorded. Instead, as
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higher energy photons were observed we compute the
upscattering emission of the synchrotron radiations by
relativistic electrons [22]),

and [4]. Now, in accordance with the observed value
(ic)
(ic)
for the power index β ∼ 1.44 ± 0.07, νm,r > νc,r
we conclude the SSC spectrum corresponds to fast
−7/4 
4 
1/2 cooling regime, very similar to GRB 941017 [24, 25].
ǫe,r
ǫB,r
For our case (thick case), the flare occurs during the
(IC)
23 1 + z
νm
∼ 1.034 × 10
prompt gamma-ray phase.
2
0.6
0.125

3/4
In accordance with RB , we obtained that forward and
T90
3/4 −1/4
4
γr,3
nr,1 E54
Hz,
reverse magnetic fields are related by Bf = 0.9 ×
32s
10−3 Br . The previous result indicates that there was

3/2 
−4
1 + x + x2
(IC)
10 1 + z
a stronger magnetic field in the reverse-shock region
νc
∼ 1.1 × 10
2
6
than in the forward shock region, which may suggest

−7/2

−5/2
that the obtained results are given when the ejecta is
ǫB,r
T
90
−1/2 −6
n−3
γr,3
Hz, magnetized, as in the interpretation of the early afr,1 E54
0.125
32s

9/4 
1/2
terglow of GRB 990123 and GRB 021211 provided by
1
+
z
ǫ
B,r
3/4
−2
(IC)
[14].
Fmax
∼ 4.7 × 10−2
nr,1 D28
2
0.125
Finally, because the Large Area Telescope (LAT) cov
−5/4
T90
ers the energy range from about 20 MeV to more than
7/4 −2
E54 γr,3
Jy.
(9)
300 GeV, we hope to detect other hard components
32s
in GRBs and so further constrain this model.
From equation (9) we observe the break energies
The current model accounts for the main characerg
and (νF )max = 21.2 × 10−6 cm
teristics of the burst: energies, spectral indices, fluxes,
2 s are within the range
pointed out by [3, 23].
duration of the main components in a unified manner.
The main requirements are that the ejecta be magnetized, leading to the formation of a reverse shock. The
IV. DISCUSION AND CONCLUSIONS
model has eight free parameters (equipartition magnetic field, equipartition electron energy, Lorentz factor, and densities all of the in the reverse and forward
Choosing t0 ≤ 14s [3, 4, 23], and assuming that
shocks), with standard values.
from this time until t ∼ 32s the synchrotron emission
This burst has similar characteristics to GRB
was eclipsed by the prompt, the transition time be090926A [26], but the high energy extended emission
tween fast and slow cooling is ∼ 8.7 s, so 18s later the
component may require SSC from the forward shock
synchrotron process generated by the forward shock
[27].
was in the slow-cooling regime and the energy range
obtained corresponds to that reported by [2]. Also,
we suggest that the diminishing flux at ≃ 14 s may be
due to pair production (γγ → e+ e− ) between prompt
emission and forward shock photons (equation 2) at
Acknowledgments
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González M.M. et al. 2003, Nature, 424, 749.
Granot, J. & Guetta, D. 2003, ApJ, 598, L11
Ackermann M., et al., 2011, ApJ, 729, 2
Sacahui J. R. et. al. In Preparation.

eConf C110509

105

1

2011 Fermi Symposium, Roma., May. 9-12

> 14 pc from
γ-ray Flaring Emission in Blazar OJ287 Located in the Jet ∼
the Black Hole
I. Agudo1,2 , S. G. Jorstad2,3 , A. P. Marscher2 , V. M. Larionov3,4 , J. L. Gómez1 , A. Lähteenmäki5 , M.
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We combine the Fermi-LAT light curve of the BL Lacertae type blazar OJ287 with time-dependent multiwaveband flux and linear polarization observations and submilliarcsecond-scale polarimetric images at λ = 7 mm
to locate the γ-ray emission in prominent flares in the jet of the source >
∼ 14 pc from the central engine. We
demonstrate a highly significant correlation between the strongest γ-ray and millimeter-wave flares through
Monte Carlo simulations. The two reported γ-ray peaks occurred near the beginning of two major millimeterwave outbursts, each of which is associated with a linear polarization maximum at millimeter wavelengths. Our
very long baseline array observations indicate that the two millimeter-wave flares originated in the second of two
features in the jet that are separated by > 14 pc. The simultaneity of the peak of the higher-amplitude γ-ray
flare and the maximum in polarization of the second jet feature implies that the γ-ray and millimeter-wave flares
are cospatial and occur >
∼ 14 pc from the central engine. We also associate two optical flares, accompanied by
sharp polarization peaks, with the two γ-ray events. The multi-waveband behavior is most easily explained if
the γ-rays arise from synchrotron self Compton scattering of optical photons from the flares. We propose that
flares are triggered by interaction of moving plasma blobs with a standing shock.

1. Introduction

2. Observations

The Large Area Telescope (LAT) onboard the
Fermi Gamma-ray Space Telescope has sufficient sensitivity to study the location of the γ-ray emission
site in blazars through well-sampled light curves that
allow detailed studies of the timing of γ-ray flares relative to those at other spectral ranges [e.g., Abdo et al.
2010d, Jorstad et al. 2010, Marscher et al. 2010]. The
technique developed by Marscher et al. [2010] and
Jorstad et al. [2010] uses ultra-high angular-resolution
monitoring with VLBI to resolve the innermost jet regions and monitor changes in jet structure. Monthly
observations, provide time sequences of total and polarized intensity images of the parsec-scale jet that
can be related to variations of the flux and polarization at higher frequencies. In Agudo et al. [2011a], we
employed this technique to investigate the location of
the flaring γ-ray emission in the BL Lacertae (BL Lac)
object OJ287 (z = 0.306). In this paper we reproduce
the results in Agudo et al. [2011a]. We adopt a cosmology with H0 =71 km s−1 Mpc−1 , ΩM = 0.27, and
ΩΛ = 0.73, so that 1 mas corresponds to a projected
distance of 4.48 pc, and a proper motion of 1 mas/yr
corresponds to a superluminal speed of 19 c.

Our polarimetric observations of OJ287 include (1)
7 mm VLB) images (Fig. 1), mostly from the Boston
University blazar monitoring program, (2) 3 mm monitoring with the IRAM 30 m Telescope, and (3) optical (R and V band) photo-polarimetric observations
from several observatories (Figs. 2 and 3). The optical
facilities include Calar Alto (2.2 m telescope, observations under the MAPCAT program), Steward (2.3
and 1.54 m telescopes), Lowell (1.83 m Perkins Telescope), St. Petersburg State University (0.4 m telescope), and Crimean Astrophysical (0.7 m telescope)
observatories. To these we add R-band polarimetric
(and V -band photometric) data from Villforth et al.
[2010]. The total flux light curves analyzed here (see
Fig. 2) are from the Fermi-LAT γ-ray (0.1–200 GeV)
and Swift X-ray (0.3–10 keV) and optical (V -band)
data available from the archives of these missions,
by the Yale University SMARTS program, by the
Submillimeter Array (SMA) at 1.3 mm and 850 µm,
by the IRAM 30 m Telescope at 1.3 mm, and by
the Metsähovi Radio Observatory 14 m Telescope at
8 mm.
Our data reduction follows:
(1) VLBA:
Agudo et al. [2007], Jorstad et al. [2005]; (2) optical polarimetric data:
Jorstad et al. [2010],
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3. Flares in the C1 Jet Region at 1 mm
and 7 mm
We model the brightness distribution in the 7 mm
VLBA images of the source (Fig. 1) with a small
number of circular Gaussian components. Our model
fits include a bright quasi-stationary feature (C1)
∼ 0.2 mas from the innermost jet region (C0, that
we identify with the 7 mm core [Agudo et al. 2011a]).
C0 and C1 typically governed the mm-wave evolution, of OJ287. In particular, the two most prominent
1 mm flares ever reported in OJ287 (Amm and Bmm
as labeled in Fig. 2) took place in C1, as indicated by
the correspondence of events in the 7 mm light curve of
this component with those at other millimeter wavelengths.
From the angle of the jet axis to the line of
sight in OJ287 [1◦.9–4◦.1; see Jorstad et al. 2005,
Pushkarev et al. 2009], and the mean projected separation of C1 from C0 at the time of start of Amm
and Bmm (0.23 ± 0.01 mas), we estimate that C1 is
located > 14 pc downstream of C0, the innermost jet
region detected in our images. The actual distance
between the central engine in OJ287 and C1 must be
even greater if C0 lies downstream of the acceleration
and collimation zone of the jet [ACZ; Jorstad et al.
2007, Marscher et al. 2008].

2008−11−21

4. γ-Ray Flares

2009−10−14
2010−08−21
2010−09−18
2009−01−24

2009−02−22

2009−11−28

0.5 mas

2010−10−24

M3 M2

Figure 1: Sequence of 7 mm VLBA images of OJ287 in
2008–2010. Images are convolved with a
FWHM = 0.15 mas circular Gaussian beam. Contour
levels represent 0.2, 0.4, 0.8, 1.6, 3.2, 6.4, 12.8, 25.6, 51.2,
90.0% of the peak total intensity of 6.32 Jy/beam. The
color scale indicates linearly polarized intensity, whereas
superimposed line segments represent the orientation of
the polarization electric-vector position angle.

Larionov et al. [2009]; (3) IRAM data: Agudo et al.
[2006, 2010, 2011b]; (4) SMA: Gurwell et al.
[2007]; (5) Metsähovi: Teräsranta et al. [1998]; (6)
Swift : Agudo et al. [2011a]; and (7) Fermi LAT:
Agudo et al. [2011a].

The two most pronounced γ-ray flares in OJ287
(Fig. 2) take place during the initial rising phases
of Amm and Bmm . Our discrete correlation function
(DCF) study between the γ-ray and 1 mm long-term
light curve – see Agudo et al. [2011a] for details – possesses a significant (> 99.7 % confidence) peak at a
time lag ∼ −80 days (γ-ray leading, see Fig. 4). This
evidences the correlation between Bγ and Bmm , the
most luminous γ-ray and 1 mm flares in our data.
The optical light curves (especially V -band; Fig. 2)
show two sharp flux increases at essentially zero time
lag from Aγ and Bγ .

5. Variability of Linear Polarization
C0 and C1 dominate the evolution of the linear polarization p and electric vector position angle χ at
7 mm in OJ287 (Fig. 3). However, whereas pC0 never
exceeds 10%, C1 exhibits the two largest peaks in p
ever observed in OJ287 at 7 mm, pC1 ≈ 14% on 2008
November 4, and pC1 ≈ 22% on 2009 October 16. The
first maximum in pC1 follows the peak of Aγ by one
month, while the second more pronounced polarization event is already in progress when the γ-ray flux
of flare Bγ rises to a level of ∼ 4×10−7 phot cm−2 s−1 .

eConf C110509

107

3

S [Jy]

S [Jy]

Gregorian Date [years]
2009

10

0.1-200 GeV

2010
Optical

p [%]

40

p [%]

0.3-10 keV

V

30
20
10
0
25 7mm C1
20 7mm C0
7 & 3mm
15
10
5
0
300

mm

Optical

250
χ [o]

12
10
8
6
4
2
0
12
10
8
6
4
2
0
10
8
6
4
2
0
15

Bγ

Aγ

5
4
3
2
1
0
14
12
10
8
6
4
2
0

Gregorian Date [years]
2009

2010

200
150
100
300

R

χ [o]

S [mJy]

S [mJy]

F (10-12 erg/cm2/s)

F (10-7 phot/cm2/s)

2011 Fermi Symposium, Roma., May. 9-12

7mm C1
250 7mm C0
7 & 3mm
200

mm

150
100
54600.0

3mm
1mm
850µm

Amm

Bmm

7mm VLBA
7mm C1
7mm C0
8mm

5
0
54600.0

54800.0

55000.0
RJD [days]

1

DCF

The optical and mm-wave linear polarization position angle is stable at χ ≈ 160◦–170◦ (−20◦ to
−10◦ )—similar to the structural position angle of the
inner jet—both near Aγ and Bγ and throughout most
of the monitoring period. The corresponding direction
of the magnetic field is transverse to the direction between features C0 and C1.

55200.0

2

Figure 2: Light curves of OJ287 from mm-wave to γ-ray
frequencies. The vertical lines denote the times of peak
γ-ray flux of Aγ and Bγ . RJD = Julian Date −2400000.0.

The optical polarization peaks at essentially the
same time as pC1 at 7 mm during flare Bγ . During both Aγ and Bγ , popt ≈ 35%, which requires
a well-ordered magnetic field. However, comparable optical polarization levels also occur at other
times. The shorter time scale and larger amplitude
of variability of optical polarization, as compared
with those at millimeter wavelengths, is consistent
with frequency dependence in the turbulence model
of Marscher & Jorstad [2010].

55000.0
RJD [days]

Figure 3: Optical and mm-wave linear polarization of
OJ287 as a function of time. The optical data includes
R-band and 5000–7000 Å observations. The similarity of
the integrated linear polarization at 7 mm and 3 mm also
allows us to combine them. Vertical lines are as in Fig. 2.

55200.0

This coincidence of the strongest γ-ray outburst and
exceptionally strong polarization in C1 identifies this
feature > 14 pc from the central engine as the site of
the variable γ-ray emission.

54800.0

N=5000
γ-rays - 1mm
RJD: 52658.0 to 55336.0
0

-1

-2
-200

-100

0
Time Lag [days]

100

200

Figure 4: Discrete cross-correlation function between the
γ-ray and 1 mm light curves of OJ287 (red points). The
dotted curves at positive (negative) DCF values denote
99.7% confidence limits for correlation rather than
stochastic variability (see Agudo et al. [2011a] for
details).

6. Discussion and Conclusions
The two 0.1–200 GeV flares in OJ287 allow us to
assess the correspondence between γ-ray and lowerfrequency variations. We find that two kinds of events
at millimeter wavelengths are related to these γ-ray
outbursts at high significance: (1) the early, rising
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phases of the two most luminous 1 mm flares ever detected in this blazar, (Amm and Bmm ); and (2) two
sharp increases to unprecedented levels of linear polarization (∼ 14% and ∼ 22%) in bright jet feature C1
> 14 pc from the central engine. These events also coincide with: (3) two sharp optical flares; (4) two peaks
in optical polarization of ∼ 35%; and (5) the similarity of optical and mm-wave polarization position angle
both during and between the flares at χ ≈ 160◦ -170◦.
The exceptionally high polarization of C1 during γray flare Bγ provides extremely strong evidence that
the event occurred in C1. The γ-ray IC emission
arises, in principle, from either the synchrotron selfCompton (SSC) process or IC scattering of infrared
radiation from a hot, dusty torus of size ∼ 10 pc
(IC/dust). IC scattering from the broad line region
is not possible given the long distance of the γ-ray
dissipation region that we measure. An SSC model
is possible given the low ratio of γ-ray to synchrotron
luminosity (≈ 2 in OJ287, see Agudo et al. [2011a]).
However, infrared emission from the dusty torus has
not been detected thus far in BL Lacs such as OJ287,
as far as the authors know. We thus favor the SSC
mechanism (see Agudo et al. [2011a] for further arguments).
The observed behavior agrees with a scenario in
which the optical and γ-ray flares are produced in
C1 by particle acceleration in a moving blob when
it crosses a standing shock well beyond the ACZ (see
Agudo et al. [2011a] for a sketch). D’Arcangelo et al.
[2007] have associated the innermost mm-wave jet
emission feature with a recollimation shock at the end
of the ACZ. We identify C0 as such a feature, and C1
as a second re-collimation shock, as seen in hydrodynamical simulations [Agudo et al. 2001, Gómez et al.
1997] and often in VLBA images [Jorstad et al. 2005].
The blob is a turbulent plasma disturbance (typical
weakness of the observed polarization outside the high
polarization peaks) that propagates down the jet with
significantly higher relativistic electron density and
magnetic field than in the ambient flow. Cawthorne
[2006] shows that, in this case, the side of the conical shock nearest to the line of sight can be highly
polarized with χ parallel to the jet axis. The remainder of the conical shock, farther from the line of sight,
has much lower polarization. Because of light-travel
delays, we first see the blob penetrate the near side,
and therefore observe a major increase in polarization.
As the outburst develops, more of the emission comes
from the low-polarization far side, which decreases p
while the mm-wave flux density continues to increase.
This is the pattern observed during both flares.
The mm-wave and optical flares start at essentially
the same time as the magnetic field and electron energies near the leading edge of the blob become amplified as they pass the standing shock front. The
mm-wave flux outburst continues as the relatively lowenergy electrons fill the shocked region. The optical
and γ-ray emission, produced by higher-energy elec-

trons that cannot travel far before suffering radiative
energy losses, is confined closer to the shock front
where particles are accelerated.
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In the first two years of operation of the Fermi GBM, the 9-spacecraft Interplanetary Network
(IPN) detected 158 GBM bursts with one or two distant spacecraft, and triangulated them to annuli
or error boxes. Combining the IPN and GBM localizations leads to error boxes which are up to 4
orders of magnitude smaller than those of the GBM alone. These localizations comprise the IPN
supplement to the GBM catalog, and they support a wide range of scientific investigations.

I.

THE INTERPLANETARY NETWORK

The IPN presently comprises AGILE, Fermi,
RHESSI, Suzaku, and Swift, in low Earth orbit; INTEGRAL, in eccentric Earth orbit with apogee 0.5
light-seconds; Wind, up to 7 light-seconds from Earth;
MESSENGER, in orbit around Mercury, up to ≈700
light-seconds from Earth, and Mars Odyssey, in orbit
around Mars, up to ≈1200 light-seconds from Earth.
It operates as a full-time, all-sky monitor for transients down to a threshold of about 6 × 10−7erg cm−2 ,
or 1 photon cm−2 s−1 , and detects about 325 cosmic
gamma-ray bursts per year. Due to the all-sky field of
view and lesser sensitivity of the IPN, these bursts are
generally not the same ones detected by more sensitive
imaging instruments such as Swift BAT, INTEGRAL
IBIS, SuperAGILE, and MAXI. The IPN localization
accuracy is in the several arcminute and above range.
The current burst detection rate of ≈325/year does
not include magnetar bursts, to which the IPN is also
sensitive.
We have now completed a preliminary analysis of
the first two years of Fermi GBM data (July 14 2008
- July 14 2010). In this period, the GBM reported
approximately 500 GRBs. Of them, 158, or about
32%, could be triangulated using IPN data from one
or more distant spacecraft, often in conjunction with
Konus-Wind, to provide either a narrow error annulus
or an error box. A few examples are shown in figures
1, 2, and 3. 10 of the 158 were observed by the LAT;
the IPN annuli have widths which are comparable to
or less than the LAT error circle diameters (see figure
3). 30 of the 158 were independently localized by the
Swift BAT or by Super-AGILE; these events are useful
as end-to-end calibrations of the IPN.
If the triangulation is coarse (several degrees) it can

[1] R. Abbasi et al., Ap. J. 710, 346, 2010

be used in conjunction with the GBM localization to
produce a joint error box whose area is smaller than
that of either one by itself. When it is more accurate, it can also be used to refine the GBM systematic errors. Since the IPN detects and localizes the
stronger bursts, for which the GBM systematic uncertainties tend to dominate the statistical ones, IPN
events are particularly useful for understanding these
effects. This is analogous to the role which the IPN
played in the BATSE era.
IPN GRBs are being used to study polarization, to
search for neutrinos [4], [9], [5], [1], gravitational radiation [2], [3], and VHE gamma-ray emission, to search
for associations with supernovae [10], [7], [8], [6], [11],
and to determine whether high-B radio pulsars emit
SGR-like bursts, among other projects. Studies such
as these do not require rapid localizations, or the identification of optical or X-ray counterparts, and constitute an alternative approach to the use of GRBs as
astrophysical tools. They benefit from using the large
IPN database, which contains localizations of bursts
which in general are more intense than those observed
by imaging instruments, and therefore, on the average,
closer (the redshifts IPN bursts range from 0.7 to 4.5,
with an average of 1.6 and a median of 1.1).
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FIG. 1: Fermi GBM and IPN localizations of GRB 090228. The contours are 1, 2, and 3 σ confidence regions derived
from the GBM data. The circle is an approximation to the 1 σ contour, with a 2 ◦ systematic uncertainty added. The
asterisk indicates the most likely GBM position. The narrow annulus is from Konus-Odyssey, and the wide one is from
Konus-MESSENGER. Their intersection is the most likely IPN position. The discrepancy between the GBM and IPN
positions may be due to large systematic uncertainties in the GBM localization.
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FIG. 2: Fermi GBM and IPN localizations of GRB 090131. The contours are 1, 2, and 3 σ confidence regions derived
from the GBM data. The circle is an approximation to the 1 σ contour, with a 2 ◦ systematic uncertainty added. The
asterisk indicates the most likely GBM position. The narrow annulus is from Konus-Odyssey, and the wide one is from
Konus-MESSENGER. Their intersection is the most likely IPN position. The discrepancy between the GBM and IPN
positions may be due to large systematic uncertainties in the GBM localization.
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FIG. 3: Fermi GBM and IPN localizations of GRB 090328. The contours are 1, 2, and 3 σ confidence regions derived
from the GBM data. The circle is an approximation to the 1 σ contour, with a 2 ◦ systematic uncertainty added. The
asterisk indicates the most likely GBM position. The narrow annulus is from Konus-MESSENGER, and the wide one is
from Konus-INTEGRAL. Their intersection is the most likely IPN position. The LAT error circle is also shown.

FIG. 4: The statistics of 30 IPN-enhanced GBM localizations. The histogram gives the area reduction factor, defined
as the ratio of the 1 σ statistical-only GBM error circle to the 3 σ IPN error box area. Note that reductions of up to 4
orders of magnitude are possible.
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FIG. 5: The statistics of 30 IPN-enhanced GBM localizations. The histogram gives the distance between the most likely
GBM position and the center of the IPN error box, measured in units of the GBM 1 σ (statistical only) error radius.
This illustrates the need for a systematic error component in some of the GBM localizations.

FIG. 6: The statistics of 30 IPN-enhanced GBM localizations. The histogram gives the IPN 3 σ error box areas.
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FIG. 7: Venn diagram (not to scale) showing the numbers of Swift, IPN, and Fermi bursts during the first two years of
operation and their relation. The Swift bursts are those both inside and outside of the BAT coded FoV. IPN instruments
observed 396 of the Fermi bursts, of which 158 involved one or more distant spacecraft (Odyssey or MESSENGER).
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We present centimeter-band total flux density and linear polarization light curves illustrating the signature
of shocks during radio band outbursts associated in time with γ-ray flares detected by the Fermi LAT. The
general characteristics of the spectral evolution during these events is well-explained by new radiative transfer
simulations incorporating propagating oblique shocks and assuming an initially turbulent magnetic field. This
finding supports the idea that oblique shocks in the jet are a viable explanation for activity from the radio to
the γ-ray band in at least some γ-ray flares.

1. Overview
Since the mid-1980s, the leading paradigm for the
production of flares in AGN in the radio-to-optical
bands has been shocks which propagate down the relativistic jets of these sources [1, 2]; hydrodynamical
simulations have demonstrated that these structures
develop naturally within the jets [3], making this scenario a plausible explanation. In contrast, the location
and nature of the emission site giving rise to the GeV
γ-ray flares, detected first by EGRET and now by the
Fermi LAT, have remained contentious issues. While
both a site near to the central engine and a location
in the parsec scale jet have been discussed in the literature, mounting evidence based on correlated broadband activity (including high resolution VLBA imaging of the inner jet) supports a location within the jet
at a site near to the millimeter-band radio core (e.g.
[4] and references therein). This result supports a direct relation between the flaring in the radio and in the
γ-ray spectral bands and the production of the flaring
by the same disturbance. The emitting region itself
could take the form of a shock (standing or propagating) or a ‘blob’ with a chaotic magnetic field where
turbulence accelerates the high energy electrons.
The propagating shock scenario, used successfully
for the radio band data has now been proposed as a
possible explanation for the γ-ray flares in some recent studies, e.g. [5]. However, this hypothesis has
not been rigorously tested. Radiative transfer modeling carried out in the mid-to-late 1980s and early
1990s incorporating transverse shocks successfully reproduced the spectral evolution of the total flux density and linear polarization in centimeter-band monitoring data during a few carefully selected radio band
events. However, the transverse shock models failed
to match the variability in later events in the same
sources; there the swings in electric vector position

angle (hereafter EVPA) were through much less than
the 90◦ associated with transverse structures. This
discrepancy indicated that theoretical explorations incorporating shocks at other angles to the flow direction were required.
To test whether or not propagating shocks play a
significant role in the production of the γ-ray flares,
and ultimately to set constraints on the physical conditions in the radio jet during γ-ray flaring, we are
monitoring the total flux density and linear polarization at 14.5, 8.0, and 4.8 GHz in a sample of
24 blazars using the University of Michigan 26-m
paraboloid (UMRAO), and we are developing new radiative transfer models allowing for oblique shocks for
comparison with these data. Results are presented
below.

2. Observational Methodology
A specific observational goal of our program during the time period discussed here was to look
for the theoretically-expected shock signature in the
centimeter-band light curves during γ-ray flares – a
swing in the EVPA and associated flaring in the total
flux density and linear polarization (LP). The changes
in LP result from the compression of an initially tangled magnetic field with the passage of a shock which
increases the degree of order. The EVPA, orthogonal
to the magnetic field direction in a transparent source,
is a direct measure of this magnetic field orientation
in the emitting region.
The 24 blazars monitored most intensively during the time period discussed here were 3C 66A,
0235+164, 0420-014, 0454-234, 0528+134, 0716+714,
0727-115, 0805-077, OJ 287, 0906+015, 1156+295,
1222+216, 3C 273, 3C 279, 1329-049, 1502+106,
1510-089, 1633+382, 3C 345, NRAO 530, OT 081,
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Figure 1: Gamma-ray (bottom) and centimeter band
light curves (panels 2-4) at 14.5, 8.0. and 4.8 GHz for the
BL Lac object OJ 287. The bottom panel shows the
γ-ray light curve (E>100 MeV) obtained using two
different binning schemes. Squares denote reductions
with a bin size adjusted to the variability state (1 and 5
day binning during flare and non-flare phases
respectively). Diamonds denote the light curve generated
using 7-day binning throughout. The shorter binning of
the data during the γ-ray flare peaks emphasizes the
rapidity of the events in the γ-ray band and reveals the
complex structure which is smoothed out using the
1-week binning, Units of the γ-ray light curves are 10−7
photons/cm2 /sec. Panels 2 through 4 show from bottom
to top daily averages of the total flux density (S),
percentage LP, and EVPA. The symbols denoting the 3
radio band frequencies are indicated in the upper left.

BL Lac, CTA 102, and 3C 454.3. These AGN were
chosen for detailed study both because they are
bright and variable in the GeV γ-ray band, and
because they have exhibited well-resolved flares at
centimeter-band in historical monitoring measurements. Additionally, they are all members of the
MOJAVE program so that imaging data, useful for
disentangling the flux contributions from the individual core and jet components, are available at 15 GHz,
an overlapping frequency [6]. Eighteen are members
of the Boston University 43 GHz VLBA program (see
http://www.bu.edu/blazars/VLBAproject.html);
these monthly imaging data provide important
constraints on the jet emission properties and in
combination with the centimeter band monitoring
data give information on the opacity between the
millimeter core and the 14.5 GHz emission region.
The UMRAO observations of the program sources
were typically obtained twice per week at 14.5 GHz
and once per week at 8.0 and at 4.8 GHz. This cadence
was selected to match the expected variability time
scales in linear polarization and total flux density in
the radio band; it was increased, if required, to track

Figure 2: Gamma-ray and centimeter band light curves
for the QSO PKS 1510-089. The bottom panel shows the
γ-ray light curves generated using two different binning
schemes. Squares denote reductions with a bin size
adjusted to the variability state (3 days, 1 day and
intraday). Diamonds denote the light curve obtained
using 7-day binning throughout. The top three panels
show daily averages of the centimeter-band total flux
density (panel 2) and the linear polarization (panels 3 &
4). Units and symbols are as in Figure 1.

the variations in more detail during individual flares
exhibiting relatively rapid flux changes. The sampling
rate was highest at 14.5 GHz where the variations are
well-documented to be the highest in amplitude and
the most rapid. Each daily ‘observation’ consisted of
a series of on-off measurements over a 25 to 45 minute
time window. These source measurements were interspersed with observations of positionally-nearby calibrators (selected from a grid) every 1 to 2 hours in
order to measure the antenna gain and to verify the
telescope pointing and instrumental polarization.

2.1. Observational Results
Figures 1 through 3 show examples of the shock signature in the radio band data at or near to times at
which large-amplitude flares were detected in the γray band by the Fermi LAT for three of our program
sources: OJ 287, PKS 1510-089, and OT 081. During these events, swings in EVPA through tens of degrees, increases in fractional LP, and flares in total flux
density lasting for a few weeks to a few months were
detected. Time delays and reduced amplitudes are
apparent at the lowest frequency, 4.8 GHz, characteristic of self-absorption. Specific features to note are:
1) in OJ 287 the two γ-ray flares circa JD 2455110 and
2455580 preceded rises in the fractional LP to levels
near 10% and ordered swings though a limited range
of about 40◦ in EVPA. The preceding γ-ray flare near
JD 2454740 associated with a millimeter flare (see [7])
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Figure 3: Gamma-ray and centimeter band light curves
for OT 081 (1749+096) The bottom panel shows the
Fermi light curve generated using 7-day binning. Daily
averages of the radio band total flux density (panel 2)
and the linear polarization (panels 3 & 4) are shown in
the top three panels. Several increases in percentage LP
and ordered swings in EVPA can be seen, indicating
rapid and complex radio-band behavior. Units and
symbols are as in Figure 1.

is not resolved in our data. That study argued that
the flares analyzed were triggered by the interaction
of VLBI-scale components with a standing shock; 2) a
series of large amplitude events in the QSO PKS 1510089 beginning circa JD 2454900 preceded a large flare
in total flux density and a swing in EVPA. The broadband behavior is discussed in [8] which attributed flaring to the passage of a knot through a standing conical
shock; and 3) complex behavior in the light curves of
the BL Lac object OT 081 (1749+096). Radio band
flares in this same source during the 1980s were fit
with models incorporating a propagating transverse
shock (see [9]).

3. The Radiative Transfer Modeling
Support for the shock model as an explanation for
the major outbursts seen in single-dish data, and the
propagating components seen in maps of parsec-scale
flows, as well as support for a shock explanation for
at least some Fermi events, would come from ‘revalidating’ the ‘shock in jet’ model, by showing that
oblique shocks can indeed explain the commonly observed reduced swing in EVPA through only tens of
degrees, and associated increases in both percentage
LP and total flux density (flares) with the spectral
behavior exhibited in the data. To quantitively test
whether the shock scenario can reproduce the features
in the data, we have developed radiative transfer models which allow for a shock at any orientation relative

Figure 4: Simulated light curves in total flux density and
linear polarization assuming a shock oriented obliquely to
the flow direction, Top (A): The magnetic field is
assumed to be purely random. Bottom (B): the magnetic
field is purely ordered (helical). The symbols correspond
to the three UMRAO frequencies shown in Figures 1-3.

to the flow direction. The models discussed here do
not allow for retarded time effects which will be included in future modeling. The shock is assumed to
propagate at a constant rate (no acceleration or deceleration). A detailed description of the formulation
is presented in [10]. Representative simulations illustrating the characteristics of the simulated spectral
evolution are shown in Figure 4. Those presented assumed a compression of 0.7, a forward moving shock,
a shock obliquity of 45◦ , and a viewing angle of 10◦ .
As a test of the effect of the magnetic field degree of
order on the emission properties and to better understand the jet conditions, light curves were generated
assuming a purely ordered (helical) magnetic field, a
purely random magnetic field, and a mix of the two.
Results are shown for two of these cases: a purely ordered (bottom) and a turbulent (top) magnetic field.
Comparison with the data shows that the spectral evolution for the helical case does not match either the

eConf C110509

119

4

2011 Fermi Symposium, Roma., May. 9-12
observed maximum fractional LP (the predicted maximum fractional LP > 20% at 14.5 GHz exceeds the
maximum observed value in the UMRAO database of
LP observations) or the observed spectral evolution
in EVPA. A purely turbulent ambient magnetic field
yields the best fit with the data.

AST-0607523 (University of Michigan), NASA grants
NNX08AV65G,
NNX08AV61G,
NNX08AJ64G,
NNX09AT66G, and NNX10AU15G, and NSF grant
AST-0907893 (Boston University), and NASA grant
NNX08AV67G and NSF grant AST-0807860 (Purdue
University). Funding for the operation of UMRAO
was provided by the University of Michigan.

4. Summary of Results
The expected shock signature was successfully identified in the radio band data during several Fermidetected events; this result is consistent with a shockin-jet origin for at least some γ-ray flares. The ordered
swings in EVPA typically occurred on timescales of
weeks-to-months over a range of tens of degrees.
These characteristics and the spectral evolution in linear polarization and total flux density are explained
well by our theoretical simulations which incorporate
realistic flow conditions. Specific features of the data
during radio band outbursts which are reproduced by
the new models are: the fractional total flux density increase, the spectral evolution in total flux density through a partially optically thick phase during
outburst rise, the magnitude of the peak percentage
polarization with opacity/Faraday effects evident at
the lowest frequency, and a swing in EVPA through
tens of degrees. The effect of differences in the degree of order on the emission have been investigated
for the cases of a purely turbulent magnetic field, a
purely ordered magnetic field, and a mix of the two.
Comparison with the data shows that the observed
characteristics are best explained by a model in which
the magnetic field within the density enhancement is
predominantly random before it passes through the
shock.
While detailed light curves were not computed for
the standing shock case, we expect that the general
characteristics of these light curves will be similar to
those for the propagating shock discussed here. The
structure of such a feature is unlikely to be simple;
at best it will be biconical, and possibly have a Mach
stem, and an oblique shock will capture some, but not
all, of the attributes of a disturbance passing through
the conical structure. Observing and modeling repeated events from the same source will be an important next step in pinning down the correct hydrodynamic description of the jets studied and in identifying
the origin of the γ-ray emission in specific events.
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In the cosmological paradigm, cold Dark Matter (DM) dominates the mass content of the Universe
and is present at every scale. Candidates for DM include many extensions of the standard model,
with a weakly interacting massive particle (WIMP) in the mass range from 50 GeV to greater than
10 TeV. The self-annihilation of WIMPs in astrophysical regions of high DM density can produce
secondary particles, including very high energy (VHE) γ-rays, with energies up to the dark matter
particle mass. The VERITAS array of Cherenkov telescopes, designed for the detection of VHE
γ-rays in the 100 GeV-10 TeV energy range, is an appropriate instrument for the detection of DM
and is complementary to Fermi-LAT. Dwarf spheroidal galaxies (dSphs) of the Local Group are
potentially the best targets to search for the annihilation signature of DM due to their proximity
and large DM content. We report on the latest VERITAS observations of dSphs and discuss the
results in the framework of WIMP models.
I.

INTRODUCTION

The compelling evidence for the presence of DM in the
different structures of the Universe [1] has motivated
numerous efforts to search for DM by means of astrophysical observations. If DM is made of WIMPs
annihilating into standard model particles, indirect
searches for DM annihilations with VHE γ-rays provide a very promising way to constrain the nature of
the DM particle: γ-rays are free of any propagation
effects on short distances (≤ 1 Mpc) and DM particle annihilation is predicted to give a unique γ-ray
spectrum. Such searches are often conducted using
pointed observations toward nearby DM overdensities, because the annihilation rate is proportional to
the squared DM density. Popular targets include the
Galactic Center [2–5], satellite galaxies of the MilkyWay (MW) [6–12], globular clusters [13, 14] and clusters of galaxies [15].
The dSphs of the Local Group best meet the criteria for a clear and unambiguous detection of DM.
They are gravitationally bound objects and contain
up to O(103 ) more mass in DM than in visible matter. As opposed to the Galactic Center, they are environments with a favorably low astrophysical γ-ray
background. Neither astrophysical γ-ray sources (supernova remnants, pulsar wind nebulae, etc) nor gas
acting as target material for cosmic rays have been
observed in these systems [16]. Furthermore, their relative proximity and high galactic latitude make them
the best astrophysical targets for high signal-to-noise
detection.
This paper gives a status of the dSph observational
program carried out by the ground-based VHE γ-ray
observatory VERITAS. Section II presents the instrument and summarizes the VERITAS dSph observations and data analysis. Section III interprets the re-

sults in terms of constraints on DM models, focusing
on models which include a Sommerfeld enhancement.
Finally, section IV is devoted to the conclusion.

II.

VERITAS OBSERVATION AND
ANALYSIS

VERITAS is an array of four 12-meter imaging atmospheric Cherenkov telescopes (IACTs) located at the
base camp of the F. L. Whipple Observatory in southern Arizona. Each VERITAS telescope consists of a
large optical reflector which focuses the Cherenkov
light emitted by particle air showers onto a camera
of 499 photomultiplier tubes. The large effective area
(∼ 105 m2 ), in conjunction with the stereoscopic imaging of air showers, enables VERITAS to be sensitive
over a wide range of energies (from 100 GeV to 30
TeV) with an energy and angular resolution of 1520% and 0.1◦ per reconstructed γ-ray, respectively.
VERITAS is able to detect a point source with 1%
of the Crab Nebula flux at a statistical significance
of 5 standard deviations above background (5 σ) in
approximately 25 hours of observations. For further
details about VERITAS, see, e.g., [17].
Since 2007, the VERITAS observatory has started an
active observational program on a dSph sample representing the most promising targets visible in the
northern hemisphere. Table I presents the current
observations carried out by VERITAS on five wellstudied and closeby dSphs, namely the Draco, Ursa
Minor, Bootes 1, Willman 1 and Segue 1 galaxies.
The so-called wobble pointing mode, where the pointing position is shifted by ± 0.5 deg from the target
position, has been used during these observations.
The wobble pointing strategy allows for simultaneous background estimation and source observation,
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dSph target

Draco

Ursa Minor Bootes 1 Willman 1

Segue 1

Exposure [hours]
18.4
18.9
14.3
13.7
51.5
Zenith angle [deg]
26-51
35-46
17-29
19-28
16-39
Excess [counts]
-28.4
-30.4
28.5
-1.45
30.4
Significance [σ]
-1.5
-1.8
1.3
-0.1
0.9
95% CL upper limit [counts]
18.8
15.6
72.0
36.7
135.9
Φ95% CL (E ≥ 300 GeV) [cm−2 s−1 ] 0.5 × 10−12 0.4 × 10−12 2.2 × 10−12 1.2 × 10−12 0.8 × 10−12
TABLE I: The VERITAS dSph observations and corresponding analysis results. The significance is calculated according
to the method of Li & Ma [19]. The 95% CL ULs on the number of γ-rays in the ON-source region is derived using the
Rolke prescription [20]. The ULs on the integrated flux have been computed assuming a power law of index -2.6.

thus reducing the systematic uncertainties in the background determination. Data reduction follows the
methods described in [18]. After calibration of the
data, the γ-rays are selected by calculating the Hillas
parameters of the recorded camera images. The selection cuts were optimized for the detection of a 5%
Crab Nebula-like source. After the γ-ray selection,
the residual hadronic background in a circular region
of 0.12 deg radius centered on the target position
(called the ON-source region) is estimated using the
reflected background model. The analysis of the data
did not reveal any significant excess over the estimated
background in any of these observations. Table I displays the measured γ-ray excesses for each of the dSph
dataset, along with the corresponding significances,
the resulting upper limits (ULs) on the number of γrays in the ON source region and on the integrated
flux above 300 GeV. The 95% confidence level (CL)
integral flux ULs lie in the range 0.4-1.2% of the Crab
Nebula flux.
III.

CONSTRAINTS ON DARK MATTER
MODELS

sight (s) and over the solid angle ∆Ω:
Z
Z
J̄(∆Ω) =
dΩ
ρ2χ (r[s])ds.
∆Ω

(2)

los

The solid angle is given here by the size of the signal
search region defined previously in the analysis, i.e.
θ ≤ 0.12 deg. The estimate of the astrophysical factor requires a modeling of the dSph DM distribution.
Each dSph DM distribution has been modeled with a
Navarro, Frenk & White (NFW) profile [21], except
Segue 1 for which the DM distribution has been modeled with an Einasto profile [22]. The parameters of a
dSph profile are constrained using its star kinematics
and have each been taken from the literature [7, 23].
The resulting astrophysical factors of Draco, Ursa Minor, Bootes 1, Willman 1 and Segue 1 are presented
in Table II, along with their distance and profile modeling.
Once the astrophysical factors have been estimated,
the ULs in the number of γ-ray candidates for each
dSph can be translated into ULs on the total annihilation cross-section:
N95%CL
m2DM
8π
γ
×
,
R mDM
dN
J̄(∆Ω) Tobs
Aeff (E) dEγ dE
0
(3)
where Tobs is the total observation time and Aeff (E) is
the effective area as a function of energy, zenith angle
and the offset of the source from the pointing position.
Figure 1 shows the VERITAS 95% CL ULs on the
velocity-weitghted annihilation cross-section hσvi as
a function of the DM particle mass for each of the
five observed dSph listed in Table I. The Draco, Ursa
Minor, Bootes 1 and Willman 1 limits have been obtained using a composite DM spectrum with a 90 %
bb̄ branching ratio and a 10% τ + τ − branching ratio
[7]. The Segue 1 limits have been obtained assuming a
pure W+ W− DM annihilation spectrum, which is similar to the composite bb̄ - τ + τ − spectrum. The limits
are in the range 10−21 − 10−23 cm3 s−1 , depending on
the considered dSph. The best limits are obtained
for the Segue 1 dSph, which has the deepest exposure
hσvi95% CL =

A.

Classical constraints

The absence of signal in any of these observations can
be used to derive constraints on various dark matter
models. The γ-ray flux from the annihilations of DM
particles, of mass mDM , in a spherical DM halo is
given by a particle physics term times an astrophysics
term:
dΦγ
hσvi dNγ
(∆Ω, E) =
× J̄(∆Ω).
dE
8 π m2DM dE

(1)

The particle physics term contains all the information about the DM particle: its mass mDM , its total velocity-weighted annihilation cross-section hσvi
and the differential γ-ray spectrum from all final
states weighted by their corresponding branching ratios, dNγ /dE. The astrophysical factor J̄(∆Ω) is the
square of the DM density integrated along the line of
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dSph target

Draco

Ursa Minor Bootes 1 Willman 1 Segue 1

Profile modeling
NFW
Distance [kpc]
80
J̄(θ ≤ 0.12◦ ) [GeV2 cm−5 sr] 1.5 × 1018

NFW
66
2.7 × 1018

NFW
62
1.1 × 1018

NFW
Einasto
38
23
8.4 × 1018 7.7 × 1018

TABLE II: Profile modeling, distance and astrophysical factors of the five dSphs observed with VERITAS.

boost factors up to 106 . In such scenarios, the annihilation cross-section is given by:

<σv> [cm3 s-1]

10-21

10-22

hσvi = S̄ × (σv)0 ,

10-23
Draco
Ursa Minor
Bootes 1
Willman 1
Segue 1

10-24
10-25
10-26
10-27

103

104
mχ [GeV]

FIG. 1: 95% CL ULs on hσvi as a function of the DM
particle mass for the five dSphs observed with VERITAS .
The limits are computed using a composite DM annihilation spectrum (10% τ + τ − + 90% bb̄), except for the case
of Segue 1 in which a pure W+ W− channel was considered.
The grey band area represents a range of generic values for
the annihilation cross-section for thermally produced DM.

and one of the highest astrophysical factor among the
five dSphs (see table II). The 95% CL upper limit on
hσvi is at the level of 8 × 10−24 cm3 s−1 around 1 TeV
and is among the best reported so far with dSph VHE
observations.

B.

Constraints on models with a Sommerfeld
enhancement

In this section, we consider DM models where the annihilation cross-section can be boosted with the Sommerfeld enhancement effect. We use the Segue 1 data
to constrain such models. The Sommerfeld enhancement is a particle physics effect that was suggested to
explain the cosmic ray lepton anomalies measured by
ATIC and PAMELA [25, 26]. It arises when the two
DM particles interact through an attractive potential,
mediated by the exchange of a massive boson [27].
The annihilation cross-section enhancement is particularly effective when the DM particle relative velocity
is very small. Depending on the mass mφ and the
coupling α of the exchanged boson, the Sommerfeld
enhancement can exhibit a series of resonances for specific values of the DM particle mass, giving very large

(4)

where S̄ is the Sommerfeld boost factor averaged over
the DM particle velocity distribution and depends on
the DM particle mass. (σv)0 is the thermal WIMP
annihilation cross-section before freeze-out. The Sommerfeld enhancement is of particular interest for cold
DM halos like dSphs, where the mean star velocity
dispersion can reach a few km s−1 .
We focus here on two models comprising a Sommerfeld enhancement to the annihilation cross-section.
The first model (hereafter model I, [27]) assumes that
the dark matter particle is a wino-like neutralino χ0
(arising in SUSY extensions of the standard model),
which annihilates through the exchange of a Z0 boson
(mZ0 ∼ 90 GeV, α ∼ 1/30), thus leading to a Sommerfeld enhancement. The second model (hereafter
model II) introduces a new force in the dark sector
[28], carried by a light scalar field φ predominantly
decaying into leptons and with a mass O(1 GeV). In
such models, dark matter annihilates to a pair of
φ scalar particles, with an annihilation cross-section
boosted by the Sommerfeld enhancement. The coupling α of the light scalar particle φ to the dark matter particle is determined assuming that χχ → φφ
is the only channel that regulates the dark matter
density before freeze-out [29]. Figure 2 shows the
VERITAS constraints on each of these models, derived with the observations of Segue 1. The left
panel of Figure 2 shows the constraints on model
I. The Sommerfeld enhancement exhibits two resonances in the considered dark matter particle mass
range, for mχ ≃ 4.5 TeV and mχ ≃ 17 TeV, respectively. VERITAS excludes these resonances, which
boost the annihilation cross-section far beyond the
canonical hσvi ∼ 3 × 10−26 cm3 s−1 . The right panel
of Figure 2 shows the VERITAS constraints on model
II, for a scalar particle with mass mφ = 250 MeV. Two
channels in which the scalar particle decays either to
e+ e− or µ+ µ− have been considered. VERITAS observations start to disfavor such models, especially
for the e+ e− e+ e− channel where some of the resonances are beyond hσvi ∼ 3 × 10−26 cm3 s−1 . This result holds for φ particle masses up to a few GeV.
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χχ → φφ → e+e-e+e-

10-18

χχ → φφ → µ+µ-µ+µχχ → φφ → e+e-e+e-, Sommerfeld
χχ → φφ → µ+µ-µ+µ-, Sommerfeld

10-20

10-22
10-25
10-24
10-27
10-26
10-29

10-28
3

10

mφ = 250 MeV
3

4

10

10

mχ [GeV]

104

mχ [GeV]

FIG. 2: 95% CL exclusion curves from the VERITAS observations of Segue 1 on hσvi/S̄ as a function of the dark matter
particle mass, in the framework of two models with a Sommerfeld enhancement. The expected Sommerfeld enhancement
S̄ applied to the particular case of Segue 1 has been computed assuming a Maxwellian dark matter relative velocity
distribution [24]. The grey band area represents a range of generic values for the annihilation cross-section in the case of
thermally produced dark matter. Left: model I with wino-like neutralino dark matter annihilating to a pair of W+ W−
bosons. Right: model II with a 250 MeV scalar particle decaying into either e+ e− or µ+ µ− .

IV.

SUMMARY AND CONCLUSION

Since its commissioning phase, the VERITAS observatory has been actively observing the best dSph
targets visible from the northern hemisphere, with
data currently taken toward the Draco, Ursa Minor, Bootes 1, Willman 1 and Segue 1 galaxies.
The non-detection of a VHE γ-ray signal in any of
these observations has lead to limits on the velocityweighted annihilation cross-section hσvi of the order
of 10−21 − 10−23 cm3 s−1 . The Segue 1 data have provided the best limits on hσvi reported so far with
any dSph observations, though these limits are at
least two orders of magnitude away from the canonical hσvi ∼ 3 × 10−26 cm3 s−1 . The Segue 1 data have
also been used to constrain models with a Sommerfeld
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Recent obserbations by Fermi Gamma-Ray Space Telescope of γ-ray pulsars have revealed further details of
the structure of the emission region. We investigate the emission region for the multi-wavelength light curve
using outer gap model. We assume that γ-ray and non-thermal X-ray photons are emitted from a particle
acceleration region in the outer magnetosphere, and UV/optical photons originate above that region. We also
assume that γ-rays are radiated only by outwardly moving particles, whereas the other photons are produced
by particles moving inward and outward. We parametrize the altitude of the emission region. We find that the
outer gap model can explain the multi-wavelength pulse behavior. From observational fitting, we also find a
general tendency for the altitude of the γ-ray emission region to depend on the inclination angle. In particular,
the emission region for low inclination angle is required to be located in very low altitude, which corresponds to
the inner region within the last-open field line of rotating dipole in vacuum. This model suggests a modification
of statistics about observed γ-ray pulsars.

1. Introduction
Pulsars emit over a wide range of energies from
radio to γ-ray. Recent observations by the Fermi
Gamma-Ray Space Telescope of more than eighty pulsars [2] have revealed further details of the structure
of the emission region. The light curve in the γ-ray
band is an important tool for probing the particle acceleration and dissipation processes in the pulsar magnetosphere. The γ-ray emission region has therefore
been explored by comparing theoretical models with
the observed light curve(e.g., [11, 13, 14]). The pulsed
emission is also detected in other energy bands (X-ray,
ultraviolet, optical and radio) for some sources. The
spectral features are non-thermal except for the soft
X-ray range, and the light curves from a single object are, in general, different from one energy band to
another. A complete understanding of light curve behavior in multi-wavelength bands can provide valuable
information about the particle acceleration region.
Possible origins of non-thermal pulsed emissions
have been considered in the polar cap [8], slot gap [10],
and outer gap [5] models. Recent Fermi observations
[1] rules out the near-surface emission proposed in polar cap cascade models, which would exhibit a much
sharp spectral cutoff due to magnetic pair-production
attenuation. Thus, pulsed γ-ray emission originates in
the outer magnetosphere, as considered in the outer
gap model.
Here, we investigate the emission regions of several
pulsars by fitting the simplified model of Takata et al.
(2008, hereafter TCS08) [12] to the observed multiwavelength light curves. In this model, we have to
specify the locations of the upper and lower boundaries of the gap region where the non-corotation potential is zero. Therefore, we explicitly introduce the
altitude of the gap region as a parameter, in order
to fit the observational data easily. The light curves
also depend on the dipole inclination and viewing angles. In our method, such parameters are eliminated
by other observational data, and only the altitude is

changed for the fitting. In the most studies, the lower
boundary of the emission region is chosen as the surface of the last-open field lines of the rotating dipole
(e.g., [14]). In this study, however, the altitude is
allowed to be in a wide range in order to explore the
possible deviation of magnetic field-line structure from
that of a rotating dipole in vacuum.

2. Model
The numerical method for fitting the light curve is
well described by Romani & Watters (2010) [11] and
Bai & Spitkovsky (2010a) [3]. We follow this method
except one modification that we explicitly introduce
the altitude of the emission region as an additional
parameter. We assume that magnetic field structure
is approximately described by a rotating dipole and
that radiation direction aligns with magnetic field in
a frame rotating with angular velocity in which the
electric field vanishes.
A certain mechanism is needed to fix the lower
boundary of the particle acceleration region. In most
works, including TCS08, the lower boundary is chosen
as the surface of the last-open field lines of a rotating
dipole in a vacuum. In the outer gap model, if particle
acceleration occurs in an open zone, the curvature radiation from the accelerated particles forms a narrow
cone along the magnetic field lines in a frame rotating
with angular velocity. These γ-ray photons are converted by colliding X-ray photons to e± pairs, which
tend to screen the accelerating electric field. However, there is no supply of pairs on the last-open field
lines and hence no screening of the electric field, since
the γ-ray photons are emitted only toward higher altitudes above the last-open field lines [5]. The ‘real’
last-open field lines may be different from ones in a
vacuum. We therefore take into account this possible deviation of the boundary. We assume that dipole
magnetic field is an approximation within the light
cylinder and use rotating diople field as the global
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magnetic field structure. Even if the overall structure
is not different so much, critical value between open
and closed field lines is very sensitive to the boundary
value at the surface. Thus we introduce a parameter,
altitude of the emission region as a correction factor in
order to take into account the deviation of boundary
from the vacuum field. In our model this parameter
specifies the range of the emission region which is located above or below the last-open field lines within
the light cylinder radius. Each different field line originating from the magnetic polar region is parameterized by magnetic colatitudes θm and azimuthal angles
φm . Following Cheng et al. (2000) [6], we define open
volume coordinates on the polar cap, (rov , φm ), where
pc,0
pc,0
rov ≡ θm /θm
(φm ). The function θm
is the magnetic colatitude of the conventional polar cap angle
and generally depends on the magnetic azimuth φm .
The parameter rov corresponds to the altitude of the
emission region: The last-open field lines of a rotating dipole in a vacuum correspond to rov = 1, whereas
those for higher altitudes have rov < 1. The maximum
value is chosen as rov = 1.361/2 , which corresponds to
pc
pc,0
the polar cap angle θm
∼ 1.361/2 θm
, obtained in the
force-free limit by Contopoulos et al. (1999) [7].
We assume that the radiation of different energy
bands is emitted from different field lines characterized by altitude. The field line relevant to the γ-ray
and X-ray is approximated as being the same one. The
direction of the emission is tangential to the lines, and
inward and outward directions are possible. Both location and direction affect the light curve profile of
the energy bands. Following the model by TCS08,
the γ-ray radiation above 100 MeV is emitted by particles moving in an outward direction, whereas radiation at lower energy bands is emitted by those moving in both outward and inward directions. We use
two conditions to constrain the emission region. First
condition is the radial extension of the emission region. The outward emission is restricted to radial distances rn < RLC , and the inward one is restricted to
rs < r < min(3rn , RLC ). The outer boundary 3rn for
inward emission comes from the results of dynamic
model (TCS08), in which very few ingoing pairs are
produced beyond the radial distance r > 3rn . Second
condition is the azimuthal extension of the emission
region. We use the magnetic azimuthal angle of the
footprint of field line (i.e., the point where magnetic
field line penetrates the neutron star surface) to characterize the field line for given rov . Radial distance
to the null charge surface on the field lines significantly depends on the magnetic azimuthal angle. In
the outer gap model, most of the pairs are created
around the null surface (TCS08). We expect that the
gap activity is related to the distance to the null surface. Although the current density should be determined by global conditions, there is no study of the
three-dimensional magnetosphere of an inclined rotator. Here, we assume that the field lines of both out-

ward and inward emission are active only if the radial
distance to null surface rn is shorter than RLC . Spatial distribution of the emissivity is approximated by
the step function-type, but the peak positions weakly
depend on the detailed emissivity distribution.
We assume that the overall structure of the light
curve comes not from the emissivity distribution, but
from a bunch of many field lines in the observation,
that is, caustics. Here, we focus on the peak phases of
the light curve, so we adopt a simple, uniform emissivity along all magnetic field lines, which is independent
of both the magnetic azimuthal angle φm and the altitude rov .
In the observed light curve, the reference phase
φ = 0 is assumed to be located at the radio emission
peak maximum. However in the model light curve,
the conventional reference phase φ = 0 occurs when
the magnetic axis, spin axis and Earth line of sight
lie all in the same plane. These two reference phases
do not agree with each other since it is generally assumed that radio emissions arise at non-zero altitude
in most empirical studies. Following Romani & Watters (2010) [11], we allow a shift by −0.1 ≤ δφ ≤ 0.1
in the model reference rotation phase. This degree of
freedom does not significantly affect the determination of the altitude parameter rov . For more details
on this model see Kisaka & Kojima (2011) [9].

3. Results
Here, we compare our model with pulse profiles observed at multiple wavelengths for seven pulsars. The
sources are chosen using two criteria. One is that nonthermal pulses are detected in addition to the γ-ray
and radio bands. Our concern is to explore whether
or not the emission region for different energy bands is
explained by the TCS08 model. The second criterion
is that the geometrical parameters, inclination angle
α and viewing angle ξ are observationally constrained
by the relativistic Doppler-boosted X-ray pulsar wind
nebula or radio polarization data. The torus fitting
method constrains the viewing angle ξ only. A small
allowed range of |α − ξ| ≤ 10◦ is assumed for samples
in which only ξ is constrained due to the fact that radio emission from the pulsar polar region is detected.
The geometrical parameters for our selected pulsars
are listed in Table 1. We use these values, although
there are some uncertainties in them. The results are
summarized in Fig. 1, which shows the intensity map
for outward (upper panel) and inward (lower panel)
emission as a function of the altitude of the emission
region rov and rotational phase. This shows that the
peak phases of seven pulsars emitting γ-ray and X-ray
can be successfully fitted using the TCS08 outer gap
model, in which both γ-rays and X-rays originate from
the same magnetic field line characterized by an altitude rov . The parameter rov > 1 is needed in the light
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Table I NOTES.-Col.(1):Pulsar name.Col.(2):The
inclination angle. Col.(3):The viewing angle.

Figure 1: The intensity maps for seven pulsars. Upper
left to right: PSRs J0835-4510 (A), J0659+1414 (B) and
J0205+6449 (C). Lower left to right: PSRs J2229+6114
(D), J1420-6048 (E), J2021+3651 (F) and J1057-5226
(G). In each sample, upper panel is outward emission
and lower is inward emission. The blue horizontal arrows
show best fit values of rov for γ-ray and X-ray emission
regions. The red vertical arrows show the phase of peaks.
The red horizontal arrows in (E) and (G) show the phase
range of broad peaks. See Kisaka & Kojima (2011) [9].

curve fitting for some sources. Moreover, the inclusion
of inward emission for X-rays causes a variety of pulse
profiles in both bands. The parameter rov could not
be determined solely using γ-ray data for a single γray peak pulsar. However, by considering the X-ray
light curve, the parameter is uniquely determined for
PSRs J0659+1414, J2229+6114 and J1420-6048. For
details of each pulsars, see Kisaka & Kojima (2011)
[9].
It is worthwhile to explore the general dependence
of the altitude rov on other characteristics if any, although there may not be enough data for a proper
statistical analysis. In Fig. 2, rov is plotted as a function of inclination angle α, spin-down luminosity Lsd ,
characteristic age τc and surface dipole magnetic field
Bs . We found that there is a significant correlation
between rov and the inclination angle α only; the rela-
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TABLE 1 Geometrtical parameters
Name
α
ξ
(degrees) (degrees)
(1)
(2)
(3)
J0835-4510
72
64
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55
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Figure 2: The relation between rov and inclination angle
(upper), spin-down luminosity (lower left), characteristic
age (lower middle) and surface magnetic field (lower
right). The altitudes corresponding to the separatrix
layer model are shown as purple downward and blue
upward triangles in the upper panel. The two lines are
linear fitting lines for the separatrix layer model. The
light green curve in the lower left panel shows the
relation (1 − rov ) = (1033 erg s−1 /Lsd )1/2 . See Kisaka &
Kojima (2011) [9].

tions of rov with the other parameters are very weak.
This correlation suggests that the deviation from a
vacuum rotating dipole field is large for small inclination angle. It is very interesting to compare this
result with that in a force-free magnetosphere. Bai &
Spitkovsky (2010b) [4] proposed that the separatrix
layer at an altitude of 0.90-0.95 times the height of
the last-open field line is relevant to emissions in a
three-dimensional inclined force-free magnetosphere.
This altitude, which is not exactly symmetric with respect to the magnetic azimuthal angle φm , but can
be approximated by the value at φm = 0, is plotted in
Fig. 2 as purple downward and blue upward triangles.
Two linear fitting lines are also shown. The altitude
rov decreases with the inclination angle α in both our
model and the separatrix layer model of a force-free
magnetosphere.
The thickness of the gap region, w, is not known,
but it is sometimes assumed to decrease with the spindown luminosity Lsd [11, 14]. We have w = 1 − rov , if
the lower boundary of the gap is fixed as the last-open
field line in the vacuum dipole field. This assumption
is tested in the lower left panel of Fig. 2, in which the
relation (1 − rov ) ≈ (Lsd /1033 erg s−1 )−1/2 is plotted
as a light green curve. (The curve is not fitted to
the data points.) This suggests that the assumption
of maximum altitude, rov = 1.0, is not a good one.
This discovery affects expected number of the γ-ray
pulsars in the observation. From geometrical reason,
the pulsed emission by caustics is limited to a certain
range between inclination and viewing angles.
Romani & Watters (2010) [11] showed the range of
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Figure 3: The observable range for γ-ray pulsars in the
α-ξ plane for the outer gap model. Black solid curve
shows the boundary of observable pulsars using linear
fitting line for the separatrix layer model. Red dashed,
blue dash-dotted and purple dotted curves show the
boundary with rov =0.95, 0.90 and 0.70, respectively.
Light-green curcles show the pulsars in Table 1. See
Kisaka & Kojima (2011) [9].

observable pulsars with rov =0.95, 0.90 and 0.70 for
outer gap model in their Fig. 16. We recalculate it
and show the result in Fig. 3. The observable range
of viewing angle ξ is below the curves. Our finding
in Fig. 2 is that rov is a function of the inclination
angle, which is similar to that of the separatrix layer
model. We also show the observable range by the empirical relation obtained in Fig. 2 as black solid line,
for which the altitude is chosen as 0.925 times the
height of the last-open field line in force-free magnetosphere. The figure shows that sources with low inclination and viewing angles become observable. For
example, pulsar with the inclination angle α = 30◦
can be detected for ξ > 60◦ for rov =0.95, but for
ξ > 30◦ . Thus expected number increases approximately twice for sources with the low inclination and
viewing angles.

4. SUMMARY
We have calculated the light curves of emissions using the TCS08 outer gap model and compared them
with observed multi-wavelength light curves. We find
that the model can successfully explain the peak positions of multi-wavelength light curves. In order to
determine the altitude of the emission region, the observed X-ray light curve is important, especially when
there is a single peak in the γ-ray light curve.
The best-fit values of the altitude of the emission
region for PSRs J0659+1414 and J1420-6048, suggest
a deviation from the last-open field lines of a vacuum

dipole field. The real last-open field lines lie inside
those of vacuum dipole field, rov < 1.0. This shift
suggests that the lower boundary is very similar to
that of a force-free magnetosphere. We find that the
altitude of the emission region is correlated with inclination angle. This relationship is also very similar to
that in a force-free magnetosphere. The lower boundary of emission region has been assumed to rov = 1 so
far, but our model fits do not support it. This modification of the boundary of the magnetosphere suggests that the pulsars with low inclination and viewing angles are likely to be detectable. Thus the expected number in the future observation in the previous works is underestimated for the sources with low
inclination and viewing angles.
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Despite the interest in Dark Matter (DM) searches is currently more focused on underground
experiments, a signature of DM annihilation/decay in gamma-rays from the space would constitute
a smoking gun for its identification. Here, we present the results of the survey of Segue 1 by the
MAGIC-I telescope performed in 2008 and 2009. This source is considered by many as the most DM
dominated Milky Way satellite galaxy known so far. The nearly 43 hours of data taken constitute
the deepest observation ever made on a single dwarf galaxy by Cherenkov telescopes. No significant
gamma-ray emission was found above an energy threshold of 100 GeV. Integral upper limits on
the gamma-ray flux were calculated assuming various power-law spectra for the possible emission
spectrum and for different energy thresholds. We also discuss a novel analysis that fully takes into
account the spectral features of the gamma-ray spectrum of specific DM models in a SuperSymmetric
scenario.
I.

INTRODUCTION

In the ΛCDM cosmological scenario about 80% of
the matter of the Universe is believed to be composed
of non-baryonic matter, called Dark Matter (DM).
The most popular DM candidates are the WIMPs
(weakly interacting massive particles) supposed to
be cold, electrically neutral, stable, and massive [1].
Among the huge plethora of WIMP candidates, the
best motivated ones are related to the SuperSymmetrical (SUSY) and Extra Dimensional extensions of the
Standard Model of particle physics [2].
In the Minimal SuperSymmetric extension of the
Standard Model (MSSM), the neutralino χ represents
an excellent cold DM candidate with a relic density
compatible with the WMAP bounds. Since the neutralino is a Majorana particle, pairs of χ can annihilate
into Standard Model particles, e.g., quarks, leptons,
and W bosons. The subsequent hadronization of those
particles results in a continuum emission of gammarays characterized by a cut-off at the neutralino mass
and by possible spectral features like bumps or a hardening of the spectral slope.
The expected gamma-ray flux from DM-annihilating

astrophysical objects, as function of the energy threshold E0 and the integration region ∆Ω, within which
the signal is integrated, can be factorized in two terms:
Φ(> E0 , ∆Ω) = ΦP P (> E0 )J(∆Ω).

(1)

The so-called particle physics factor ΦP P depends on
the features of the DM particle, and can be written
as:
Z
n
1 < σann v > mχ X i dNγi
PP
Φ (> E0 ) =
dE,
B
4π
2m2χ
dE
E0 i=1
(2)
where < σann v > is the velocity averaged annihilation
cross-section, and B i is the particular branching ratio
for the i-th annihilation channel.
The term J(∆Ω) (the so-called astrophysical factor) is
given by the line–of–sight integral over the DM density
squared within a solid angle ∆Ω, and depends on the
density profile of the DM halo of the source:
Z Z
J(∆Ω) =
ρ2 (r(s, Ω))dsdΩ.
(3)
∆Ω

los

Since the gamma-ray flux of DM annihilation is pro129
portional to the square of the DM density, only sources
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FIG. 1: α-plot from 29.4 hours of Segue 1 observation
above 100 GeV. Red points represent the signal (ON distribution), black points the background (OFF distribution),
and green points their difference. The vertical dashed line
at α = 14◦ is the fiducial region below which the excess
event number is estimated. Image taken from [10].

UL

with high expected DM densities are good targets
for DM indirect searches. Among these, the dwarf
spheroidal satellite galaxies (dSphs) of the Milky Way
(MW) are interesting objects thanks to their relative
proximity to the Earth, to their high mass–to–light ratio (with values within tens and thousands of M⊙ /L⊙ )
and to the expected absence of conventional gammaray sources within the system [3, 4]. So far, around
two dozen dSphs have been identified. Segue 1, discovered in 2006 by the SDSS [5], is located at 28 kpc from
the Galactic Center, at (RA,DEC)=(10.12h , 16.08◦ ).
Kinematics studies applied to 66 member stars allowed to estimate its mass–to–light ratio to be in the
range 1320-3400 M⊙ /L⊙ [6], highlighting Segue 1 as
the most DM dominated dSph known so far.
The MAGIC-I telescope is a 17 m dish Imaging Atmospheric Cherenkov Telescope (IACT), located at the
Roque de los Muchachos Observatory, in the Canary
Island of La Palma (2200 m a.s.l.). Thanks to its
low energy threshold (∼60 GeV at Zenith), high flux
sensitivity (1.8% of the Crab Nebula flux in 50 hour
of observations above ∼250 GeV), and good angular
and energy resolution (0.1◦ and 30% respectively, at
100 GeV) [7], MAGIC-I is a suited instrument for the
indirect search for DM candidates with energy of the
neutralino mass or the Kaluza-Klein state.

counts
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MAGIC-I OBSERVATION AND ANALYSIS
RESULTS
10-12

A search for a possible DM gamma-ray signal coming from Segue 1 was performed by the MAGIC-I telescope between November 2008 and March 2009, for a
total of 29.4 hours of observation time (after data selection). The data analysis was performed using the
standard MAGIC-I analysis and reconstruction software [8]. The number of gamma-ray candidates events
from the direction of the source was estimated using
the distribution of |α| angles, which are related to
the orientation of the showers. The overall analysis
cuts were optimized and cross-checked for point-like
sources with the aid of contemporaneous Crab Nebula data. In Figure 1, the |α|-plot above 100 GeV is
shown. The number of excess events was computed
in a fixed fiducial signal region with |α| < 14◦ and
resulted to be Nexc (> 100 GeV) = −279 ± 329, corresponding to a significance of −0.85σ, computed using
eq.(17) of Li&Ma [9]. Since results were consistent
with no signal over the background, we derived Upper
Limits (ULs) on the flux, calculated using the Rolke
method [11] at 95% confidence level, and assuming
a 30% systematic uncertainty. Figure 2 shows the
integral ULs achieved by the MAGIC-I observation
of Segue 1 considering different energy thresholds E0
and different power-law spectra with spectral index
Γ = −1, −1.5, −1.8, −2, −2.2, −2.4. It is worth noting
that, using the Rolke method, the ULs on the num-

10-13

102

3

10

E_0 [GeV]

FIG. 2: Integral flux ULs from Segue 1. The arrows indicate the integral flux upper limits for different power-law
spectra and energy thresholds. The dashed lines indicate
the corresponding integral ULs if zero significance σLi,M a
is assumed. Image taken from [10].

ber of the excess events, and consequently the integral
flux ULs, are affected by statistical fluctuations quantified by the significance of the observation σLi,Ma .
This is an intrinsic feature of the statistical method
exploited in the analysis and it should be taken into
account when comparing ULs from different analyses.
To show this effect, in Figure 2 we plot also the ULs
(dashed lines) computed assuming a value for σLi,Ma
equal to zero (with number of ON events equal to
the number of OFF events in the signal region of |α|plot) for different values of spectral index and energy
130
threshold.

III.

CONSTRAINTS ON DARK MATTER
MODELS

Assuming a particular form for Segue 1 DM halo,
and a given particle model for the DM candidates,
we can translate the integral ULs derived from the
Segue 1 observation into constraints on the DM annihilation rate.
Motivated by results from cosmological simulation, the DM halo around Segue 1 was modeled by using the Einasto radial profile [12]
with σs =1.1×108 M⊙ kpc−3 , rs =0.15 kpc, and
n=3.3. With those parameters, the total astrophysical factor of Segue 1 results to be J(∆Ω) =
1.78×1019 GeV2 cm−5 sr. Since the analysis was performed assuming point-like source cuts (corresponding
to an angular integration of 0.14◦ above 100 GeV),
we estimated the effective astrophysical factor within
the analysis cuts to be used in the following analye
sis, being its value J(∆Ω)
= 1.14×1019 GeV2 cm−5 sr
(corresponding to the 64% of the total astrophysical
factor).
Concerning the particle physics, we restricted ourselves to the case of a SUSY model in which the presence of a discrete symmetry (R–parity) guarantees
that the Lightest SuperSymmetric Particle (LSP) is
stable over cosmological timescales and, therefore, a
good DM candidate. We considered a 5-dimensional
subspace of the MSSM called mSUGRA [13], for which
the basic parameters are the universal masses of the
gauginos (m1/2 ) and scalars (m0 ), the trilinear coupling (A0 ), the ratio of the vacuum expectation values of the two Higgs fields (tanβ) and the sign of the
Higgsino mass term (sign(µ)). In order to study the
phenomenology of mSUGRA we performed a grid scan
over the parameter space, for a total of 5×106 points
(for the details see [10]).
The full circles of Figure 3 represent all the models
of the scan i) where the lightest SUSY particle is a
neutralino, ii) that survive the Standard Model constraints and iii) with a relic density compatible with
the value derived by WMAP data within three times
its experimental error σW MAP [14]. For each DM
model of the scan, we computed the integral flux UL
(above an energy threshold E0 ), using the Segue 1
data and the specific gamma-ray spectrum derived
from the individual DM model. Since the spectra for
each DM model have different shapes and cut-offs, the
value of the optimal energy threshold E0 was computed individually for each DM mass. We then converted the flux ULs into ULs on the velocity averaged
cross-section to have a direct comparison of experimental data with the theoretical predictions. The
results are plotted in Figure 3 as function of the neutralino mass: each DM model of the scan (full circle)
is compared to its own UL (square). For each point
we defined an enhancement factor (ENF) as the ratio
between the UL on the velocity averaged cross-section

<σv> [ cm3 s-1 ]
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FIG. 3: Velocity averaged annihilation cross-section ULs
from Segue 1 MAGIC-I data computed for individual
points in the scan. Grey crosses indicate the velocity averaged annihilation cross-section value for those points in the
scan that pass the SM constraints and with a relic density
lower than WMAP bound. The full circles only consider
models within 3σW M AP from WMAP bounds. For each
of these full circles the UL on the cross-section can be
computed from the Segue 1 data (after energy threshold
optimization) and it is indicated here by a square. Circles and squared are colored in term of the enhancement
factor. Image taken from [10].

and the value predicted by mSUGRA. This quantity
quantifies how far away we are from excluding some
portions of the mSUGRA parameters space. From
Figure 3 it can be seen that ENFs for model compatible with the WMAP bounds are typically above 103 ,
while typical values are of the order of 104−5 .

IV.

IMPACT ON PAMELA PREFERRED
REGION

We tested our ULs on some of the models proposed in the literature that can explain the PAMELA
data [15] for the energy spectrum of the positron fraction e+ /(e+ + e− ) as due to DM annihilation into
leptons. The regions in the (mχ , < σann v >) plane
that provide a good fit to the PAMELA measurements [16, 17] for three different channels of DM
annihilation are shown in Figure 4. The annihilation channels χχ → µ+ µ− , χχ → τ + τ − have been
taken from SuperSymmetry, while for χχ → φ+ φ− →
2e+ e− the existence of a new dark force, mediated by
the carrier φ that decays into leptons [18], has been
assumed. In Figure 4 we plot the ULs obtained from
the Segue 1 data, using again the specific DM annihilation spectra. We can see that, in this case, the
131
ENFs needed to meet the PAMELA-favoured region
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FIG. 4: Exclusion lines for a neutralino DM annihilating
exclusively into µ+ µ− (green lines) or τ + τ − (blue line),
and for a DM candidate interacting with a light intermediate state φ decaying into a pair of electrons (pink line).
The same annihilation channels (with the same color coding) are considered to draw the regions in the plane that
provide a good fit to the PAMELA measurement of the energy spectrum of the positron fraction. Image taken from
[10].

are much smaller than those found for mSUGRA, and
in the case of annihilation into τ + τ − our ULs are probing the relevant regions. However, it is worth mentioning that, since the uncertainty in the Segue 1 astrophysical factor is quite large [12], an improvement in
accuracy of astrophysical factor value could be able
to put more stringent constrains and to confirm the
exclusion of the PAMELA region for DM particle annihilating in τ + τ − .
V.

CONCLUSIONS

A search for a possible DM gamma-ray signal coming from Segue 1 was performed by the MAGIC-I telescope. No hints of signal were found above the background for energies larger than 100 GeV. Integral ULs

[1] D. N. Spergel et al., ApJS 170 (2007) 377.
[2] G. Bertone, D. Hooper, J. Silk, Phys. Rept. 405
(2005) 279-390.
[3] M. Sanchez-Conde et al., AIP Conf. Proc.1166 (2009)
191-196.
[4] G. Gilmore et al., Astrophys.J.663 (2007) 948-959.
[5] V. Belokurov et al. [SDSS Colaboration], Astrophys.J.
654 (2007) 897-906 [astro-ph/0608448].
[6] J.D. Simon et al., (submitted) (2010) astroph.GA/1007.4198.

on the gamma-ray emission were computed assuming different power-law energy spectra. Within the
mSUGRA scenario, a large scan of neutralino models was performed over the parameter space. Subsequently for each simulated DM model, the ULs
on the velocity averaged annihilation cross-section
(mχ , < σann v >) were derived separately for each
point in the scan in order to account for the dependence on the specific spectra. Results indicate that a
general exclusion plot cannot be drawn to constrain
the parameter space, so we provide the results in terms
of enhancement factors. A minimum boost on the flux
is found of the order of 103 (for models compatible
with WMAP) while the typical values are at 104−5 .
MAGIC-I data of Segue 1 can be useful to put constraints on those DM models that are provided in the
literature to explain the PAMELA data. Our ULs are
probing the PAMELA region for the DM models annihilating into τ + τ − but the robustness of this result
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point out details and features that can be important
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We present the results of five years (2005-2009) of MAGIC observations of the BL Lac object
PG 1553+113 at very high energies (VHEs). Adding the new data set (2007-2009) to previous
observations, this source becomes one of the best long-term followed sources at energies above 100
GeV. In the last three years of data, the flux level above 150 GeV shows a marginal variability.
Simultaneous optical data also show only modest variability that seems to be correlated with VHE
gamma-ray variability. We also performed a temporal analysis of all available Fermi/LAT data of
PG 1553+113 above 1 GeV. Finally, we present a combination of the mean spectrum measured at
VHE with archival data available for other wavelengths. The mean Spectral Energy Distribution
(SED) can be modeled with a one-zone SSC model, which gives the main physical parameters
governing the VHE emission in the blazar jet.
I.

INTRODUCTION

PG 1553+113 is a BL Lac object located in the
Northern hemisphere. It was discovered in 1986 by
Green et al. [13]. As for many objects of this class, its
redshift is uncertain. Several attempts to determine
its distance were done in the past, e.g. [19]. Recent
determinations suggest z ∼ 0.4 [11, 15]. At VHE the
blazar was detected in 2005 by the H.E.S.S. telescopes
system [3] and soon after confirmed by MAGIC [6].

II.

MAGIC OBSERVATIONS

MAGIC is a stereo system composed of two new
generation Imaging Atmospheric Cherenkov Telescopes located on La Palma, Canary Islands, Spain
at ∼ 2200 m asl. It observes the VHE γ-ray sky at
energies above 60 GeV. Data presented here were collected before Autumn 2009, when MAGIC was operating with a single telescope. For a detailed description
of the performances, see [5].
Since 2005, PG 1553+113 was monitored by
MAGIC [4, 7, 8]. Here we present the results of the
analysis of 2007/08/09 data. The data (partly taken
in moderate light conditions, i.e. moon light) were
analyzed using the standard MAGIC analysis chain
[5, 9]. Severe quality cuts based on event rate after
night sky background suppression were applied to the
sample; 28.7 hours of good quality data remained after these cuts, out of which 25.3 can be used for the
spectral analysis (Table I). The energy threshold is
∼ 90 and ∼ 80 GeV for 2006 and 2007 observations
respectively, ∼ 150 for 2008, due to poor observing
conditions, and 160 GeV for 2009 data, due to moderate moon light observation. Further details of the
data analysis and signal detection of the sample are

discussed in [7].

III.
A.

RESULTS
Integral Flux

The lower panel of Figure 1 displays the VHE integral flux above 150 GeV of PG 1553+113 measured
from 2007 to 2009 by MAGIC with a variable binning. For comparison, the daily flux levels measured
in 2005 and 2006 are shown, as extrapolated from the
published data [4, 6]. The measured flux shows modest variations (4% to 11% of the Crab Nebula flux
above 150 GeV, Table I).
The simultaneous optical R-band data are outlined
in the first panel. These data are collected on a nightly
basis by the Tuorla Observatory Blazar Monitoring
Program[20] [18] using the KVA 35 cm telescope at La
Palma and the Tuorla 1 meter telescope in Finland. A
marginal activity is followed by the optical flux, whose
variations are limited within a factor of four. Figure 2
shows the result of a correlation study between optical
and TeV simultaneous observations. A linear relation
among the two components has a 74% probability (χ2
test), which suggests a correlation between these two
extreme energy bands.
The public X-ray data, results of an automatic
analysis performed by the Swift/XRT Monitoring
Program[21], are shown in the second panel of Fig 1.
In contrast to optical and VHE bands, the X-ray light
curve shows a pronounced variability.
In the third panel, the Fermi/LAT light curve of
PG 1553+113, computed in 10-day bins, is displayed.
Fermi data presented are restricted to the 1 GeV 100 GeV energy range and were collected from MJD
54682 (2008 August 4) to MJD 55200 (2010 January
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FIG. 1: – Multiwavelength light curve of PG 1553+113 from 2005 to late 2009. From upper to lower panel: optical
flux in the R-band (triangles), X rays counts rate (squares), γ rays above 1 GeV (open circles), and VHE γ rays above
150 GeV measured by MAGIC (filled circles). The error bars reported have 1 σ significance. Downward triangles, in the
third panel, refer to 2 σ upper limits on the source flux above 1 GeV.
Year

Good quality data
[h]

Energy Threshold F (> 150 GeV) / 10−11 F (> 150 GeV)
[GeV]
[ cm−2 s−1 ]
[Crab %]

2005+06
19
2007
11.5
2008 8.7 (6.9 for spectrum)
2009 8.5 (6.9 for spectrum)

90
80
150
160

2.8
1.40
3.70
1.63

±
±
±
±

0.5
0.38
0.47
0.45

9%
4%
11%
5%

Γ
4.2
4.1
4.3
3.6

±
±
±
±

0.2
0.3
0.4
0.5

F (E> 150 GeV)x10 -11 [cm -2s-1]

TABLE I: – Observation details and spectra of the individual years of observations of PG 1553+113.

1 GeV has a probability smaller than 0.1% and is ruled
out.
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FIG. 2: – Correlation study between PG 1553+113 optical
R–band flux and VHE γ ray integral flux above 150 GeV
observed from 2006 to 2009.

4) in survey mode. The details on the analysis performed can be found in [7]. A steady emission above

The differential energy spectra observed from
PG 1553+113 by MAGIC each year from 2007 to 2009
are shown in the left plot of Figure 3. As for other
blazars, each spectrum can be well fitted with a power
law function. The resulting indices are listed in the
last column of Table I. The systematic uncertainty
is estimated to be 35% in the flux level and 0.2 in
the power index [5]. Except for 2009 sample, whose
significance is rather low and corresponding errors noticeably large, the indices describing the spectra are
compatible. This indicates that the shape of the emitted spectrum does not change, even if the total flux
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FIG. 3: – Differential energy spectra from PG 1553+113. Left Figure: comparison between 2007, 2008 and 2009
spectra. Right Figure: superimposition of 2005-2006 spectrum, from [6], to 2007-2009 mean spectrum and corresponding
deabsorption for z = 0.4 using the EBL model of [12]. In both figures, the fit of the Crab Nebula spectrum measured by
MAGIC [5] is superimposed for comparison.

shows hints of (small amplitude) variability.
The right plot of Figure 3 shows the combined differential spectrum of PG 1553+113 from 2007 to 2009,
superimposed to the 2005-2006 spectrum measured by
MAGIC (Γ = 4.21 ± 0.25, [6]). The gray band represents the systematic effect on the combined spectrum
result of different unfolding methods. In order to estimate the intrinsic spectrum emitted by the source, the
effect of absorption of VHE photons in the interaction
with the extragalactic background light (EBL) should
be considered. Assuming the background model proposed in [12] and a redshift z = 0.40, we obtain an
intrinsic spectrum compatible with a power law of index 3.09 ± 0.20, as drawn in the right plot of Figure 3.
C.

Modeling the SED

Figure 4 shows the SED of PG 1553+113 obtained
using historical data and the MAGIC spectra described above.
The mean overall SED can be fitted with a simple
one-zone SSC model [14]. The corresponding model
parameters are the minimum, break and maximum
electron Lorentz factors and the low and high energy
slope of the electron energy distribution, the magnetic
field intensity, the electron density, the radius of the
emitting region and its Doppler factor, listed in Tab II.
We also give the derived power carried by electrons,
magnetic field, protons (assuming one cold proton per
emitting relativistic electron) and the total radiative
luminosity.

[1] A. A. Abdo et al., 2010, ApJ, 708, 1310
[2] A. A. Abdo et al. 2010, ApJ, 708, 1310

Acknowledgments

We would like to thank the Instituto de Astrofı́sica
de Canarias for the excellent working conditions at
the Observatorio del Roque de los Muchachos in La
Palma. The support of the German BMBF and MPG,
the Italian INFN, the Swiss National Fund SNF, and
the Spanish MICINN is gratefully acknowledged. This
work was also supported by the Marie Curie program, by the CPAN CSD2007-00042 and MultiDark
CSD2009-00064 projects of the Spanish ConsoliderIngenio 2010 programme, by grant DO02-353 of the
Bulgaria n NSF, by grant 127740 of the Academy
of Finland, by the YIP of the Helmholtz Gemeinschaft, by the DFG Cluster of Excellence “Origin and
Structure of the Universe”, by the DFG Collaborative Research Centers SFB823/C4 and SFB876/C3,
and by the Polish MNiSzW grant 745/N-HESSMAGIC/2010/0.
The Fermi LAT Collaboration acknowledges support from a number of agencies and institutes for
both development and the operation of the LAT
as well as scientific data analysis. These include
NASA and DOE in the United States, CEA/Irfu
and IN2P3/CNRS in France, ASI and INFN in
Italy, MEXT, KEK, and JAXA in Japan, and the
K. A. Wallenberg Foundation, the Swedish Research
Council and the National Space Board in Sweden.
Additional support from INAF in Italy and CNES
in France for science analysis during the operations
phase is also gratefully acknowledged.

[3] F. Aharonian et al., 2008, A&A 477, 481-489
[4] J. Albert et al., 2009, A&A 493, 467

eConf C110509

136

4

2011 Fermi Symposium, Roma., May. 9-12

FIG. 4: – SED of PG 1553+113. Open black squares displaying radio-optical data are from NED. In the optical band, we
also show (red diamonds) the KVA minimum and maximum flux measured in the period covered by MAGIC 2005-2009
observations together with optical-UV fluxes from Swift/UVOT (filled black triangles, from [17]). For the X-ray data,
two Swift/XRT spectra taken in 2005 (high flux state, red crosses, and intermediate state, black asterisks, from [17]) are
given, and a Suzaku spectrum taken in 2006 (continuous red line, from [16]). In addition, the average 14-150 keV flux
measured by Swift/BAT during the first 39 months of survey [10] is shown (black star), and the average RXTE/ASM flux
between March 1 and May 31, 2008 (small black square), from quick–look results provided by the RXTE/ASM team.
The green triangles correspond to the LAT spectrum averaged over ∼ 200 days (2008 August-2009 February) from [2].
For MAGIC, we report the 2005-2006 and 2007-2009 observed spectra (filled circles) and the same spectra corrected for
the absorption by the EBL (red open circles).
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Instituto de Astrofı́sica de Canarias, E-38200 La Laguna, Tenerife, Spain

P. Colin
Max-Planck-Institut für Physik, D-80805 München, Germany

J. Sitarek
IFAE, Edifici Cn., Campus UAB, E-08193 Bellaterra, Spain

A. Stamerra
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The two BL Lac objects, 1ES 1215+303 and 1ES 1218+304, separated by 0.8◦ , were observed
with the MAGIC Cherenkov telescopes in 2010–2011. The January 2011 observations resulted in
the first detection above 100 GeV of 1ES 1215+303 (known also as ON-325) which has been flagged
as a promising Very High Energy (VHE, E > 100 GeV) γ-ray source candidate by the Fermi –LAT
collaboration in October 2010. The January 2011 observations were triggered by the high optical
state of the source, as reported by the Tuorla blazar monitoring program. A comparison with the
2010 data suggests that 1ES 1215+303 was also flaring in VHE γ-rays. In addition, the Swift Target
of Opportunity (ToO) observations in X-rays showed that the flux was almost doubled with respect
to previous observations (December 2009). Instead, 1ES 1218+304 is a well known VHE γ-ray
emitter located in the same field of view, which was then simultaneously observed with MAGIC.
In this contribution we present preliminary results of the MAGIC observations of these two VHE
γ-ray emitting AGNs.

I.
A.

INTRODUCTION
The MAGIC Telescopes

MAGIC consists of two 17 m dish Imaging Air
Cherenkov Telescopes located in the Canary Island
of La Palma, at 2200 m a.s.l. (Figure 1). The stereoscopic system has been in operation since fall 2009
and has a sensitivity of 0.8% Crab Nebula flux above
∼ 300 GeV in 50 h of observations, and a trigger
threshold of 50 GeV, which is the lowest among the
existing IACTs. The MAGIC cameras have a field
of view of 3.5◦ . Details on the performance of the
MAGIC stereoscopic system are presented in [1].

B.

Optically Triggered Target of Opportunity
Observations

MAGIC has been successfully performing optically
triggered target of opportunity (ToO) observations

of active galactic nuclei (AGN) since the beginning
of its science observations. The optical triggers
have been provided by the Tuorla blazar monitoring
program[19]. The observations are performed with the
KVA 35 cm telescope located on La Palma, but remotely operated from Tuorla Observatory. The longterm monitoring program consists of > 50 blazars that
are considered to be good candidates to emit Very
High Energy (VHE, E > 100 GeV) γ-rays based on
their X-ray and γ-ray properties.
The ToO observations with MAGIC have resulted so
far in the discovery of many new VHE γ-ray emitting
sources, most recently B3 2247+381 (ATel#2910) and
1ES 1215+303 (ATel#3100, this contribution). However, in many cases it has not been possible to confirm
if the sources were in a high VHE γ-ray state during
the observations and therefore the connection between
the optical and VHE γ-ray states has remained an
open question.
In the first days of January 2011 1ES 1215+303
was observed to be in a high optical state (see Fig138
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FIG. 1: The MAGIC Telescopes: MAGIC-I on the left and
MAGIC-II on the right. Image credit Robert Wagner.
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FIG. 2: Long-term optical R-band light curve of
1ES 1215+303 from the Tuorla blazar monitoring program. The outburst in January 2011 triggered the target
of opportunity observations with MAGIC.

ure 2) which triggered the MAGIC observations of the
source. Here we present preliminary results of these
observations together with previous observations carried out in 2010, where the source was in a lower optical state.

C.

BL Lac Objects 1ES 1215+303 and
1ES 1218+304

BL Lac objects belong to a subclass of AGN where
the relativistic jet is pointing very close to our line
of sight, causing flux enhancement and fast variability in all wavebands. Their spectral energy distribution (SED) is characterized by a typical double bump
shape. The first and second bumps are associated respectively to synchrotron and inverse Compton emissions.
1ES 1215+303 (also known as ON 325) is a high
energy peaking BL Lac object. Two values can be
found for its redshift in the literature: z=0.130, and
z=0.237[20]. However, since none of the references

given for the redshift show the optical spectra, it is
difficult to judge which is the most correct value. Nevertheless, 1ES 1215+303 has a bright host galaxy of
magnitude R = 16.24 (see e.g. [2]), which can be used
for estimating the redshift. Following the methodology of [3] we derive z=0.13±0.04 (Nilsson, 2011, priv.
comm.), favoring the lower redshift value.
1ES 1215+303 was classified as promising candidate
TeV blazar in [4] and has been observed several
times in VHE γ-rays prior to the observations presented here, providing only upper limits (Whipple:
F(> 430 GeV) < 1.89 · 10−11 cm−2 s−1 [5], MAGIC:
F(> 120 GeV) < 3.5 · 10−11 cm−2 s−1 [6]). The
source was also present in the Fermi–LAT bright AGN
catalog [7], showing variable flux and a hard spectrum (Γ = −1.89 ± 0.06). In the Fermi–LAT band,
1ES 1215+303 is an exceptional source. The source
underwent a large outburst in late 2008 and in the
first bright AGN catalog [8] it was the only high energy peaking source that showed significant variability. 1ES 1215+303 has also been flagged as a promising VHE γ-ray source candidate by the Fermi–LAT
collaboration in October 2010.
1ES 1218+304 is another high-peaking BL Lac object located only 0.8◦ away from 1ES 1215+303. It
has a redshift of 0.182 and was first detected to emit
VHE γ-rays by MAGIC in 2005 [9]. In 2009 VERITAS reported fast variability from the source, the
peak flux reaching ∼20% of the Crab Nebula flux [10].
In the Fermi–LAT one year catalog [11] the source is
flagged non-variable. Since the measured VHE spectrum of 1ES 1218+304 is particularly hard for its redshift, an intrinsic SED with an inverse Compton peak
above 1 TeV is expected. The γ-ray emission is thus
strongly interacting with the extragalactic backgroung
light (EBL) before reaching us, making the source a
good candidate to probe the EBL [12, 13] or the extragalactic magnetic field [14].

II.

OBSERVATIONS AND PRELIMINARY
RESULTS

1ES 1215+303 and 1ES 1218+304 were observed
by the MAGIC telescopes in January–February 2010,
May–June 2010, and January–February 2011, for a total observation time of 48 hr. The observations were
carried out in the so-called wobble mode [15] around
1ES 1215+303, with four pointing positions 0.4◦ away
from this source. 1ES 1218+304 was not the primary
target of these observations, but it was always inside
the MAGIC camera field of view, allowing its study
at VHE as well. The data were taken in dark night
and moderate moon conditions, and at zenith angles
between 1 and 40 degrees.
For the analysis, the data were divided into two samples corresponding to two observing epochs, i.e. 2010
139
and 2011. The data were analyzed using the stan-
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FIG. 3: Distribution of the square distances (θ2 , in
degree2 ) between the reconstructed shower directions and
the 1ES 1215+303 position, for data taken in JanuaryFebruary 2011 with MAGIC. The grey filled histogram
represents the expected background estimated with 5 Off
positions at the same distance from the camera center.

dard MAGIC software with additional adaptations incorporating the stereoscopic observations [16]. The
preliminary analysis of the 2010 data above an energy threshold of ∼300 GeV resulted in 3σ significance level (computed using eq. (17) of Li&Ma [17])
for 1ES 1215+303, while 1ES 1218+304 was detected
at 12σ. In the 2011 data, the preliminary analysis detected a number of excess events of Nexc (>
300 GeV) = 110.4 ± 13.6, corresponding to a significance of 10.15σ, which is the first significant detection of VHE γ-rays from 1ES 1215+303 [18]. The
θ2 distribution (the distribution of the squared angular distance between the arrival direction of the events
and the nominal source position) is shown in Figure 3.
The skymaps above ∼300 GeV corresponding to the
2010 and 2011 observations are reported in Figure 4.
As shown, 1ES 1218+304 is detected at a 12σ significance level in both epochs, while 1ES 1215+303 is
detected only in the 2011 data.
III.

DISCUSSION AND OUTLOOK

The optical high state and the discovery of VHE γrays from 1ES 1215+303 triggered multiwavelegth observations of the source. Multiwavelength data simultaneous and quasi-simultaneous to the MAGIC observations of 1ES 1215+303 were collected from radio to
the γ-ray regime, including Metsähovi 37 GHz data,
optical R-band and polarization data from KVA, Xrays from Swift, and High Energy γ-rays from the
Fermi–LAT. The collected dataset allows us, for the
first time, to construct a quasi-simultaneous SED of
the source from radio to VHE γ-rays, and to study the
connections between different wavebands. The analysis and interpretation of these data are still ongoing,
but it is already evident that 1ES 1215+303 was in
a high state from optical to the VHE γ-ray regime
in January 2011 compared to previous observations
from 2010. This demonstrates, once again, that optical monitoring data, which is easily obtainable, can
be used for a successful triggering of VHE γ-ray observations.
For 1ES 1218+304 we will also study the long-term
variability behavior in optical (see Figure 5) and γ-ray
bands. The simultaneous spectra from Fermi–LAT
and MAGIC covers continuously more than 3 orders
of magnitude in energy. The study is ongoing, and
the spectra can possibly bring new constraints on the
EBL and on the intergalactic magnetic field.
The dedicated publications on these two sources are
in preparation.
FIG. 4: Skymaps corresponding to 2010 observations (top)
and 2011 observations (bottom). 1ES1218+304 is clearly
visible in both epochs while 1ES1215+303 is detected only
in 2011.

Acknowledgments

We would like to thank the Instituto de Astrofı́sica
140
de Canarias for the excellent working conditions at

3

4

2011 Fermi Symposium, Roma., May. 9-12

2.4

2011

2.2

2

2010

F[mJy]

1.8

1.6

1.4

1.2

1

0.8
52500

53000

53500

54000

54500

55000

55500

56000

t[MJD]

FIG. 5: Long-term optical light curve of 1ES 1218+304
from the Tuorla blazar monitoring program.
Also
1ES 1218+304 was in a high optical state in January 2011.
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The radiation mechanism of very high energy γ-ray emission from blazars and crucial parameters
like magnetic field, and size of the emitting region are not well understood yet. To understand the
above mentioned properties of blazars, we observed five nearby TeV γ-ray emitting blazars (Mrk421,
Mrk501, 1ES2344+514, 1ES1218+304 and 3C454.3) and one radio galaxy (M87) using the High
Altitude GAmma Ray (HAGAR) telescope. HAGAR is an array of seven telescopes located at
Hanle, India to detect Cherenkov light caused by extensive air showers initiated by γ-rays. Mrk421
was observed to undergo one of its brightest flaring episodes on 2010 February 17, and detected
by various experiments in X-rays and γ- rays. HAGAR observations of this source during 2010
February 13 - 19, in the energies above 250 GeV show an enhancement in the flux level, with a flux
of 6-7 Crab units being detected on 2010 February 17. We present the spectral energy distribution
of the source during this flaring episode. In addition to this, the analysis procedure to extract γ-ray
signal from HAGAR data is discussed and preliminary results on all the AGNs are presented.

I.

INTRODUCTION

Blazars are a subclass of Active Galactic Nuclei
(AGN) with a relativistic jet that is pointing in the
direction of the Earth. They belong to the radio-loud
AGNs and are characterized by a non-thermal spectrum extending up to high energies. Spectral energy
distribution (SED) of high energy peaked TeV blazars
show two broad peaks, one from infrared to X-ray energies and an other at X-ray to γ-ray energies. It is
believed that first peak of the SED originates due to
synchrotron radiation by relativistic electrons gyrating in the magnetic field of the jet plasma. The origin
of high energy GeV/TeV peak is still under debate.
This high energy peak could originate due to either inverse Compton (IC) scattering of synchrotron photons
by same population of electrons which produces the
synchrotron radiation (for a recent review of observations and models, see [1]) or extremely energetic protons gyrating in strong magnetic field via synchrotron
radiation [2] or as IC and synchrotron emission from
a proton-induced cascade [3]. The blazar, Mrk421
(z=0.031), has been the first extragalactic source detected at γ-ray energy E > 500 GeV [4]. Using the
newly commissioned High Altitude GAmma Ray (HAGAR) telescope system we have observed several TeV
blazars in the last three years. Here, we report observations of Mrk421 in its high state of activity during
February to April 2010 and that of Mrk501 during

∗ amit@iiap.res.in

March-June 2010.

II.

HAGAR

HAGAR, an array of Atmospheric Cherenkov Telescopes (ACT) using wave front sampling technique, is
located at Hanle, at an altitude of 4300 meters AMSL,
India. The main motivation behind setting up the
γ-ray array at high altitude is to exploit the higher
Cherenkov photon density and thus achieve lower energy threshold. HAGAR consists of an array of seven
telescopes in the form of a hexagon, with one telescope
at the center. All seven telescopes have seven paraaxially mounted front coated mirrors of diameter 0.9
meter, with a UV sensitive photo-tube at the focus of
individual mirror. Each telescope is separated by 50
meters distance from its neighboring telescope. HAGAR Data Acquisition (DAQ) system is of CAMAC
based. In addition, a parallel DAQ using commercial
waveform digitizers (ACQIRIS make) is also used.
The performance of the HAGAR array has been studied by simulations, which are done in two steps; first
step is generation of γ-ray and cosmic ray induced
showers in atmosphere by using Monte Carlo simulation package CORSIKA, developed by KASKADE
group [5]. Second step is to study the response of
the array towards the Cherenkov radiation produced
by the simulated showers. The performance parameters such as energy threshold, collection area and
sensitivity of the experiment are obtained by a detector simulation package indigenously developed by
the HAGAR collaboration. Energy threshold of the
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FIG. 2: The top four panels of are daily average of ASM,
BAT, Fermi (100 MeV -1GeV) and Fermi (1-300 GeV)
respectively and bottom panel in the plot corresponds to
HAGAR data above 250 GeV during the month of February 2010 of Mrk421
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FIG. 1: The top panel shows daily average light curve of
Mrk421 during the period of February - April 2010 in VHE
γ-ray by HAGAR above 250 GeV and bottom panel shows
the same in 2-10 keV X-rays by ASM. The X-axis should
be read as 55200+.

Crab Unite

HAGAR telescope is estimated as 204 GeV in case of
vertically incident γ-ray showers for ≥ 4-Fold trigger
condition for which the corresponding collection area
is 3.2 × 108 cm2 . HAGAR sensitivity is such that it
will detect Crab nebula like source at a significance
level of 5σ in 15 hours of observation [6]. Cherenkov
emission originated by induced air showers follows a
spherical wavefront with a large radius of curvature
and thickness of around 1 meter at observation level.
This spherical wavefront is approximated as a plane
wavefront in data analysis procedure, which is a good
approximation at the observation level. The arrival
direction of each shower in Cherenkov light pool is
computed by measuring the relative arrival times of
shower front at different telescopes. Normal to this
plane front gives the arrival direction of the incident
shower. The angle between direction of the shower
axis and pointing direction of the telescope is defined
as Space Angle (ψ). These Space Angles are constructed for every event by measuring relative arrival
time difference at each telescope.
The observations were carried out by pointing all
seven telescopes towards the source or background direction at a time. Each source run was followed by
a background run with the same exposure time (typically 40 minutes) and covered the same zenith angle
range as that of the source to ensure that observations are carried out at the same energy thresholds.
Data selection was done by using parameters which
characterize good quality data, in order to reduce systematic errors. Extraction of γ-ray signal was carried
out by comparing on-source with off-source space angle distribution obtained during the same night at the
same energy threshold. The excess events were computed from 0o to Lower Limit (LL). LL is defined as
the foot of distant half maximum point computed by
fitting a Gaussian to the distribution for this analysis.
Background space angle distribution was normalized
with source space angle distribution by comparing the
tails of the distributions (LL to 6.5o ), since no γ-ray
events are expected in this region. This normalization is required to compensate any possible change
in observation conditions or change in sky conditions
during the ON Source to OFF source.

Fermi-LAT

The Large Area Telescope (LAT) is a pair production telescope [7] on board Fermi spacecraft. LAT covers the energy range from 20 MeV to more than 300
GeV with field of view ≥ 2.5 sr. Fermi-Lat data[12]
from 12 - 22 February 2010 of Mrk421 above 100
MeV was analyzed with the standard analysis procedure (ScienceTools) provided by Fermi-Lat collaboration. A 10 degree region of interest (ROI) was chosen
around the source for event reconstruction from the
so-called “diffuse” event class data. To avoid the background of earth albedo we only retained events having a zenith angle < 105o. To determine the flux and
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TABLE I: Results of observed blazars from HAGAR.
Objects Observation Period Exposure Time (Hr) Mean γ-ray Rate (per min.) Significance
Mrk421
February 2010
8
13.4 ±1.05
12.7
Mrk421
March- April 2010
11.2
4.3±0.85
5.1
Mrk501
June 2010
5.6
5.73 ±1.33
4.3

spectrum of a source, the resulting data set was analyzed including Galactic and isotropic backgrounds
with instrumental response function P6V3 DIFFUSE
by using likelihood analysis (unbinned gtlike). We
used a power law spectrum to model the source spectrum above the 100 MeV with integral flux and photon
index as free parameters.

C.

PCA, ASM and BAT

Proportional Counters Array (PCA) is an array of
five identical xenon filled proportional counter units
(PCUs). The PCUs cover energy range from 2-60 keV
with a total collecting area of 6500 cm2 . The archival
X-ray data from PCA on board RXTE is analyzed for
17 February 2010 to obtain X-ray spectrum and light
curve. We have analyzed Standard 2 PCA data which
has a time resolution of 16 s with energy information in 128 channels. Data reduction was done with
FTOOLS (version 5.3.1) distributed as part of HEASOFT (version 5.3). Data were filtered using standard
procedure given in the RXTE Cook Book 4 for each of
the observations. The background models were generated with the tool “pcabackest”, based on RXTE
GOF calibration files for a ’bright’ source (more than
40 ct/sec/PCU). The “Dwell” data from RXTE-ASM
were obtained using ASM website[13] and these data
were analyzed by the method discussed in [8]. A daily
average flux between 15-50 keV from Swift BAT is
obtained from BAT website[14].

IV.
A.

RESULTS
Mrk421

We have analyzed data from Mrk421 collected by
using HAGAR telescope during February - April,
2010. Mrk421 was found to be in high state of activity
during the entire period of HAGAR observations, and
was in its brightest state in February, 2010. Fluxes
of γ-rays and X-rays decreased in later months, but
were still higher than that during its quiescent state.
Figure 1 contains the daily light curve of of Mrk421
in X-ray and γ-ray during the high state of activity.
The upper panel shows the daily average of γ-ray flux.
Bottom panel shows daily average in 2-10 keV from

ASM on-board RXTE. It is clearly seen in the HAGAR as well as ASM light curves that source was in
brightest state in the month of February, in both γrays and X-rays. All details of the HAGAR results
are given in table 1.
We have further investigated the flaring behavior in
the month of February 2010. HAGAR telescope has
detected Mrk421 in a high state of very high energy
(VHE) γ-ray flux above 250 GeV, during the observations of 13-19 February, 2011. The maximum flux
above 250 GeV is found to be between 6-7 Crab units
(1 Crab unit ∼ 4.2 γ-rays/minute above 250 GeV) on
2010 February, 17.

1.

Flux Variability

A quasi-simultaneous light curve is obtained of
Mrk421 in X-rays and γ-rays band by using archived
data of soft X-ray by ASM on board RXTE, hard
X-ray data from BAT on board Swift and γ-ray
data from LAT on board Fermi with the observed
HAGAR (>250 GeV) data for month of February
2010 with a one day binning. The light curve is
shown in Figure 2. The top 4 panels correspond to
ASM, BAT, Fermi-LAT (0.1-1 GeV) and Fermi-LAT
(1-300 GeV) respectively. The bottom panel in the
plot corresponds to HAGAR data above 250 GeV. A
clear variation in flux over a period of seven days in
X-ray as well as γ-rays were observed. The peak flux
in X-rays and low energy γ-rays by ASM, BAT and
Fermi-LAT were detected on 16 February, 2010 but
GeV/TeV gamma ray flux reached peak with a lag of
one day on 17 February, 2011.
The observed X-ray variability could be explained
by the synchrotron self-Compton (SSC) cooling
mechanism. BAT light curve showed faster variability
than ASM which could be due to the cooling effect of
high energy electrons, which produce X-rays at 15-50
keV range. The observed γ-ray variability could be
mainly divided into two bands, < 1 GeV and above
1 GeV. γ-rays (0.1-1 GeV) observed by LAT are
produced by low energy electrons by IC scattering
of a UV synchrotron photons. LAT detected a
significant variation in the flux in 0.1 − 1GeV band
observed over the period of eleven days. The observed
> 1 GeV VHE γ-rays by Fermi-LAT and HAGAR
could be produced by IC scattering of the electron
having Lorentz factor ∼ 104 − 105 with X-ray photons
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FIG. 3: Spectral Energy Distribution of Mrk421 of 17
February, 2010.

produced by tail of the electron energy distribution.

2.

Intra-Day variability

Fermi-LAT data showed an intra-night flux as well
as spectral variability during the TeV flare on 17
February, 2010. It has shown a flaring behavior in
first 10 hours of LAT observations and then become
quiescent for next few hours and start flaring up again
later in the night. A similar trend was detected by the
VERITAS collaboration [9]. HAGAR also observed a
continuous decrease in the flux over a period of ∼ 4
hrs, which were simultaneous with LAT during later
part of the night.
3.

Spectral Energy Distribution

We attempted to obtain the SED of Mrk421 during
the flare of 17 February 2011 by using soft X-ray data
from PCA on board RXTE, γ-ray data from LAT on
board Fermi and HAGAR data. Spectral analysis of
X-ray data was done by using xspec, PCA spectral
data of 17 February was fitted with a cutoff powerlaw

[1]
[2]
[3]
[4]
[5]

with line of sight absorption. The line of sight absorption was fixed to neutral hydrogen column density at
1.38 × 102 cm−2 [10]. The Fermi-LAT data is divided
into four bins (0.1-1 GeV, 1-3 GeV, 3-10 GeV and 10300 GeV) to obtain spectrum of Mrk421 on 17 February by freezing photon index to 1.39 which is obtained
by taking 0.1 -300 GeV data. A one zone homogeneous
SSC model [11] is fitted to the data to obtain the SED.
This model assumes a spherical blob of radius R and
uniform magnetic field B, moving with respect to the
observer with the Lorentz Factor Γ and is filled with
a homogeneous non-thermal electron population. We
used equipartition of the fields to compute the best
fit parameters. A best fit of SED is obtained for the
parameters given below:
Bulk Lorentz factor of emitting blob (Γ) : 20
Strength of magnetic field in the jet frame (B) : 0.4
Gauss
Comoving radius of emission volume : 3 × 1015 cm
Jet-frame energy density of the electrons (U) : 0.045
erg/cc
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B.

Mrk501 and other Blazars

HAGAR detected TeV blazar Mrk501 in relatively
high state of activity during June 2010. The preliminary analysis of Mrk501 data indicates an average flux
of the source during June 2010 was 1.36 Crab units.
Data analysis is going on for all the TeV blzaras.
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The ANTARES telescope is well suited to detect neutrinos produced in astrophysical transient
sources as it can observe a full hemisphere of the sky at all times with a high duty cycle. The
background and point source sensitivity can be drastically reduced by selecting a narrow time
window around the assumed neutrino production period. Radio-loud active galactic nuclei with their
jets pointing almost directly towards the observer, the so-called blazars, are particularly attractive
potential neutrino point sources, since they are among the most likely sources of the observed ultra
high energy cosmic rays and therefore, neutrinos and gamma-rays may be produced in hadronic
interactions with the surrounding medium. The gamma-ray light curves of blazars measured by
the LAT instrument on-board the Fermi satellite reveal important time variability information. A
strong correlation between the gamma-ray and the neutrino fluxes is expected in this scenario.
An unbinned method based on the minimization of a likelihood ratio was applied to a subsample
data collected in 2008 (61 days live time). By looking for neutrinos detected in the high state periods
of the AGN light curve, the sensitivity to these sources has been improved by about a factor 2 with
respect to a standard time-integrated point source search. First results on the search for ten bright
and variable Fermi sources are presented.

I.

INTRODUCTION

Neutrinos are unique messengers to study the highenergy universe as they are neutral and stable, interact weakly and therefore travel directly from their
point of creation to the Earth without absorption.
Neutrinos could play an important role in understanding the mechanisms of cosmic ray acceleration
and their detection from a cosmic source would be
a direct evidence of the presence of hadronic acceleration. The production of high-energy neutrinos
has been proposed for several kinds of astrophysical
sources, such as active galactic nuclei (AGN), gammaray bursters (GRB), supernova remnants and microquasars, in which the acceleration of hadrons may occur (see Ref. [1] for a review).
Radio-loud active galactic nuclei with their jets
pointing almost directly towards the observer, the
so-called blazars, are particularly attractive potential
neutrino point sources, since they are among the most
likely sources of the observed ultra high energy cosmic
rays and therefore, neutrinos and gamma-rays may be
produced in hadronic interactions with the surrounding medium. The gamma-ray light curves of blazars
measured by the LAT instrument on-board the Fermi
satellite reveal important time variability information
on timescale of hours to several weeks, with intensities always several times larger than the typical flux of
the source in its quiescent state [2]. A strong correlation between the gamma-ray and the neutrino fluxes
is expected in this scenario.
This paper presents the results of the first timedependent search for cosmic neutrino sources by the
ANTARES telescope. The data sample used in this

analysis and the comparison to Monte Carlo simulations are described in Section 2, together with a discussion on the systematic uncertainties. The point
source search algorithm used in this time-dependent
analysis is explained in Section 3. The search results
are presented in Section 4 for ten selected candidate
sources.
II.

ANTARES

The ANTARES Collaboration completed the construction of a neutrino telescope in the Mediterranean
Sea with the connection of its twelfth detector line
in May 2008 [3]. The telescope is located 40 km off
the Southern coast of France (42◦ 48’N, 6◦ 10’E) at a
depth of 2475 m. It comprises a three-dimensional array of photomultipliers housed in glass spheres (optical modules [4]), distributed along twelve slender lines
anchored at the sea bottom and kept taut by a buoy
at the top. Each line is composed of 25 storeys of
triplets of optical modules (OMs), each housing one
10-inch photomultiplier. The lines are subject to the
sea currents and can change shape and orientation. A
positioning system based on hydrophones, compasses
and tiltmeters is used to monitor the detector geometry with an accuracy of 10 cm. The main goal of the
experiment is to search for high energy neutrinos with
energies greater than 100 GeV by detecting muons
produced by the neutrino charged current interaction
in the vicinity of the detector. Due to the large background from downgoing atmospheric muons, the telescope is optimized for the detection of upgoing muons
as only they can originate from neutrinos.
Muons induce the emission of Cherenkov light in
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the sea water. The arrival time and intensity of the
Cherenkov light on the OMs are digitized into hits and
transmitted to shore. Events containing muons are
selected from the continuous deep sea optical backgrounds due to natural radioactivity and bioluminescence. A detailed description of the detector and the
data acquisition is given in [3, 5].The arrival times of
the hits are calibrated as described in [6]. A L1 hit
is defined either as a high-charge hit, or as hits separated by less than 20 ns on OMs of the same storey. At
least five L1 hits are required throughout the detector
within a time window of 2.2 µs, with the relative photon arrival times being compatible with the light coming from a relativistic particle. Independently, events
which have L1 hits on two sets of adjacent or next-toadjacent floors are also selected.
The data used in this analysis were taken in the period from September 6 to December 31, 2008 (54720
to 54831 modified Julian days, MJD) with the twelve
line detector. This period overlaps with the availability of the first data from the LAT instrument onboard
the Fermi satellite. The corresponding effective live
time is 60.8 days. From the timing and position information of the hits, muon tracks are reconstructed using a multi-stage fitting procedure, based on Ref. [7].
The initial fitting stages provide the hit selection and
starting point for the final fit. The final stage consists of a maximum likelihood fit of the observed hit
times and includes the contribution of optical background hits. Upgoing tracks are also required to have
a good reconstruction quality. The latter is quantified by a parameter, Λ which is based on the value of
the likelihood function obtained for the fitted muon
(see Ref. [7] for details).The angular uncertainty obtained from the muon track fit is required to be smaller
than 1 degree. For this analysis, events are selected
with Λ > −5.4. This value results in an optimal compromise between the atmospheric neutrino and muon
background reduction and the efficiency of the cosmic neutrino signal with an assumed spectrum proportional to Eν−2 , where Eν is the neutrino energy,
which gives the best 5σ discovery potential. The resulting sample consists of 628 events obtained in 60.8
days. The simulations indicate that the selected sample contains 60% atmospheric neutrinos; the rest being mis-reconstructed atmospheric muons.
The angular resolution of the reconstructed neutrino direction can not be determined directly from
the data and has to be estimated from simulation.
However, comparison of data and Monte Carlo in
which the time accuracy of the hits was degraded by
up to 3 ns constrains the uncertainty of the angular resolution to about 0.1◦ [8]. Figure 1 shows the
cumulative distribution of the angular difference between the reconstructed muon direction and the neutrino direction for an assumed spectrum proportional
to Eν−2 . For the considered period, the median resolution is estimated to be 0.5 ± 0.1 degrees.

Cumulative event fraction

2011 Fermi Symposium, Roma., May. 9-12

1
0.8
0.6
0.4
0.2
0

10-2

10-1

1

10
α rec - α ν

MC

102
[deg]

FIG. 1: Cumulative plot of the distribution of the angle
between the true Monte Carlo neutrino direction and the
reconstructed muon direction for E−2 upgoing neutrino
events selected for this analysis.

III.

TIME-DEPENDENT SEARCH
ALGORITHM

This time dependant point source analysis is performed using an unbinned method based on a likelihood ratio maximization. The data is parameterized
as a mixture of signal and background. The goal is to
determine, at a given point in the sky and at a given
time, the relative contribution of each component and
to calculate the probability to have a signal above a
given background model. The likelihood ratio λ is the
ratio of the probability density for the hypothesis of
background and signal (Hsig+bkg ) over the probability
density of only background (Hbkg ):
N
X

nsig
N Psig (αi , ti )

n

sig
+ (1 − N
)Pbkg (δi , ti )
P
(α
,
t
)
bkg
i i
i=1
(1)
where nsig is the unknown number of signal events
determined by the fit and N is the total number of
events in the considered data sample. Psig (αi , ti )
and Pbkg (δi , ti ) are the probability density functions
(PDF) for signal and background respectively. For a
given event i, ti , δi and αi represent the time of the
event, its declination and the angular separation from
the source under consideration.
The probability densities Psig and Pbkg are factorized into a purely directional and a purely time-related
component. The shape of the time PDF for the signal
event is extracted directly from the gamma-ray light
curve assuming proportionality between the gammaray and the neutrino fluxes. For signal events, the
directional PDF is described by the one dimensional
point spread function (PSF), which is the probability density of reconstructing an event at an angular
distance α from the true source position. The directional and time PDF for the background are derived
from the data using the observed declination distribution of the selected events and the observed one-

λ=

log
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Number of events per day

day binned time distribution of all the reconstructed
muons respectively. Figure 2 shows the time distribution of all the reconstructed events and the selected
upgoing events for this analysis. Once normalized to
an integral equal to 1, the distribution for all reconstructed events is used directly as the time PDF for
the background. Empty bins in the histograms correspond to periods with no data taking (i.e. detector
in maintenance) or with very poor quality data (high
bioluminescence or bad calibration).
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FIG. 3: Average number of events (solid line) required
for a 5σ discovery (50 % probability) from a single source
located at a declination of -40◦ as a function of the width
of the flare period (σt ) for the 60.8 day analysis. These
numbers are compared to that obtained without using the
timing information (dashed line).
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FIG. 2: Time distribution of the reconstructed events.
Upper histogram (black line): distribution of all reconstructed events. Bottom filled histogram (red): distribution of selected upgoing events.

The null hypothesis is given with nsig = 0. The obtained value of λdata on the data is then compared to
the distribution of λ given the null hypothesis. Large
values of λdata compared to the distribution of λ for
the background only reject the null hypothesis with
a confident level equal to the fraction of the scrambled trials above λdata . This fraction of trials above
λdata is referred as the p-value. The discovery potential is then defined as the average number of signal
events required to achieve a p-value lower than 5σ in
50 % of trials. Figure 3 shows the average number of
events required for a 5σ discovery (50 % C.L.) produced in one source located at a declination of -40o
as a function of the total width of the flare periods.
These numbers are compared to that obtained without using the timing information. Using the timing
information yields to an improvement of the discovery potential by about a factor 2-3 with respect to a
standard time-integrated point source search [7].
IV.

<Number of events>
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SEARCH FOR NEUTRINO EMISSION
FROM GAMMA-RAY FLARE

This time-dependent analysis has been applied to
bright and variable Fermi blazar sources reported
in the first year Fermi LAT catalogue [10] and in
the LBAS catalogue (LAT Bright AGN sample [11]).
The sources located in the visible part of the sky
by Antares from which the averaged 1 day-binned

flux in the high state is greater than 80 10−8
photons.cm−2 .s−1 above 100 MeV in the studied time
period and with a significant time variability are selected. This list includes six flat spectrum radio
quasars (FSRQ) and four BLlacs. Table I lists the
characteristics of the ten selected sources.
Name

OFGL name

PKS0208-512
AO0235+164
PKS0454-234
OJ287
WComae
3C273
3C279
PKS1510-089
3C454.3
PKS2155-304

J0210.8-5100
J0238.6+1636
J0457.1-2325
J0855.4+2009
J1221.7+28.14
J1229.1+0202
J1256.1-0548
J1512.7-0905
J2254.0+1609
J2158.8-3014

Class RA [o ] Dec [o ] Redshift
FSRQ
BLLac
FSRQ
BLLac
BLLAc
FSRQ
FSRQ
FSRQ
FSRQ
BLLac

32.70
39.65
74.28
133.85
185.43
187.28
194.03
228.18
343.50
329.70

-51.2
16.61
-23.43
20.09
28.14
2.05
-5.8
-9.09
16.15
-30.24

1.003
0.940
1.003
0.306
0.102
0.158
0.536
0.36
0.859
0.116

TABLE I: List of bright variable Fermi blazars selected for
this analysis [11].

The light curves published on the Fermi web page
for the monitored sources [12] are used for this analysis. They correspond to the one-day binned time evolution of the average gamma-ray flux above a threshold of 100 MeV since August 2008. The high state
periods are defined using a simple and robust method
based on three main steps. Firstly, the baseline is
determined with an iterative linear fit. After each
fit, bins more than two sigma (σBL ) above the baseline (BL) are removed. Secondly, seeds for the high
state periods are identified by searching for bins significantly above the baseline according to the criteria:
(F −σF ) > (BL+2∗σBL)+F > (BL+3∗σBL ) where F
and σF represent the flux and the uncertainty on this
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flux for each bin, respectively. For each seed, the adjacent bins for which the emission is compatible with the
flare are added if they satisfy: (F −σF ) > (BL+σBL ).
Finally, an additional delay of 0.5 days is added before and after the flare in order to take into account
that the precise time of the flare is not known (1day binned light curve). With this definition, a flare
has a width of at least two days. With the hypothesis that the neutrino emission follows the gamma-ray
emission, the signal time PDF is simply the normalized light curve of only the high state periods.
For nine sources, no coincidences are found. For
3C279, a single high-energy neutrino event is found in
coincidence. This event is located at 0.56◦ from the
source location during a large flare in November 2008.
The pre-trial p-value is 1.0 %. Figure 4 shows the time
distribution of the Fermi gamma-ray light curve of
3C279 and the time of the coincident neutrino event.
This event was reconstructed with 89 hits distributed
on ten lines with a track fit quality Λ = −4.4. The
post-trial probability computed taking into account
the ten searches is 10 % and is thus compatible with
background fluctuations.

0
54840
MJD

FIG. 4: Gamma-ray light curve (dots) of the blazar 3C279
measured by the LAT instrument onboard the Fermi satellite above 100 MeV. The light shaded histogram (blue) indicated the high state periods. The dashed line (green)
corresponds to the fitted baseline. The red histogram displays the time of the associated ANTARES neutrino event.

V.

SUMMARY

This paper presents the first time-dependent search
for cosmic neutrinos using the data taken with the full
twelve line ANTARES detector during the last four
months of 2008. For variable sources, time-dependent
point searches are much more sensitive than timeintegrated searches for variable sources due to the
large reduction of the background. This search was
applied to ten very bright and variable Fermi LAT
blazars. The most significant correlation was found
with a flare of 3C279 for which one neutrino event
was detected in time/direction coincidence with the
gamma-ray emission. The post-trial probability is
about 10 %. Upper limits were obtained on the neutrino fluence for the ten selected sources.

VI.
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For the HESS Collaboration
We report on the latest discovery of an extended Very High Energy (VHE) γ-ray source near the
67 ms pulsar PSR J1831-0952 during the H.E.S.S. Galactic Plane Survey (GPS). The dispersion
measure distance of the pulsar (4.3 kpc) would imply that less than ∼ 1% of its spin-down energy
is required to provide the observed VHE luminosity of the source. No other plausible counterparts
have yet been found through preliminary multi-wavelength searches. The most likely scenario is
that the VHE emission originates from the – yet unseen at other wavelengths – wind nebula of PSR
J1831-0952. If so this would constitute another case of a γ-ray discovered pulsar wind nebula.

I.

OBSERVATIONS AND ANALYSIS

The H.E.S.S. (High Energy Stereoscopic System,
an array of four imaging atmospheric Cherenkov telescopes located in the Khomas Highland in Namibia)
has revealed more than 60 sources of very-high-energy
(VHE) γ-rays through its Galactic Plane Survey
(GPS) since 2004. Thanks to the use of advanced multivariate analysis techniques and the accumulation of
exposure, H.E.S.S. has achieved a sensitivity of better
than 2% of Crab in the core region of the GPS (i.e.
l = 282◦ to 60◦ ) [1]. Pulsar Wind Nebulae (PWNe)
constitute by far the dominating source population
as compared to that of young shell-type Supernova
Remnants (SNRs), or to that of older and/or interacting remnants. About one third of H.E.S.S. sources
have still either no known counterparts in other wavelengths, or lack any clear emission scenario.
The data on HESS J1831-098 consist of observations
either dedicated to nearby sources such as SNR 21.50.9/HESS J1833-105, or from the extension of H.E.S.S
GPS near l = 21◦ . These data were taken in 2004
(May-Oct.), 2005 (June and July), 2007 (Apr. and
July), 2008 (Sept.) and 2009 (Apr.-July), for a total
observation time on HESS J1831-098 of ∼ 52 hours.
After application of the H.E.S.S. standard data quality criteria [2] based on hardware and weather conditions, the data set for HESS J1831-098 amounts to a
total live-time of 40 hours with average zenith angle
and average offset (to the FoV center) of 22.8◦ , and
1.30◦ , respectively. The mean offset is rather large
because observations were not specifically targeted at
this source.

The standard Hillas H.E.S.S. event reconstruction
scheme was applied to the data after calibration[3].
The rejection of cosmic-ray showers was done by application of a recently developed multivariate analysis
[4]. The sky maps were produced with an image size
cut of 80 photo-electrons (p.e.) and using the Ring
Background method [5] where the background at each
test position on the sky is derived from a ring surrounding it with a mean radius of 0.7◦ . To derive
the spectrum, the same cut on image size was applied
together with the a Reflected-Region procedure to estimate the Background, followed by the application of
a forward-folding method[6].

II.

RESULTS

The excess count map of the 0.4◦ × 0.4◦ region
around HESS J1831-098 is shown on Figure 1. The
map is smoothed with a Gaussian of σ ∼ 0.12◦ . An extended γ-ray emission to the south-east of PSR J18310952 is observed with a peak pre-trials significance of
7.9σ for the standard integration radius of θ = 0.22◦ ,
used for generation of the GPS maps when searching for extended sources. The significance level of
the source after a conservative correction for trials is
5.8σ. The fit of the excess map with a two dimensional symmetrical Gaussian function, convolved with
the H.E.S.S Point-Spread Function (PSF), results in
a source
centroid position of α ∼ 18h 31m 25s , δ ∼
0
◦
−9 54 , with a width of σ ∼ 0.15◦ and a χ2 of
593.4/525. The fit of an asymmetrical Gaussian function does not improve significantly the χ2 nor the
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FIG. 1: The excess map for HESS J1831-098, smoothed
with a Gaussian of σ ∼ 0.12◦ . The white curves show the
significance contours at 5, 6 and 7 σ for an integration
radius of 0.22◦ . The white cross shows the fitted position
of the source. The position of PSR J1831-0952 is shown as
a black triangle. Neighbouring SNRs are shown in green.
Note that the fitted centroid does not coincide with the
emission peak due to its departure from a Gaussian shape.

FIG. 2: Differential energy spectrum of HESS J1831-098,
fitted with a power-law function after extraction of events
from a circular region of 0.3◦ radius, centered on the bestfitted position. The arrow shows the Fermi differential
U.L. at 30 GeV.

III.

residuals.
A circular region of 0.3◦ radius, chosen
as a compromise between optimal signal-to-noise ratio and independence of source morphology, was used
to determine the energy spectrum. The differential
spectrum, based on the 484 excess events in the circular region, is shown in Fig. 2. The best fitted shape
is a power-law (dφ/dE = φ0 (E/1TeV)−Γ ) with no significant indication of a cut-off up within the fitting
energy range which extends up to 30 TeV. The fitted
flux (uncorrected for events falling outside the integration disk) is φ0 = (1.1 ± 0.1) × 10−12 TeV−1 cm−2 s−1
and the photon index Γ = 2.1 ± 0.1. The integrated
flux for E > 1 TeV corresponds to about 4% of the flux
of the Crab nebula in the same energy range [2].

SEARCH FOR COUNTERPARTS

A preliminary multi-wavelength search for energetic
counterparts to HESS J1831-098 resulted in the sole
pulsar PSR J1831-0952 [7], which lies at a small angular offset of ∼ 0.05◦ from the H.E.S.S. source’s best
fit position (see Fig. 1). Some X-ray data from Chandra and XMM-Newton are available, but the observations have been done at large offsets with respect to
PSR J1831-0952 and hence are not very useful. The
search in the GeV energy was carried out using ∼ 33
months of public data from the Large Area Telescope
(LAT) on board of Fermi (collected from 2008 August 4 (MJD 54682) to 2011 April 10 (MJD 55661)).
A region of interest (ROI) of 6◦ was used to select
events in the [10-100] GeV range. The ROI radius
was chosen such as to be large enough to get a reliable value for the normalization of the diffuse model
and to be several times greater than the LAT PSF in
the selected energy range. Events were analysed by
applying the standard Fermi Science Tools to events
of class 4 which is recommended for studies of faint
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diffuse sources and which go beyond 20 GeV (in order
to to minimize the non-photon background contamination). The corresponding instrument response function used for this event class is P6 V3 DATACLEAN
[8]. Other standard cuts were also applied (e.g. zenith
angle larger than 105◦ in order to reduce the contribution from terrestrial albedo γ-rays [9]).
A hot-spot, at a pre-trials TS=25, was found within
the boundaries of the H.E.S.S. source on a map generated by gttsmap (Fig. 4). The hot-spot consists
of one 0.01deg2 pixel at TS=25 and few neighbouring pixels at lower TS values. To account for the
trials factor a conservative approach was adopted,
namely the ratio of the predefined HESS source circle
of radius 0.15◦ to one Fermi sky map pixel area was
used. This yields a post-trial significance of ∼ 4.5σ
for the hot-spot. Investigating a slightly higher energy band of [30-100] GeV, the hot-spot significance
drops to less than 3.4σ. Hence an upper limit (U.L.)
on flux of U.L. ∼ 5 × 10−11 phcm−2 s−1 was derived by
assuming a spectral index equal to that of the HESS
source (Γ = 2.1). This U.L. is higher than the extrapolated flux of the H.E.S.S. source into the LAT
range:
([30 − 100] GeV) ∼ 3.5 × 10−11 ph cm−2 s−1 ,
and therefore does not exclude the existence of a GeV
counterpart.
IV.

DISCUSSION AND SUMMARY

PSR J1831-0952 is an energetic pulsar exhibiting a
spin-down luminosity of 1.1 × 1036 erg s−1 , spin-down
age of τc ' 128 kyr, spin period of ∼ 67 ms and a distance estimated from dispersion measurements of 4.32
kpc [10]. To power the H.E.S.S. source, a conversion
efficiency from rotational energy to 1-20 TeV γ-rays
of  ∼ 1% would be required, i.e. a value comparable to those inferred for other VHE PWN candidates such as HESS J1420-609/HESSJ1418-607 in the
wings of Kookaburra [11], HESS J1718-385 or HESS
J1809-193 [12]. The angular offset of ∼ 0.05◦ , transd
lating into a projected distance of ∼ 4( 4kpc
) pc, is also
well within the range of offsets observed for crushed
PWNe, as is the projected size of HESS J1831-098
d
(∼ 20( 4kpc
) pc) when compared to the size of known
VHE γ-ray PWNe.
These values and the fact that the offset-type morphology is rather common to VHE emitting PWNe
(e.g. HESS J1825-137, MSH 15-52, HESS 1718-385
and HESS J1809-193) favour an interpretation of the
VHE emission as originating from a PWN associated
to PSR J1831-0952. In this scenario γ-rays are produced through Inverse Compton (IC) scattering of
ambient radiation fields (2.7 K Cosmic Microwave
Background Radiation (CMBR), dust and star-light)
by electrons injected by the pulsar into the nebula and
re-accelerated at the wind terminal shock. The offset
of the VHE-peak from the pulsar position can be due

3

FIG. 3: Fermi TS Map in the 10-100 GeV range (FoV =
2◦ ) with contours for TS > 30 corresponding to ∼ 5.5σ
(pre-trials). HESS J1831-098 is shown by the yellow circle
of radius 0.15◦ .

to the expansion of the SNR/PWN into an inhomogeneous medium (e.g. [13]) and/or the proper motion of
the pulsar. In the latter case, and if the system age is
indeed equal to the characteristic age of 128 kyr, the
implied pulsar projected velocity of ∼ 300 km s−1 remains reasonable and well within the bimodal velocity
distribution derived in [14].
On the other hand, the extension of the maximum
measured energy up to 30 TeV would imply a rather
low magnetic field of 1 µG in the IC scenario (see
e.g., Eq. (6) in [15]). However, the inferred value
of the magnetic field intensity depends on the system
age, which could suffer from large uncertainties (overestimation) given that the pulsar characteristic age
is calculated assuming that the initial spin period is
negligible and remarking this is not always the case
(e.g. PSR J1400-6326, where the true age of 1-2 kyr,
is much smaller than the characteristic age of 12.7 kyr
[16]).
To summarize, although no PWN has been detected
so far at other wavebands, the interpretation of HESS
J1831-098 in terms of a wind nebula remains the most
likely scenario, given the spatial coincidence with the
energetic PSR J1831-0952, the reasonable efficiency
and offset, and the observed abundance of such PWNtype VHE sources. If the association is confirmed,
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HESS J1831-098 would constitute a gamma-ray discovered PWN. If so and if the true age of the system
is close to the characteristic age of the pulsar, this
source would be among the oldest known TeV PWNe.
However, given the uncertainties on the source morphology due to limited statistics, other scenarios (e.g.
a SNR shell emission) can not be excluded. X-ray observations an additional data in the VHE γ-ray band
are necessary to better understand the origin of the
VHE emission.
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Hints for a GeV component in the emission from GRBs are known since the EGRET observations
during the 90s and they have been recently confirmed by the data of the Fermi satellite. These results
have, however, shown that a fully satisfactory interpretative framework of the GRB phenomena is
still lacking. The MAGIC telescope opens the possibility to extend the measurement of GRBs in
the several tens up to hundreds of GeV energy range. From the theoretical point of view, both
leptonic and hadronic processes have been suggested to explain the possible GeV/TeV counterpart
of GRBs. Observations with ground-based telescopes of very high energy photons (E>30 GeV) from
these sources are going to play a key role in discriminating among the different proposed emission
mechanisms which are barely distinguishable at lower energies. MAGIC telescope observations of
the GRB 090102 (z=1.547) field from 03:14:52 UT to 06:54:01 UT are analyzed to derive upper
limits to the GeV/TeV emission. We compare these results to the expected emissions evaluated
for different processes in the framework of the standard fireball model. The results we obtained
are compatible with the expected emission but cannot yet set further constraints on the theoretical
scenario. However, the difficulty in modeling the low energy data for this event makes it difficult
to fix in an unambiguous way the physical parameters which describe the fireball. Nonetheless,
the MAGIC telescope, thanks to its low energy threshold and fast repositioning, is opening for
the first time the possibility to fill the energy gap between space-based gamma detectors and the
ground-based measurements. This will makes possible GRBs multiwavelength studies in the very
high energy domain.

I.

INTRODUCTION

Since the discovery of Gamma-Ray Burst (GRB) afterglows in the late 90s [1], these energetic phenom-

ena have been targets of observational efforts at essentially all electromagnetic wavelengths. The wealth
of available information put severe constraints on the
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various families of interpretative scenarios, showing
an unexpected richness and complexity of possible behaviors [2]. The first observations at MeV-GeV energies, with the Energetic Gamma-Ray Experiment
Telescope (EGRET) on-board the Compton GammaRay Observatory (CGRO) [3], showed that the observations in the high energy (HE: 1 MeV-30 GeV )
and in the very high energy range (VHE: 30 GeV - 30
TeV) can be powerful diagnostic tools for the emission processes and physical conditions of GRBs. The
launch of Fermi [4], with its Large Area Telescope
(LAT) [5], showed that, at least for the brightest
events, GeV emission from GRBs is a relatively common phenomenon [6] confirming that our comprehension of GRB physics is still unsatisfactory. In this context, multiple efforts have been performed in GRBs
observations by the new generation of ground-based
imaging atmospheric Cherenkov telescopes (IACTs),
such as MAGIC, HESS or VERITAS. In all cases only
upper limits have been derived. The two most limiting factors are the heavily attenuation of the VHE
signal by pair-production due to the interactions with
the lower energetic photons of the extragalactic background light (EBL) [7] and the delay of the observations. Within this scenario, MAGIC has the advantage, compared to other IACTs, in its low energy
sensitivity and pointing speed [8]. Throughout the
paper the convention Qx = Q/10x has been adopted
in CGS units.

II.

GRB 090102

GRB 090102 was detected and located by the Swift
satellite [9] on January 02, 2009 at 02:55:45 UT [10].
The prompt light curve is structured in four partially
overlapping peaks for a total T90 of 27.0 ± 2.0 s. Since
the burst was also detected by Konus Wind [11] and
Integral [12], it has been possible to obtain a very
good reconstruction of the prompt emission spectral
parameters. The time-averaged spectrum can be modeled with the classical Band function [13] with peak
energy Epeak = 451 +73
−58 keV and a total fluence in
5
the 20 keV - 2 MeV range of 3.09 +0.29
−0.25 × 10 erg
−2
cm
[11]. Early Optical follow-up measurements
were performed by many groups like TAROT [14]
at T0 +40.8 s, the REM robotic telescope at T0 +53
s [15] and GROND telescope [16] at T0 +2.5 h.
The optical light-curve, monitored from several tens
of seconds to slightly more than a day from the T0 ,
shows a steep-to-shallow behavior with a break at
about 1ks. Before the break, the optical flux decay
index is α1 = 1.50 ± 0.06 while the index became
α2 = 0.97 ± 0.03 after the break, steeper and flatter respectively, when compared to the simultaneous
X-ray emission. Optical spectroscopy was rapidly carried out by the NOT telescope [17] deriving a redshift

of z=1.547, which allows to compute an isotropic energy value of Eiso = 5.75 × 1053 erg and a rest frame
peak energy of Epeak =1149 +186
−148 keV in good agreement with the Amati relation. A detailed discussion of
the follow up observations for this burst can be found
in [18].
III.

MAGIC OBSERVATION

The MAGIC telescope located at Roque de los
Muchachos (28.75◦ N, 17.89◦W, La Palma, Canary
Islands) performed a follow-up measurement of
GRB 090102 starting the observation at the position
provided by Swift (RA: 08h 33m 02s; DEC: 33◦ 05’ 29”
) at 03:14:52 UT at T0 +1161 s. Data presented in this
paper have been taken before November 2009, when
MAGIC was operating as a single telescope. First
data runs were taken at very low zenith angles from
5◦ reaching 52◦ at the end of datataking at 06:54:01
UT after 13149 s of observation. MAGIC upper limits above 80 GeV have already been published for this
GRB [19] while results and scientific discussion about
a successive dedicated analysis focused in the low energy band [20] will be presented here. To ensure the
lowest energy threshold, only data taken with zenith
distance < 25◦ , corresponding to the first 5919 s of
observation (data sub-sample up to 04:53:32 UT) has
been taken into account during this analysis. Together
with the MAGIC-1 sum trigger system [21], it yields
an analysis threshold around 30 GeV evaluated using
MC simulations. In order to accurately estimate the
background from hadronic atmospheric showers, an
OFF data sample has been taken one night later with
the telescope pointing close to the burst location and
in the same observational conditions and instrument
setup. In spite of the excellent MAGIC low energy
analysis threshold, no significant excess of gamma-ray
photons has been detected from a position consistent
with GRB 090102. Differential upper limits with 95%
CL were evaluated. Telescope efficiency was evaluated with a 30% estimation of systematic uncertainties. However, the excellent low energy threshold for
ground-based observations with Cherenkov telescopes
makes these observations particularly interesting in
spite of the high redshift of GRB 090102.
IV.

MODELING THE VHE EMISSION

In the so-called standard scenario, known as the
fireball model [22], GRB dynamics during the prompt
phase are governed by relativistic collisions between
shells of plasma emitted by a central engine (internal shocks). Similarly, the emission during the afterglow is thought to be connected to the shocks between these ejecta with the external medium (external shocks). In both cases, the observed photons are
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Expected VHE Emission from GRB090102: E52=4.5, z=1.547, εe=0.1, εB=0.01, n=1 cm-3
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Expected νFν [erg cm-2 s-1 ]

E bin Fluence Limits Average Flux Limits
[GeV]
[erg cm−2 ]
[erg cm−2 s−1 ]
25 - 50
5.2 × 10−6
8.7 × 10−10
−7
50 - 80
8.9 × 10
1.5 × 10−10
−6
80 - 125
1.8 × 10
3.1 × 10−10
−6
125 - 175
1.3 × 10
2.2 × 10−10
−7
175 - 300
9.5 × 10
1.6 × 10−10
300 - 1000
1.8 × 10−7
0.3 × 10−10

3

-10

10

-11

10

-12

10

radiation from particles accelerated to ultrarelativistic energies by successive collisions with magnetized
medium (Fermi mechanism). Even if the details of
the acceleration process are not firmly known, several
non-thermal mechanisms have been suggested to be
sources of VHE photons. Possible processes comprise
both leptonic (e.g. electron synchrotron, Synchrotron
Self Compton-SSC) and hadronic models (e.g. proton
synchrotron) [23]. In the most plausible scenario, electron synchrotron radiation is the dominant process in
the low energy regime (< MeV) while SSC emission
overwhelm other processes in the VHE range. As first
approximation, a broken power-law can be used in
modeling the expected emission. The relevant break
energies of the spectrum will be the minimum injection νm and the cooling νc . The first one refers to
emission frequency of the bulk of the electrons population while the cooling frequency identifies where electrons effectively cool. Both are strongly dependent
on the microphysical parameters used to describe the
fireball and for the SSC are (following [23]):

ssc
νm
= 1.3 × 1022 ǫ4e
3/4



p−2
p−1

4

−9/4 1/2
ǫB (1

× E52 n−1/4 th

+ z)5/4 [Hz]

(1)

νcssc = 1.2 × 1025 (1 + Ye )−4
× E52

−5/4 −9/4 −7/2 −1/4
n
ǫB th (1

+ z)−3/4 [Hz] (2)

where n the medium particle density, E is the
energy per unit solid angle, th the time delay after
the GRB onset (in hours) and z is the source redshift.
The slope of the electron energy distribution (p) can
be evaluated using the optical spectral index lightcurve [18] and has been found to be p = 2.29 ± 0.04
in good agreement with numerical simulations which
suggest a value of p ranging between 2.2-2.3 [24]. On
the contrary, we can only constrain the values for the
micro-physical parameters ǫe , the fraction of total
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FIG. 1: Expected SSC emission during the afterglow of
GRB 090102. Blue triangles are 95% CL upper limits derived by MAGIC. The effect of the EBL absorption has
been taken taking into account using the model in [27].
The shaded region shows the uncertainty in the EBL absorption.
Expected VHE Emission from GRB090102: E52=4.5, z=1.547, εe=0.1, εB=0.01, n=1 cm-3
10-8

Electron Synchrotron
SSC
Proton Synchrotron
MAGIC UL

PRELIMINARY
10-9

Expected νFν [erg cm-2 s-1 ]

TABLE I: MAGIC-I 95% confidence level upper limits for
the afterglow emission of GRB 090102. The values correspond to the first 5919 s of observation from 03:14:52 UT
to 04:53:32 UT for a zenith distance ranging between 5◦
and 25◦ .
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FIG. 2: The hadronic component exceed the leptonic
mechanism only for particular and non realistic choice of
the microphysical parameters. However the cooling frequency for protons can easily reach the very high energy
band.

energy going to electrons, and ǫB , the fraction of
total energy going to magnetic fields. Assuming that
the optical light curve time break [25] is less then the
3
start time of the shallow decay phase (Tbreak <
∼ 10 s),
−4 <
<
<
<
we obtain 0.04 ∼ ǫe ∼ 0.2 and 7 × 10 ∼ ǫB ∼ 0.05
which only barely fix the ǫB , ǫe values. We thus
assume ǫB ∼ 0.01 and ǫe ∼ 0.1 which correspond to
typical values for the late afterglow [26].

A.

EBL absorption

Gamma ray absorption by pair production with Extragalactic Background Light (EBL) limits the IACTs
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capability in detecting sources at redshift z >1. We
adopted the model in [27] to evaluate the EBL absorption. The EBL intensity evaluated using this model
matches the minimum level allowed by galaxy counts,
which leads to the highest transparency of the universe to VHE γ-rays. This is indeed an optimistic yet
realistic scenario for GRBs studies in the VHE regime.
As a matter of fact, we have obtained a value for the
optical depth τ of 0.218 +0.075
−0.041 at about 40 GeV. This
gives an attenuation of the flux at the same energy of
the order of ∼ 20%, a value that does not significantly
compromise the detection capability of MAGIC.
V.

DISCUSSION

show that MAGIC follow-up observations within few
hundreds of seconds from the T0 would have the potential to detect this source. This demonstrates both
the capabilities of the system and the necessity of a
fast-response observations. Although we could not
Expected VHE Emission from GRB090102: E52=4.5, z=1.547, εe=0.1, εB=0.01, n=1 cm-3
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We have used the above derived equations in order
to predict the expected emission in the MAGIC energy
range. From numerical results it is evident that, for
both the chosen parameters and at the MAGIC observation time, leptonic components are usually the dominant mechanisms from the low (electron synchrotron
emission) to the very high energy (SSC). MAGIC observations (> 40 GeV) were carried out in the SED
region where νFν ∝ ν (2−p)/2 so that it is possible to
evaluate the expected SSC emission:
1/2 (p−1)/2 (2−p)/2
νFν ∝ νc,ssc
νm,ssc ν

(3)

which gives (for our first energy bin and taking into
account the EBL absorption) νFν,ssc (40 GeV)≈ 3 ×
10−11 erg cm−2 s−1 . This result is below of about one
order of magnitude (in the first energy bins) to the reported upper limits. However, a change in the microphysical fireball values can influence the VHE emission giving scenarios with substantially higher flux.
We also explored the possibility of a strong and prevalent proton synchrotron component in the GeV range.
The cooling frequency for protons can in fact easily
 6
ν
mp
reach the GeV regime since νc,p
∝
. However,
me
c,e

the required energy budget (∼ 1055 erg) and medium
density (∼ 100 cm−3 ) needed to match the expected
low energy flux with observed data is rather incompatible with the measured total energy release. This
makes the possibility to observe the hadronic emission
component with the MAGIC telescope unrealistic, at
least for a canonical fireball. Other hadronic-induced
emissions such as π 0 decay [28] can have a non negligible effect with new features in the spectrum in a
higher energies range. Moreover, at these energies,
νFν ∝ t−1.1 , implying that lowering the temporal delay of the observations can make the expected emission higher by one order of magnitude. Our estimates

[1] Costa, E. et al., 1997, Nature, 387, 783

10-13
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FIG. 3: Expected SSC emission from GRB 090102 at different time: T0 +0.8 ks (purple curve), T0 +2 ks (yellow
curve), T0 +10 ks (orange curve).

yet set firm constraints on the main theoretical scenarios, our results show the interesting perspectives
for an afterglow detection in very high energy domain. This energy range will have very high impact
on the understanding of the GRB phenomena and the
unique opportunity of having simultaneous follow-up
with Fermi/LAT and the MAGIC telescope will have
an important role in constraining different emission
mechanisms and the space parameters.
The above results will be discussed in a forthcoming
dedicated publication together with the FERMI/LAT
data.
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TeV Gamma-ray Blazar Monitoring Campaign
Eddie Collins-Hughes on behalf of the VERITAS collaboration
University College Dublin, Belfield, Dublin 4
Presented here are the results from a search for flux variability in the data obtained on sources
monitored with the Whipple 10m telescope from October 2010 to April 2011. The results of a
search for correlation between detected emission from Markarian 421 and Markarian 501 with the
Whipple 10m Telescope and Fermi-LAT detector will also be reported.

arXiv:1110.6855v1 [astro-ph.HE] 31 Oct 2011

I.

INTRODUCTION

The Whipple 10 m telescope is an imaging atmospheric Cherenkov technique (IACT) instrument,
located in southern Arizona, that operates in the 300
GeV to 10 TeV energy range. This instrument has
been in operation since 1968 and was the first groundbased γ-ray telescope to detect a galactic source, the
Crab Nebula in 1989 [1], and an extragalactic source,
Markarian 421 in 1992 [2]. Currently the telescope is
operated by the VERITAS (Very Energetic Radiation
Imaging Telescope Array System) collaboration as a
dedicated blazar monitoring instrument, and is used
as a trigger for VERITAS in case of enhanced activity
from any of the blazars being monitored.
The Whipple 10 m telescope blazar monitoring
campaign has been in operation since 1996, the
scientific goals of the campaign are to examine the
long and short-term variability of the emission from
a selection of blazars.

II.

BLAZARS

An Active Galactic Nucleus (AGN) is a galaxy for
which the emission from its galactic core dwarfs that
of the normal stellar component of the host galaxy.
The galactic cores are believed to be powered by
supermassive black holes surrounded by an accretion
disk powering two jets of particles and electromagnetic radiation emitted perpendicular to the disk.
Blazars are a sub-class of AGNs whose jet is at an
observing angle of less than 10 degrees, making it the
most obvious feature of the galaxy. Blazars exhibit
broadband non-thermal variable emission with the
presence of two peaks, one in the optical-keV range
the other in the MeV-TeV range.
Emission models can generally be divided into two
groups, where the particle species responsible for the
γ-ray emission are either predominately leptonic or
hadronic. Both model families attribute the lowenergy peak to synchrotron radiation from relativistic
electrons within the jets. They differ on the origin
of the MeV-TeV peak: leptonic models advocate

the inverse-Compton scattering mechanism, utilising
synchrotron-self-Compton (SSC) interactions or
Compton interactions with an external photon field
(e.g. see [3], [4], [5]). Hadronic models account for
the high-energy peak by neutral-pion or charged-pion
decay with subsequent synchrotron and/or Compton
emission from decay products, or synchrotron radiation from ultra relativistic protons (e.g. see [6], [7])

III.

SCIENTIFIC MOTIVATION

Long-term monitoring is needed to record both the
long-term and short-term variability in the emission
from blazars. Periods of intense, short-term variability are known as flares. These flares occur so
rarely that a large amount of observing time must be
dedicated to a handful of sources in order to increase
the likelihood of seeing flaring activity.
Short-term variability is crucial to the calculation of
the size of the photon emission region. The rise/fall
time during a significant change in flux with temporal
width ∆T provides an upper limit on the size of the
emitting source given by R < c ∆T /δ, where R is
the size of the emitting region and c is the speed of
light. δ is the Doppler factor, generally on the order
of 10-30. Long-term monitoring is also needed in
order to trigger multiwavelength (MWL) campaigns.
When a source enters a flaring period VERITAS is
alerted, along with a numerous MWL partners, to a
target of opportunity (ToO). Broadband observations
of correlated variability are critical for testing the
predictions of different theoretical models.

IV.

RESULTS

From April 2010 to October 2011 5 sources were
monitored, with a total of 218 hours of data collected.
See Table 1 for each sources positional information,
number of hours spent on source and significance
level achieved.
The observations reported here were taken at an
energy > 400 GeV, the integral Crab flux above
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400 GeV is (8.412+/-1.804stat ) × 10−11 cm−2 s−1 [8].
Lightcurves presented in this work are displayed in
fluxes. These fluxes are calculated by normalising
individual source rates to Crab units, where one Crab
is equivalent to 1.25 γ/min for the 10m telescope.
These data will form part of a multi-year data set on
Markarian 421 and Markarian 501. The Whipple 10m
telescope’s extensive coverage of these two sources at
TeV energies is unique.

Graph
χ2 / ndf
= 269.3 / 52
Entries
0
4.531e-31
Mean
0
p0
RMS6.144e-11± 2.59e-12
0

Markarian 421, 10m Daily LC
Flux (E>400 GeV) [cm-2 s-1]

2

×10-9

Prob

0.2

0.15

0.1

0.05

0

-0.05

TABLE I: Tabulation of data taken from October 2010 to
April 2011. Hours is the number of hours taken on source,
sigma is the significance level achieved.
RA
02 32 39
11 04 27
16 53 22
19 59 59
23 47 04

DEC
20 17 17
28 12 32
39 45 36
65 08 55
51 42 18

z Hours Sigma
0.14
41
0.8
0.031 90
29.6
0.034 33
19.2
0.047 12
4.1
0.044 42
1.9

FIG. 1: The daily averaged lightcurve for Markarian 421
from the Whipple 10m telescope.
Graph
χ2 / ndf
= 160.4 / 22
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Markarian 501, 10m Daily LC
Flux (E>400 GeV) [cm-2 s-1]

Source
1ES 0229+200
Markarian 421
Markarian 501
1ES 1959+650
1ES 2344+514
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×10-9

Prob
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A.

Markarian 421

Markarian 421 is one of the most active VHE blazars
and was the first to be discovered at TeV energies.
Its SED has peaks at keV and TeV energies and it
has been known to demonstrate rapid, sub-hour scale
flaring behaviour (e.g. see [9]). It has a redshift of
0.031 making it the closest known TeV blazar. Fig. 1
shows the daily averaged lightcurve of Markarian 421
for 2010-2011, revealing clear day-scale variation (a
χ2 test for constant emission returns a probability of
∼ 4.5 × 10−31 ). A search within each night revealed
no significant evidence for hour-scale variability.

B.

Markarian 501

Markarian 501 also has a well cataloged history of
flaring (e.g. see [10]). Whilst being at a similar distance to Markarian 421, Markarian 501 is significantly
weaker on average. This source has been intensively
monitored in the past and it displays quite different
temporal characteristics to Markarian 421. Fig. 2
shows the daily averaged lightcurve of Markarian
501 for 2010-2010. A χ2 test provides evidence for
significant day-scale variability (the probablility for
the constant emission is ∼ 5.1 × 10−23 ). A search
within each night revealed no significant evidence for
hour-scale variability.

0.1

0.05

0

-0.05

55600

55610

55620

55630

55640

55650

55660
MJD

FIG. 2: The daily averaged lightcurve for Markarian 501
from the Whipple 10m telescope.

C.

Other Sources

1ES 1959+650 This source was discovered as a TeV
gamma-ray emitter in 1998 by the Seven Telescope
Array [11]. In 2002, the Whipple 10m Telescope
detected flaring activity from 1ES 1959+650 up to 5
times the Crab Nebula flux [12].
1ES 2344+514 The Whipple Collaboration reported
a weak signal from the object between 1999-2001 [13].
As such it was chosen as a candidate likely to be observed again if it entered a period of enhanced activity.
1ES 0229+200 This blazar has an unusually hard
TeV spectrum and as such it is an excellent candidate
for extragalactic background light (EBL) studies [14].
Neither 1ES 1959+650, 1ES 2344+514 nor 1ES
0229+200 have been detected with a significance level
greater than 5 sigma during the 2010-2011 observing
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season and thus no statement about their variability
can be made.

V.

COMPARISON WITH RESULTS FROM
FERMI-LAT

Shown in Fig. 3 are weekly averaged fluxes for
Markarian 421 produced using the Whipple 10m and
the publicly available Fermi-LAT data for the time
period from October 2010 to April 2011.

Markarian 421, 10m Weeky LC
×10

Flux (E>400 GeV) [cm-2 s-1]

-9

0.18

Graph
χ2 / ndf
= 163 / 13
Entries
0
Prob
4.756e-28
Mean
0
p0
6.469e-11 ± 2.606e-12
RMS
0

0.16
0.14
0.12
0.1

3

FIG. 3: Top graph is the weekly averaged fluxes from
Markarian 421 as observed by the Whipple 10m telescope.
Bottom graph is the weekly averaged fluxes from Markarian 421 as observed by Fermi-LAT.

Both the Whipple 10m telescope and Fermi-LAT see
Markarian 421 as a variable emitter but no strong
correlation in emission was found. A similar analysis
performed for Markarian 501 also revealed no strong
correlation. Discuss correlation test(extremely basic).
VI.

SUMMARY

The Whipple 10m blazar monitoring campaign
continued from October 2010 to June 2011, 210 hours
of data were collected on five sources. Markarian 421
and 501 were both detected with high significance,
and both demonstrated variability in their emission
from night to night. Data from each night were
examined for variability but no significant hour-scale
variability was observed.

0.08

No strong correlation in emission from Markarian 421
or 501 as dectected by the Whipple 10 m telescope
and the Fermi-LAT was observed.

0.06
0.04
0.02
0

-0.02
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Markarian 421, Fermi-LAT Weekly LC
Flux (E > 300MeV) [cm-2 s
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Multiwavelength observations suggest that clusters are reservoirs of vast amounts of relativistic electrons and
positrons that are either injected into and accelerated directly in the intra-cluster medium, or produced as
secondary pairs by cosmic ray ions scattering on ambient protons. In these possible scenarios gamma rays are
produced either through electrons upscattering low-energy photons or by decay of neutral pions produced by
hadronic interactions. In addition, the high mass-to-light ratios in clusters in combination with considerable
Dark Matter (DM) overdensities makes them interesting targets for indirect DM searches with gamma rays.
The resulting signals are different from known point sources or from diffuse emission and could possibly be
detected with the Fermi-LAT. Both WIMP annihilation/decay spectra and cosmic ray induced emission are
determined by universal parameters, which make a combined statistical likelihood analysis feasible. We present
initial results of this analysis leading to limits on the DM annihilation cross section or decay time and on the
hadron injection efficiency.

1. Introduction
Gamma rays from clusters of galaxies have not yet
been detected1 . On the other hand, from multiwavelength observations it is known that clusters have a
very rich astrophysical phenomenology and observations support the assumption of relativistic particle
populations in the intra-cluster medium (ICM). These
particle populations can interact and produce high energy gamma rays [1], potentially being detectable by
the Large Area Telescope (LAT) on board the Fermi
satellite [2].
Present day observations [3, 4] suggest the content
of the universe to be made of about 25% of Dark Matter (DM), whose nature however remains unknown.
DM annihilation or decay into standard model particles can lead to a gamma-ray flux, detectable by
Fermi-LAT [5]. The annihilation flux is proportional
to the density squared, therefore galaxy clusters with
substructure which can lead to large enhancements of
the DM induced gamma-ray flux are promising targets
for Dark Matter seaches.
Both CR and DM-induced emission scenarios are
different in spectral shape from any of the observed
signals measured by the LAT, such as the emission
from identified point sources or the galactic and extragalactic diffuse emission. Assuming both the cosmic ray (CR) and DM emission model being universal
in at least one defining parameter in all clusters we

1 However, galaxies who are members of clusters have been
detected.

study, we can use a combined likelihood analysis to
constrain the parameters that define those emission
models.
Both CR and DM induced gamma-ray emission
need to be considered together in an attempt to quantify a possible DM or CR detection. In this paper, we
present preliminary results where both components
are considered separately.
The outline of this proceedings is as follows. In Section 2 we discuss the cluster selection and their modeling with respect to the two emission models given
by DM and CR, respectively. We present the analysis
details and our combined likelihood method in Section 3. The results from the upper limit evaluations
are described in Section 4.

2. Cluster Selection and Modeling
The clusters were selected based on the same criteria as in the first Fermi-LAT publication on DM induced gamma rays in galaxy clusters [6]. We chose the
brightest X-ray clusters from the extended HIFLUCS
catalog [7] and removed clusters that were near the
galactic plane (Norma and Ophiuchus) as well as clusters with detected active galaxies in gamma rays, such
as Perseus with its central galaxy NGC 1275. In addition we removed NGC 4636 since it exhibits a significant overlap in the region of interest with M49 and
our method is at present not capable of treating that
problem properly.
It is worth mentioning that due to the lack of
gamma-ray emission from any of these objects, we refer to the position in the sky which corresponds to
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Eγ 2 dFγ / dEγ [ GeV cm−2 s−1]
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2.2. Gamma-Ray Emission from Dark
Matter
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Centaurus
AWM 7
Fornax
M49

10−9

The gamma-ray flux from a pair-annhihilating DM
particle with mass mWIMP can be written as:

−10

10

ΦA
γ =

10−11

1 hσvi X dNf
· Bf × J A ,
2 m2WIMP
dE

(2)

f

10−12
10−13

Preliminary
10−1

100

101
Eγ [GeV]

102
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Figure 1: Predicted gamma-ray emission from neutral
pion decay as in [11]. We note that Coma is predicted to
give the strongest signal.

the NASA/IPAC Extragalactic Database locations of
clusters as seen in other wavebands.

where hσvi is the DM annhihilation cross section,
P dN
and f dEf · Bf denotes the gamma-ray yield for the
given final state with branching ratio Bf . This particle physics factor is multiplied with the astrophysical
factor, J A that in case of annhihilating DM is the integral over the line of sight and the DM density squared
over a specified solid angle. For decaying DM we use
the fact that the spectrum is roughly equivalent to
the annhihilation spectrum of a particle with half the
mass. Furthermore we note that the astrophysical factor, J D is only integrated over the DM density, not the
squared one, in the case of decay. Eq. 2 then becomes:
ΦD
γ =

2.1. Gamma-Ray Emission from Cosmic
Rays
Although there is no clear observational evidence
yet for a relativistic proton population in clusters of
galaxies, these objects are expected to contain significant populations of CR protons originating from
different sources, such as structure formation shocks,
radio galaxies, and supernovae driven galactic winds
(see e.g. [8, 9, 10, 11]). The cluster gamma-ray emission is crucial in this respect as it potentially could
provide unique and unambiguous evidence of a CR
proton population in clusters through observing the
pion bump in the gamma-ray spectrum. High resolution simulations of galaxy clusters including CR
physics show that these processes can be described
by an approximately universal spectrum, where the
gamma-ray flux from CR proton induced neutral pions decaying can be parametrized as:
ΦCR
γ

=

Z

d3 rA(R)λπ0 →γ (E)

(1)

where λπ0 →γ (E) is the universal spectrum as given
in [11] containing the maximum hadron injection efficiency, η, while A(R) is the individual normalization
that varies with respect to the mass distribution as inferred e.g. from X-ray observations and its gas density
profile [12]. In fig. 1 we show the predicted gammaray emission from neutral pion decay for the clusters
we chose to investigate.

1
mWIMP τ

X dNf
f

dE

· Bf × J D ,

(3)

where we denote the lifetime of the DM particle with
τ.

3. Analysis Details
We carry out a binned analysis of 24 months of
Fermi-LAT data. We select events corresponding to
the DIFFUSE class which are most gamma-ray–like
events and use the P6 V11 instrument response function, provided in the software package Fermi Science
Tools v9r22p0. The spectra are binned in 20 logarithmic bins from 200 MeV to 100 GeV.
According to the model predictions for CR-induced
gamma rays from galaxy clusters, the bulk of the emission comes from the center of the cluster which justifies our choice of modeling them as pointlike sources.
For the case of DM we assume the branching fraction
to be 100 % to bb both for decay and annhihilation,
which is shown to be a good approximation for a large
class of possible DM models [13, 14]. When modeling
the clusters we model them as point sources using the
same J-factors as in [6] for annhihilating DM and [15]
for decaying DM, without assuming any boost from
substructure.
We include all known point sources from the first
year Fermi-LAT catalog [16] that are within 15 degrees from the location of each cluster using FermiLAT catalog fit results, except for point sources within
5 degrees from the source, which are refitted. In addition we model the diffuse and extragalactic gamma-
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10-20

Fermi 24 Months
bb final state
no J-factor uncertainties

10-21

2σ U.L. on <σ v> [cm3 s-1]

ray background according to the recommended FermiLAT templates2 .
When we inspect the spectra and the residuals of individual sources with respect to the assumed model,
we conclude that the measured γ-ray emission is modeled well by assuming only detected Fermi-LAT point
sources and diffuse emission provided by the galactic
and extragalactic diffuse models respectively.

10-22

10-23

Combined Likelihood

10-24

AWM7
Centaurus
Coma

10-25

Fornax

3.1. Likelihood Procedure

M49
Fornax (11m Paper)

Preliminary
-26

10

L (hσvi, mWIMP |obs)
Y
=
Li (hσvi, mWIMP , ci , bi |obs) .

(4)

i

In Eq. 4 we use for simplicity the case of annhilating
DM. For a given mass of a WIMP we can minimize this
function and extract upper limits on the annhihilation
cross section hσvi. The bi correspond to individual
backgrounds that are treated as nuisance parameters
in the likelihood evaluation, the ci represent individual
constants such as cluster masses.
This method is implemented in the Fermi Science
Tools as Composite2 and profiling over the likelihood
function is achieved by means of MINOS which is part
of the MINUIT package [17]. It should be stressed
that we refer to the 95 % upper and lower limits as the
ones that are defined as the points where the negative
logarithm of likelihood function has changed its value
by 2.71 with respect to its minimum. The method
allows inclusion of the J factor uncertainties, see also
[18] for more details. In order to do so, the distributions of the J-factors need to be known. However,
since the distribution of J-factors depends on underlying assumptions such as whether or not DM substructure is included and the details of its assumed
distribution and properties, we refrain from including
J-factor uncertainties in our analysis.

2 For the galactic diffuse emission we use the template
gll iem v02 P6 V11 DIFFUSE.fit and for the isotropic gammaray background isotropic iem v02 P6 V11 DIFFUSE.txt respectively.

10

WIMP Mass [GeV]

Figure 2: 95 % upper limits on the Dark Matter
annhihilation cross section for individual clusters (solid
lines) and combined result (dotted) for bb final states.
For comparison we also show the published values for the
best cluster in the 11 months analysis (dashed) [6].

1028

Fermi 24 Months
bb final state
no J-factor uncertainties
2σ L.L. on τ [s]

In order to model each of the cluster regions given
its own characteristics together with the underlying
universal physics as assumed for emission from DM
or CR respectively, we construct a combined likelihood function by multipylying every individual likelihood function and minimizing it with respect to the
parameter of interest, e.g. the annhihilation cross section, the decay time or the hadron injection efficiency.
The likelihood function can then be written as:

3

102

10

1027

Combined Likelihood

1026

AWM7
Centaurus
Coma
Fornax

Preliminary

M49

102

WIMP Mass [GeV]

3

10

Figure 3: 95 % lower limits on Dark Matter decay time.
Same as fig 2.

4. Results
We show the upper limits on the annhihilation cross
section for our cluster sample and the combined result in fig. 2. Below 100 GeV we exclude gamma rays
from annhihilating DM with a annhihilation cross section above 5 × 10−25 cm3 s−1 , while we note that our
combined limit (dashed red line) is roughly a factor
3 more constraining than the best individual cluster
(Fornax). For the case of decaying DM we exclude
life times below 1027 s for WIMPs decaying into bb
final states with masses above 100 GeV, as we show in
fig 3. The adopted CR model assumes the maximum
injection efficiency η to be 50 %. We find that while
only the case of Coma can constrain this parameter
space, since the limit we find is below 50 %, that our
data disfavors this value, see fig. 4. Assuming a linear
relation between the CR-induced gamma-ray flux and
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proof-of-concept study to show the power of the combined likelihood analysis. We are currently updating the analysis to increase the number of observed
clusters, including more accurate spatial modeling,
improved treatement of overlapping ROIs and exploration of other emission scenarios. We are also using an updated Fermi-LAT event selection. A corresponding Fermi-LAT publication is in preparation.

Maximum Hadron Injection Efficiency η
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Figure 4: 95 % upper limits on maximum injection
efficiency following the hadronic cosmic ray model by
[11]. The rightmost point indicates the combined
constraint.

η, we can establish a combined upper limit on η of
27 %, given the model characteristics by [11].

5. Summary and Conclusions
Clusters of galaxies provide very interesting targets for searches for gamma-ray emission from both
hadronic CR interactions in the ICM and from Dark
Matter annhihilation or decay. However, there is no
confirmed observation of gamma rays from clusters so
far.
Individual fits of Fermi-LAT data in the region
of 5 clusters is compatible with identified FermiLAT point sources and galactic and extragalactic diffuse emission. From the non-detection of clusters in
gamma rays, we can obtain upper limits on Dark Matter annhihilation cross section or decay time for a
generic WIMP with a bb final state. For the discussed
emission model from hadronic cosmic ray interactions
we are able to set upper limits on the hadron injection
efficiency.
To capture each region and its individual backgrounds we employ a combined likelihood analysis
treating those individual backgrounds as nuisance parameters. This approach is feasible as we assume all
clusters to exhibit the same physical properties, which
is undisputed for the DM case and can be assumed for
the cosmic-ray emission to first approximation. Our
combined limits on DM are a factor two better than
previously published limits and our data disfavor CR
hadrons being accelerated with an efficiency greater
than 30 %. We note that one cannot lower the acceleration efficiency infinitely if one wants to explain
radio halos with the hadronic CR model.
It is however noteworthy that this analysis is only a
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Predicted by hierarchical structure formation, Milky Way-type galaxies are anticipated to host numerous dark
matter subhalos with masses between 1010 and a cut-off of 10−6 M⊙ , or even less. In self-annihilating dark
matter scenarios, these objects could be visible in the γ-ray band as faint and non-variable sources without
astrophysical counterpart. In accordance with realistic subhalo models and current observational constraints
on self-annihilating dark matter, we predict that about one massive Galactic subhalo may have already been
detected in the 11-months catalog of Fermi-LAT data (1FGL). Selection cuts applied to the 1FGL reveal twelve
possible candidates, and in-depth studies of the most promising object, 1FGL J0030.7+0724, are presented. In a
dedicated X-ray follow-up observation with the Swift XRT, seven point-like X-ray sources have been discovered.
Within the positional uncertainty derived from the 24-months Fermi-LAT data, we consider the unidentified
radio source NVSS J003119+072456, coinciding with one of the discovered Swift sources, as the most promising
counterpart candidate for 1FGL J0030.7+0724. The broad-band spectral energy distribution is consistent with
a high-energy-peaked blazar. However, flux and extent of the Fermi source may also be compatible with a dark
matter subhalo. A discrimination between the two scenarios requires further multi-wavelength observations.
Strategies for identifying γ-ray sources associated with self-annihilating DM subhalos are discussed.

1. Introduction
Unraveling the nature of dark matter (DM) is part
of the major tasks in modern astro- and particle
physics. Various independent astrophysical observations indicate a non-baryonic form of cold dark matter
(CDM) to prevail over the baryonic content of the Universe, e.g., [1, 2]. Provided by theories extending the
standard model of particle physics (SM), such as supersymmetry and universal extradimensions, a class of
promising CDM candidates are stable weakly interacting massive particles (WIMPs). By self-annihilation
in SM ﬁnal states (heavy quarks, gauge bosons, or
leptons), WIMPs can produce detectable signatures
such as photons, antimatter, and leptons, arising from
hadronisation and subsequent decay of the ﬁnal annihilation states. Apart from (loop-suppressed) line
contributions, these processes result in continuous
photon spectra, following a hard power law (index
Γ<
∼ 1.5) cutting oﬀ exponentially to the WIMP mass.
Within the framework of hierarchical structure formation, DM halos of Milky Way-type galaxies should
contain numerous DM subhalos orbiting around the
center, with masses between a cut-oﬀ scale 10−11 −
10−3 and 1010 M⊙ [3], where M⊙ denotes the solar
mass unit. Within the resolved mass scales, numerical high resolution N -body simulations of structure
formation, such as the Aquarius Project [4] or the Via
Lactea II simulation [5], predict the subhalos to follow
a power-law distribution in mass, dN/dM ∝ M −α ,
where α ∈ [1.9; 2.0]; their density proﬁles resemble the
host halo’s, resulting in high central densities. Spatially, subhalos follow an “anti-biased” distribution,

i.e., the majority orbits far away from the host’s center.
With lacking baryonic but dominating WIMP content, subhalos could appear as non-variable, faint
point-like or moderately extended high-energy (HE)
γ-ray sources without astrophysical counterpart in
any other wavelength band. A small fraction could
then be detectable with current high- or very-highenergy (VHE) γ-ray telescopes [6, 7, 8, 9] such as
Fermi-LAT (20 MeV − 300 GeV) [10] and imaging air
Cherenkov telescopes (IACTs; E >
∼ 100 GeV) [11].
This article summarizes the main results of a study
on the detectability of DM subhalos with Fermi-LAT,
their properties, and the investigation of the most
promising object from ﬁrst searches for subhalo candidates in the ﬁrst Fermi-LAT point-source catalog
(1FGL), 1FGL J0030.7+0724. For details and further explanation the reader is referred to Zechlin et
al., 2011 [12].

2. Gamma rays from DM subhalos
The total rate of photons with energy E in the intervall [E1 ; E2 ], originating from self-annihilating DM
in a DM subhalo, is
hσvieff Nγ
L=
2m2χ

Z

2

dV ρ (r), Nγ =

EZ
2 /mχ

dx

dNγ
,
dx

E1 /mχ

(1)
where hσvieff is the thermally-averaged annihilation
cross section times the relative velocity, mχ the WIMP
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mass, and dNγ /dx, x ≡ E/mχ , denotes the diﬀerential spectrum of photons per annihilation [13]. The
produced photon ﬂux is φ = L/(4πD2 ), assuming
rs ≪ D (see below). Consistent with numerical simulations, the density proﬁle of DM subhalos is taken
to follow a Navarro-Frenk-White (NFW) proﬁle [14],
scaled to the characteristic inner radius rs and characteristic inner density ρs . For subhalos, where (e.g.,
tidal) disturbances caused by their formation history
are negligible, the proﬁle parameters are related by
the virial halo mass Mvir . The quantity Mvir is given
by the mass inside the sphere of radius Rvir , which
encloses a mean density of ∆c times the critical density of the Universe ρcrit at the considered redshift
3
z [14], Mvir := 4π/3 ∆c ρcrit Rvir
. The virial overdensity at z = 0 is ∆c ≈ 100 [15]. Integrating
the NFW proﬁle, the subhalo mass M is given by
M = 4πρs rs3 f (c), where f (c) ≡ ln(1+c)−c/(1+c) and
c denotes the concentration parameter of the subhalo.
For non-disturbed halos, the concentration is deﬁned
by cvir ≡ Rvir /rs , depending on the subhalo mass and
redshift. In the following, we use the low-mass extrapolation of a toy model for cvir [16], based on [17].
Corrected by a factor depending on the galactocentric distance, eﬀects of subhalo formation processes
will be included. In this model, henceforth subhalo
model (SHM), the concentration increases with decreasing galactocentric distance, as indicated by numerical simulations [7]. Intrinsic to the stochastic process of halo formation, the concentration of individual
subhalos scatters around the median, see [17, 18]. A
general study of the concentration-model dependence
and further details are given in [12].
Given the relations above, Eq. 1 simpliﬁes to
L=

hσvieff Nγ ∆c ρcrit M c3vir
.
18m2χ
f (cvir )2

(2)

Conveniently, hσvieff is normalized to hσvi0 = 3 ×
10−26 cm3 s−1 , which coincides with the correct relic
density. A higher annihilation rate, a so-called boost
factor hσvieff /hσvi0 , could in general be related to
sub-substructures or the particular particle physics
framework.

3. Fermi-LAT sources as DM subhalos
Based on the observational quantities ﬂux and angular extent, candidate sources for DM subhalos will
be selected. With Eq. 2, the eﬀective self-annihilation
cross section hσvieff required for a given ﬂux φ and
intrinsic source extent θs is determined with L =
4πD2 φ, where θs constrains the distance D to the
subhalo. The intrinsic extent of a subhalo is traced
by the characteristic proﬁle radius rs , since 87.5%
of the total γ-ray luminosity is produced within rs .

Hence, D ≈ rs /θs , where θs denotes the angle corresponding to rs . About 68% of the γ-ray luminosity is
emitted within θ68 ≃ 0.46 θs . The relations below are
given with respect to θs , but can easily be adapted for
θ68 , which represents the extent for comparision with
observational data. With the WIMP model, hσvieff
is fully determined by the subhalo mass and the observed ﬂux and extent:
5/3
2 
1 mχ
φ M −1/3 f (cvir )2
3
hσvieff = 96 π 3
.
Nγ 4∆c ρcrit
θs2
c5vir
(3)
For heavy WIMPs, a detection of DM subhalos is favored in the high-energy band of Fermi-LAT (10 −
100 GeV), due to improving sensitivity [10] and the energy spectrum of DM annihilation. As will be demonstrated later, a ﬁducial subhalo candidate source is
characterized by faintness and a moderate angular
extent. Therefore, the ﬂux of the ﬁducial source
is chosen to be at the level of detection sensitivity
(one year), which has been accurately studied in [12]:
φfid (10 − 100 GeV) = 1.6 × 10−10 cm−2 s−1 for θsfid =
fid
1◦ , corresponding to θ68
≈ 0.5◦ ; the Galactic position
has been chosen to match 1FGL J0030.7+0724.
For WIMPs of mχ = 150 GeV fully annihilating
to τ + τ − , the eﬀective boost factors hσvieff /hσvi0 required to generate the emission φfid of the ﬁducial
source by DM annihilation are depicted in Fig. 1.
Within the halo-to-halo scatter of the concentration,
the required boost spans about one order of magnitude. Minimal boost is required for massive subhalos
between 106 and 107 M⊙ . In Fig. 1, the necessary
eﬀective annihilation cross section is compared with
current observational limits on hσvieff /hσvi0 [19, 20].
The Figure shows that, within the scatter, the boost
factor needed to explain γ-ray sources such as the
ﬁducial with massive DM subhalos (∼ 105 − 108 M⊙ )
is consistent with observational constraints. These
subhalos are in corresponding distances from 0.5 to
10 kpc. Further reduction of the boost could be accomplished by additional sub-substructure (factor of
2-3, [21]). For the considered WIMP model, this leads
to a required boost of order unity within the scatter.
For this WIMP model and current observational
constraints on hσvieff , on average 0.2 subhalos between 105 and 108 M⊙ are expected for detection with
Fermi-LAT in one year, see [12]. Given the Poisson
distribution of the average, up to one massive subhalo
is expected in the one-year data set.

4. Searches for DM subhalos in the 1FGL
As shown above, DM subhalos would appear as
faint, non-variable, and moderately extended sources
without astrophysical counterparts. First candidates
have been searched for in the 11-months point-source
catalog of Fermi-LAT (1FGL, 100 MeV - 100 GeV,
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Figure 1: Boost factor hσvieff required for the fiducial
Fermi -LAT source to originate from a DM subhalo of
mass M . The solid green line indicates the prediction of
the average SHM model, while its scatter is depicted by
the dotted green lines (and the green-shaded area).
Current observational constraints on hσvieff are shown by
the light grey- and grey-shaded area.

[22]), listing 1451 γ-ray sources together with ﬂux,
position, signiﬁcance of variability, and spectral curvature. Among the sources, 630 objects are not conﬁdently associated with known sources at other wavelengths.
To select possible subhalo candidates, the sample
of unassociated sources has been scanned for nonvariable sources detected between 10 and 100 GeV.
A high-energy detection assures subhalo candidates
driven by heavy WIMPs and furthermore avoids confusion with high-energy pulsars [23]. The position in
the Galaxy has been constrained to galactic latitudes
|b| ≥ 20◦ , eliminating confusion with Galactic sources.
Twelve unassociated sources pass these cuts. Apart
from one, the sample consists of sources at the faint
end of the entire 1FGL sample. A further discussion of these objects is presented in [12]. According to the 1FGL catalog, the counterpart search
has been extended to a wider choice of astronomical catalogs. Given the twelve candidates, the most
promising has been selected, governed by lacking
association, faintness, and spectral shape, namely
1FGL J0030.7+0724.
Both the high-energy ﬂux of 1FGL J0030.7+0724,
φp (10 − 100 GeV) = (1.5 ± 0.7) × 10−10 cm−2 s−1 ,
as well as the spectral index, Γ = 1.7 ± 0.4, are
well compatible with a self-annihilating DM origin.
Note that the source has only been signiﬁcantly detected between 10 and 100 GeV. Within the positional uncertainty of the γ-ray signal (at 95% conﬁdence), 1FGL J0030.7+0724 has no convincing multiwavelength counterpart. Furthermore, X-ray observations with ROSAT [24] constrain the energy-ﬂux of
−12
a possible X-ray counterpart to <
erg cm−2 s−1
∼ 10
[25].

For further investigation of possible counterparts,
temporal variability, and the angular extent of
1FGL J0030.7+0724, updated results based on the
24-months public archival data set of Fermi-LAT
between 10 and 100 GeV have been derived. The
point-source analysis has been performed with the
Fermi Science Tools v9r18p6 [26], using recommended options and the instrument-response functions P6 V3 DIFFUSE [27]. Details are given in [12].
Within a radius of 0.5◦ around the nominal source
position, six photons (one class 3 event, ﬁve class
4 events) between 10 and 100 GeV have been detected after 24 months. With respect to the signal,
the inﬂuence of the Galactic foreground as well as
the extragalactic background at the source position
is negligible. The integrated ﬂux between 10 and
100 GeV, reconstructed with the point-source analysis, is φp (10−100 GeV) = (0.9±0.4)×10−10 cm−2 s−1 .
The signiﬁcance of the signal in this energy-bin is
about 6.6 Gaussian standard deviations.
The variability of 1FGL J0030.7+0724 has been
tested for, analyzing the temporal photon distribution for compatibility with a constant ﬂux with an unbinned Kolmogorov-Smirnov test. The test conﬁrms
the null-hypothesis of a steady ﬂux with a probability of about 0.5. Given the positional distribution of
the signal photons, the (intrinsic) spatial extent has
been tested with a likelihood-ratio test, comparing the
null-hypothesis of a point-source with the assumption
of the intensity distributed following the line-of-sight
integral of the squared NFW proﬁle. The data favors
a moderate extent θs = 0.14+0.20
−0.12 deg, which is, however, not signiﬁcantly diﬀerent from a point-source hypothesis. The upper limit is θs ≤ 0.72 deg at 95%
conﬁdence level.

4.2. Swift-XRT data
New observations of the ﬁeld with the X-ray telescope (XRT, 0.2-10 keV) onboard the Swift satellite [28] with a total eﬀective exposure of 10.1 ks
led to the discovery of seven new X-ray sources.
The (unabsorbed) energy ﬂuxes of the discovered
sources range from ∼ 2 × 10−14 erg cm−2 s−1 to 2 ×
10−13 erg cm−2 s−1 between 0.2 and 2 keV. See [12] for
further details.

5. Discussion
5.1. 1FGL J0030.7+0724 as AGN
Within the updated positional information on
1FGL J0030.7+0724 (see Sect.
4.1), the radio
source NVSS J003119+072456 (f1.4 GHz = (11.6 ±
0.6) mJy) provides a viable counterpart. The radio
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source positionally coincides with the newly discovered hard X-ray source SWIFT J003119.8+072454
(Γ = 1.6 ± 0.3), energy ﬂux ∼ 2 × 10−13 erg cm−2 s−1
between 0.2 and 2 keV, and the optical counterpart
SDSS J003119.71+072453.5 (m(r) = 17.4m ). Normalized to the radio ﬂux, the average spectral energy
distribution of a high-energy-peaked blazar (HBL, see
[29]) ﬁts the data, assuming standard temporal variability of the source. Reinforcing, the HBL scenario
is favored by the spectral indices of the X- and γ-ray
signal.
The optical counterpart appears point-like with
m(R) = 18.6m (the SDSS source coincides with USNO
0974-0005617). Under the assumption of an elliptical
host galaxy with MR = −23.1m, typical for blazars
[30], the corresponding distance modulus implies a
redshift of z = 0.39 ± 0.03 (K-correction).

5.2. 1FGL J0030.7+0724 as DM subhalo
Given the absence of clear indication for variability,
a DM subhalo origin of 1FGL J0030.7+0724 remains
plausible. The ﬂux[31] and the upper limits on the angular extent provided in Sect. 4.1 are consistent with
a subhalo of mass between 106 and 108 M⊙ . Assuming
a mass of 106 M⊙ , the distance would be 2.4+1.0
−0.7 kpc
given the scatter of the concentration model, see Sects.
2 and 3. In case of a WIMP of 150 GeV annihilating
to τ + τ − , the required minimal boost is 3 for a highconcentrated subhalo with a corresponding distance of
1.7 kpc, and 13 for an average-concentrated subhalo
with a corresponding distance of 2.4 kpc. An even
lower boost may be required, if the subhalo contains
sub-substructures or exhibits a cuspier proﬁle.

6. Summary and Outlook
We have presented a state-of-the-art investigation
on the detectability of DM subhalos with the FermiLAT. Concluding, one massive DM subhalo will probably appear in the ﬁrst catalog. First searches have
indeed revealed twelve possible candidates, where the
most promising, 1FGL J0030.7+0724, has been studied in detail. A detection of temporal variability and
improved astrometry would clarify the physical origin
of this object.
The accompanying paper Zechlin et al., 2011 [12]
will contain additional details. The recent release of
the second Fermi-LAT catalog, 2FGL, allows a deeper
search for subhalo candidates, which will be presented
in a future work. Note that related work is presented
in [32] and [33].
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We compute the contribution of blazars (Flat Spectrum Radio Quasars and BL-Lacs) to the
Fermi -LAT Extragalactic γ-ray Background, assuming a γ-ray luminosity function proportional to
the luminosity function of radio galaxies [9] and the Spectral Energy Distribution of blazars given by
the so-called blazar sequence [11]. We find that blazars account for the ∼45 % of the total Fermi -LAT
EGB. However, at low (<10 GeV) and high (>50 GeV) energies the blazar contribution falls short
to account for the observed background light. At E<10 GeV, the Extragalactic γ-ray Background
can be fully explained by considering the additional contribution of star-forming galaxies, whereas
at very high energies, where the absorption due to Extragalactic Background Light dominates, the
observed background calls for an additional unknown component.

I.

INTRODUCTION

The Extragalactic γ-ray background (hereafter
EGB) represents a fascinating challenge since its first
detection by SAS-2 satellite above 30 MeV [1]. The
γ-ray telescope EGRET during nine years of operations, measure an isotropic γ-ray emission in the 30
MeV-30 GeV band [2]. The satellite Fermi-LAT after
one years of observations improves the EGRET measurement confirming the existance of an EGB up to
100 GeV [3].
As already found by EGRET and confirmed by
Fermi-LAT [4], blazars are the most common objects in the extragalactic γ-ray sky. Blazars, radio
loud AGNs with the jet pointing towards the Earth,
are classified as Flat Spectrum Radio Quasars (FSRQs) and BL-Lacs. After three years of observations,
Fermi-LAT detected approximately 1000 blazars with
about the same number of FSRQs and BL-Lacs [4].
It results to be natural computing their contribution
to the EGB (e.g. [5–8]). The main ingredients in
the EGB calculation are the γ-ray luminosity function (LF) of blazars and their spectral energy distribution (SED). In our model adopt a LF of FRI and
FRII radio galaxies [9] and the blazar SEDs using the
the so-called blazar sequence [10, 11]. We compute the
blazar contribution to the Fermi-LAT EGB fitting the
differential Fermi-LAT logN-logS, having as a sole fitting parameter the fraction of radio galaxies beamed
towards the Earth, hence appearing as blazars. Beacause the blazar component alone is not able to fully
account for the EGB at low energies (<10 GeV), we
consider the γ-ray emission of star-forming galaxies.
This allows us to fully explain the EGB but the last
point at approximately 80 GeV where the EBL absorption strongly dominates. Notice that here we refer

to EGB as the sum of the resolved source component
and the unresolved and/or truly diffuse emission.
II.

BLAZAR CONTRIBUTION

The blazar contribution (in photons s−1 cm−2 sr−1
MeV−1 ) to the EGB at the observed energy E0 is
Z ∞
Z log Lmax
γ
1
dΦγ (Lγ , z)
dV
Iblaz (E0 ) =
d log Lγ
dz
4π 0
dz log Lmin
d log Lγ
γ
×

dn(Lγ , z) −τγγ (E0 ,z)
e
,
dE

(1)

where dΦγ (Lγ , z)/d log Lγ is the γ-ray LF and Lγ is
νLν (in erg/s) at 100 MeV, dn(Lγ , z)/dE is the unabsorbed photon flux per unit energy E = E0 (1 + z)
measured on Earth of a blazar with luminosity Lγ at
redshift z, and τγγ (E0 , z) is the optical depth for γ − γ
absorption. We adopt the Extragalactic Background
Light (EBL) model by [13]. In the above equation
dV /dz is the comoving cosmological volume. We set
log Lmin
= 43.5 and log Lmax
= 50.
γ
γ
The number of sources N (> Fph ) per steradian with
photon flux greater than Fph is
Z ∞
Z log Lmax
γ
1
dV
dΦγ (Lγ , z)
N (> Fph ) =
dz
d log Lγ
.
4π 0
dz log Lmin
d log Lγ
γ
(2)
The γ-ray LF of blazars is presently uncertain (see e.g.
[12]), so that one has to rely on the LFs computed in
other bands, e.g., X-rays [6, 14], or radio [7]. We adopt
here the radio LF at 151 MHz of FRI and FRII [9],
assumed to be the parent populations of blazars:
Φγ (Lγ , z)
ΦR (LR , z)
=κ
,
d log Lγ
d log LR

(3)
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FIG. 1: The black line represents the fit to the blazar
logN- logS measured by Fermi [15] as a sum of BL-Lac
component (blue line) and FSRQ component (red line).
Black points are the number counts of all the blazars, red
points FSRQs and blue points BL-Lacs

where LR is νLν at 151 MHz, and the constant κ is
the fraction of blazars over all radio galaxies. In order
to convert radio into γ-ray luminosity, we rely on the
blazar spectral energy distribution (SED). As pointed
out in [11], a relation between the radio and/or bolometric luminosity and the energy of the two peaks exists (the so-called blazar sequence, see also [10]). We
use the SEDs computed by [6, 10].

A.

Results

We use the model discussed in the previous section
to compute the total contribution of blazars (FSRQs
and BL-Lacs) to the Fermi-LAT EGB. To this end we
fit blazar logN-logS distribution by letting k to vary.
We find κ = (3.93 ± 0.01) × 10−4. As shown in Fig. 1,
once fitted the total differential logN-logS, our model
predict the correct number of BL-Lacs and FSRQs
without any change in the radio LF. This fact support the correctness of the initial hypothesis of radio
galaxies as parental population of blazars. The number ratio of blazars to radio galaxies κ can be thought
as a measure of the beaming factor of the relativistic
jet, which in turn is related to the bulk Lorentz factor
Γ. From κ ∼ 1/2Γ2 we derive Γ ∼ 35.
Fig. 2 shows the corrisponding contribution of FSRQs and BL-Lac to the total Fermi-LAT EGB.
The background intensity is found to be IFSRQ =

FIG. 2: The black points represent the total EGB (resolved and unresolved sources and all the rest), blue line
is the FSRQ component, the green line is the BL-Lac component. The red line is the sum of the two components.

4.22 × 10−6 ph s−1 cm−2 sr−1 and IBL−Lac = 2.43 ×
10−6 ph s−1 cm−2 sr−1 for FSRQs and BL-Lacs respectively. The total EGB intensity is therefore I =
6.65 × 10−6 ph s−1 cm−2 sr−1 , corrisponding to 45%
of the one measured by Fermi-LAT.
From the slope of the FSRQ and BL-Lac component
in Fig. 2 we can see that the main photon index of
FSRQs and BL-Lacs resulting from our model are in
agreement with the 2LAC [4].
We note that blazars fall short to explain the measured EGB at E<10 GeV and at E>50 GeV. At low
energies, the discrepancy can be fully accounted by
star-forming galaxies modeled following the recipes
by[7], so that only the last point of the Fermi-LAT
EGB measurement is not reproduced by our model.

III.

DISCUSSION

We have computed the overall contribution of
blazars to the Fermi-LAT EGB.
Our model relies on two assumptions: the radio LF
and the blazar SED. In the following we show the
difference with the most reliable works on the contribution of blazars to the Fermi-LAT EGB.
• We use the radio LF [9]. Fitting the differential
logN-logS we obtain just the overall normalization k, without any change on the bright and
faint end of LF.
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sented by the blazar SED. We assume that the
spectra of blazar is fully taken into account by
the blazar sequence [11]. On the contrary in
[7, 8] it is assumed the blazar spectra as a simple and broken power law, respectively. In these
works they assume a spectral index distribution peaked on the mean spectral index resulting
from observations. The underlying assumption
is that the unresolved blazar component has the
same index distribution of the resolved component. Using the blazar sequence such assumption is not necessary because the blazar SEDs
are fully determined.

FIG. 3: The star-forming galaxy component (green line),
the total blazar component (red line) and the sum (blue
line). In black are the Fermi -LAT EGB points.

In previous works [6][14] it is assumed a LF in X
band with three free parameters: the total normalization, the amount of bolometric radiation
emitted in X-ray and the faint end of the X-ray
LF. Differently in [7] the radio LF computed by
([16]) is used, changing the faint end to obtain
the contribution of FSRQs.

The best fit value of the relative number of blazars
with respect to radio galaxies can be translated into a
bulk Lorentz factor of the relativistic jet Γ ∼ 35, larger
than the average value Γ ∼ 15 estimated in [18]. The
two values could be reconciled if blazars commonly
show secular γ-ray large variability which modulates
the 1-year average flux, as recently proposed in [17].
To be consistent with the Fermi-LAT points at lower
energy, we add the star-forming component to our
blazar model. Fitting the Fermi-LAT EBG with this
two component model (Fig. 3), we constrains the socalled “ star formation efficiency of molecular hydrogen” ξ = 7.0 × 10−10yr−1 , which we found well within
existing, much looser observational constraints [19].
The point at 80 GeV remains unaccounted by our
models calling for an additional (local or low-z) component. An intriguing possibility is represented by
annihilation of a dark matter particle. We found, as
an example, that a particle of mass ≃ 0.5 TeV and
cross section hσvi ≃ 5 × 10−26 cm3 s−1 can easly accomodate the last data point.
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Observations of the supernova remnant G22.7-0.2 in the field of view of W41 with the H.E.S.S.
telescope array have resulted in evidence for a very high energy (VHE) gamma-ray emission from
the direction of the object. The emission region is spatially coincident with molecular clouds visible
in 13 CO data, suggesting a hadronic origin of the TeV emission, although other scenarios brought by
X-ray observations with the XMM-Newton satellite are also discussed. The latest results obtained
on this SNR with H.E.S.S. and associated multi-wavelength information are presented here.

I.

INTRODUCTION

The supernova remnant (SNR) G22.7-0.2 shows a
non-thermal ring in radio [1] within a complex region
and partially overlaps the remnant W41. G22.7-0.2
has an intrisic diameter of 26’ in radio and neither
its distance nor its age have been estimated. However, Spitzer observations [2] show enhanced infrared
emission between G22.7-0.2 and W41, which might
be interpreted as an interaction between the two remnants. An interstellar cloud surrounded and shocked
by both remnants seems likely to produce the observed
IR emission. In such an assumption, the distance of
G22.7-0.2 should be close to the estimated distance of
W41 of 4.2 kpc.
Observations carried out with the H.E.S.S. telescope array have led to an indication of a VHE
gamma-ray excess in positional coincidence with a
fraction of SNR G22.7-0.2 radio shell. The features
of this VHE emission are described in the second section.
Non-thermal emission is found at the gamma-ray
excess position by the Effelsberg telescope at 11 cm
[3] and 21 cm [4] wavelengths. Additional multiwavelength counterparts are found at this position,

in particular in X-rays and in radio at the 13 CO
(J=1→0) transition line energy. More details on these
counterparts are given in the third section of this proceeding. The different considered scenarios that could
explain the gamma-ray emission are discussed in the
last section.

II.

H.E.S.S. OBSERVATIONS

Situated near the galactic plane in a field of view
rich in gamma-ray sources, evidence for a new VHE
gamma-ray source was found thanks to observations
dedicated to study the neighbouring sources, such as
W41 which is bright in VHE gamma-rays as well [5].
To investigate such excess a detailed analysis of the
region is performed. A standard run selection procedure is used to remove bad quality observations. This
results in a data set comprising 50 hours live time of
observations taken from 2004 to 2010. Then, Hillas
analysis with standard Hillas-based cuts [6] including
a minimum charge of 80 photo-electrons in the shower
images is applied to the data. The background is estimated with the ring-backgroung model, as described

eConf C110509

174

2

2011 Fermi Symposium, Roma., May. 9-12
in [6]. The image shows evidence at a significance
level of 5.8σ pre-trials of a new compact VHE source
dubbed HESS J1832-093. The corresponding excess
map of this field of view is shown in Fig. 1.

The obtained spectrum is well described by a powerlaw model and the integral flux above 1 TeV of Φ(E >
1 TeV) = (1.7 ± 0.9stat ± 0.3syst ) × 10−13 cm−2 s−1
corresponds roughly to 0.7% of the Crab nebula flux
above the same energy.

III.

MULTI-WAVELENGTH
COUNTERPARTS
A.

FIG. 1: H.E.S.S. correlated excess map to the r68 value
of 0.11◦ at this position (represented by the dashed circle). The gamma emission from W41 is seen on the left of
the image and the hot spot HESS J1832-093 on the right.
Its best fitted position with corresponding errors is represented by the black cross and its intrisic size by a black
circle. The apparent sizes of the SNR observed in radio
are symbolized by white circles.

The average angular resolution r68 , defined as 68%
containment of the point spread function (PSF), is
0.11◦ for these standard cuts at the source position
and for these observations. A two-dimensional Gaussian function is used to determine the position and
size of the TeV emission. The best fitted position is
l = 22.48◦ ± 0.02◦stat , b = −0.16◦ ± 0.02◦stat in galactic coordinates, with a systematical pointing error of
0.01◦ . The source appears slightly extended with an
intrisic size of 0.06◦ ± 0.02◦ estimated by using the 2D
Gaussian function adjusted on the excess map and
taking into account the PSF value at this position.
To produce the energy spectrum, only high quality
data are used. Therefore the run selection is restricted
to observations runs with four triggering telescopes
only and with a pointing position less than 2.1◦ away
from the source center. This results in a data set of
36 hours live time. The background is estimated with
the reflected background model [6], better suited for
spectral studies. Since the source is slightly extended,
the region used to estimate the flux has to be large
enough to contain all the signal from HESS J1832-093
but not too big to avoid signal contamination from
W41. We thus choose a circular region of 0.15◦ radius
around the position of the source.

X-ray observations

Following the indication of the H.E.S.S. source,
XMM-Newton was used to observe the gamma-ray
emission region in March 2011. Only 7 ks of data
out of 17 ks are usable for analysis due to proton
flare contamination. The data were processed using
the XMM-Newton Science Analysis System (v10.0)
and the instrumental background (both for image and
spectra) was derived from a compilation of blank sky
observation [7] renormalized in the 10-12 keV energy
band.
A point-like source with hard, highly absorbed spectrum is lying very close to the best fitted position of
the TeV emission. The center of the X-ray source is indeed 30” away from the fitted position of the H.E.S.S.
excess, but both positions are compatible within the
statistical errors. No extended emission from nonthermal X-rays was found in these data. The unabsorbed flux between 2 and 10 keV of the point source
−13
is found to be Φ(2-10 keV )= 6+3
erg cm−2
−5 × 10
+0.6
−1
s , with a spectral index of Γ = 1.3−0.5 and a col22
−2
umn density of NH = 6.9+2.8
. The latter
−2.1 × 10 cm
is three to six times larger than the total Galactic
H i column density [8] averaged on a cone of 0.5◦ radius around the gamma-ray source position. The quite
large derived column density indicates that the source
is possibly distant and likely to lie behind dense molecular material (one of the clouds presented in the next
section). The point-like source has spectral features
which mimic a pulsar-like spectrum but no variability
is found in the light curve of X-ray data. However,
due to the weak statistics, no strong constraints could
be derived.

B.

13

CO observations: association with
molecular clouds

The Galactic Ring Survey (GRS) performed with
the Boston University FCRAO telescopes [9] provides
measurements of the 13 CO (J=1→0) transition line
covering the velocity range from -5 to 135 km s−1 in
this region. The detection of this line is evidence for
the presence of dense molecular clouds that are known
to be cosmic-ray targets and hence gamma-ray emitters via neutral pion production and decay. A square
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Temperature (K)

region of 0.2◦ side is defined around the source HESS
J1832-093 to look for spatially coincident molecular
clouds traced by the 13 CO transition line. Several
molecular clouds are found in this region, as it can be
seen in Fig. 2 showing the antenna temperature as a
function of the measured radial velocity of the 13 CO
transition line.

0.8

0.6

3

Parameters Close distance
Cloud (a)
3.2 kpc
Req
7 pc
Mass
1.2 × 103 M
Density
15 cm−3
Parameters Close distance
Cloud (b)
4.8 kpc
Req
13 pc
Mass
2.7 × 104 M
Density
64 cm−3

Far distance
13.8 kpc
31 pc
2.3 × 104 M
4 cm−3
Far distance
10.5 kpc
28 pc
1.3 × 105 M
30 cm−3

TABLE I: : Equivalent radius, mass and density of clouds
(a) and (b) for the two possible distances [10].
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FIG. 2: Average 13 CO (J=1→0) transition line observed
in the GRS [9] around the position of the TeV emission in
a 0.2◦ side square region.

Each peak represents a molecular cloud, the mean
velocity of a peak is related to the velocity of the considered cloud and its width characterizes the velocity
dispersion due to the molecules agitation inside the
cloud. The measured radial velocities can then be
translated into distances using the Galactic rotation
curve model provided by [10]. Given our position in
the galaxy, two distances are therefore possible for
each velocity. The molecular clouds that are most
spatially coincident with the gamma-ray source are
selected, corresponding to peaks (a) and (b) in Fig. 2.
These clouds are shown in color in Fig. 3 with overlaid VHE gamma-ray significance contours. We use
the associated antenna temperatures to estimate the
cloud mass for each possible distance, as described
in [11]. An equivalent radius Req is then determined
from the apparent size of the clouds, with which we define a sphere to approximate the volume of each cloud,
allowing us to calculate the cloud densities. The obtained parameters for both clouds shown in Fig. 3 are
listed in Table i.IV. DISCUSSION
The position of the gamma-ray emission lies on the
edge of the remnant G22.7-0.2 and is spatially coincident with molecular clouds, suggesting different possible scenarios. First, cosmic rays that could be accelerated in the remnant might interact with a molecular
cloud and produce neutral pions, their decay leading
to the observed TeV emission. A second scenario involves electrons accelerated in the remnant with the
production of VHE gamma-rays via Bremsstrahlung
radiation in the molecular cloud.
To test the hadronic scenario, we use the parameters

derived for the clouds in Table i and the gamma-ray
flux above 1 TeV obtained with the spectral study
(see section II). The expected gamma-ray flux in such
a scenario is [12]:

Fγ (E > E0 )

E0 −1.1 ESN 
1 TeV
1051 erg
n 
cm−2 s−1 (1)
1 cm−3

≈ 9 × 10−11 θ
×

d −2
1 kpc

where θ is the fraction of the total kinetic energy
released by the supernova (ESN ) going into accelerated cosmic rays energy, d denotes the distance to the
object and n the density of the cloud. As we know
the gamma-ray flux above 1 TeV and derived a density for a given distance, we can compute the θ fraction considering a supernova energy of 1051 erg. Since
the gamma-ray excess is situated only on the edge of
the remnant, we also included the solid angle of the
clouds seen by the SNR. The θ fractions obtained are
respectively 0.3% and 0.6% for clouds (a) and (b) for
the closest distance, 27% and 6% for the furthest distances. Except for the far distance of cloud (a), the
derived fractions are well below the 10% usually taken
in the models. However, cloud (b) seems favoured in
this scenario since the computed density and mass are
higher. Thus, with more targets for the cosmic-rays,
it is more likely to be the origin of the VHE gammaray emission. Moreover, the obtained distance of 4.8
kpc is quite close to the distance of W41 that is supposed to be in interaction with G22.7-0.2 as suggested
in [2]. On the other hand, cloud (a) is more spatially
coincident with the gamma-ray emission than cloud
(b) (see Fig. 3).
As mentioned in section III A, a point source with
pulsar-like spectrum shape has been found very close
to the best fitted position of the H.E.S.S. emission.
The high column density derived could imply a possibly distant source. The point source in X-rays is
seen neither in IR [2], nor in radio at 21cm and 90cm
wavelengths [1]. Although the proximity of the X-ray
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FIG. 3: 13 CO antenna temperature [9] in color at 28 km s−1 for cloud (a) (left) and 77 km s−1 for cloud (b) (right)
smoothed with the average H.E.S.S. PSF for this data set. The gamma-ray significance contours from 4σ to 7σ are
shown in thick green while the radio observation of SNR G22.7-0.2 [1] is overlaid in thin white contours.

source and the best fitted position of the TeV source
is striking, the lack of X-ray pulsations does not support a scenario based on pulsar wind nebula (PWN).
Besides, we did not find any PWN-like emission in the
X-ray data that could come from a potential nebula
associated with the point-source. However, this assumption cannot be ruled out since the flux from a
distant PWN would be very weak and the very short
observation time does not allow us to see such a faint
emission. Furthermore, giving the high column density measured for the point-source, the emission coming from the hypothetical PWN could have been partially absorbed along the line of sight.
No Fermi source is found at the position of the
H.E.S.S. excess, but the Fermi source 2FGL J1834.30848, potentially associated with the remnant W41,
is situated less than 1◦ away from HESS J1832-093.
The angular resolution of the Fermi LAT could thus
prevent to distinguish between the two sources.

V.

here. We have shown that the hadronic scenario is
energetically achievable by computing the fraction of
the supernova kinetic energy required to produce the
observed gamma-ray flux using Eq. 1 [12].
On the other hand, recent observations in the X-ray
band with the XMM-Newton satellite have brought
another possible explanation for the observed TeV
emission, even though the lack of information does
not allow us to deeply investigate that scenario. The
discovered point-like source presents a hard spectrum
and lies within the best fitted position of the gammaray excess. This source has pulsar-like spectral features but no pulsations were found in the X-ray data.
The large colum density indicates that it should be
quite distant, thus, considering the very short observation time, we don’t expect to see any extended emission coming from a possible nebula associated to the
X-ray source. More observations to determine the nature of the X-ray source are crucial to further investigate this possible scenario.

CONCLUSION

Observations in the field of view of the supernova
remnant G22.7-0.2 with the H.E.S.S. telescope array
have led to evidence for a TeV emission in positional
coincidence with a fraction of the SNR radio shell.
The source HESS J1832-093 reaches a significance
level of 5.8σ applying standard Hillas-based cuts [6].
It appears slightly extended with an intrisic size of
0.06◦ ± 0.02◦ . The source is quite faint since the integrated flux above 1 TeV is about 0.7% of the Crab
nebula flux above the same energy.
The spatial coincidence with 13 CO enhancements
measured through the GRS [9] suggests an interaction with a molecular cloud, thus implying hadrons or
electrons accelerated in the SNR G22.7-0.2 that would
produce gamma-rays in the considered cloud by neutral pions production or Bremsstrahlung radiation respectively. The latter scenario was not investigated
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INAF–Osservatorio Astronomico di Cagliari, località Poggio dei Pini, strada 54, I-09012 Capoterra, Italy

arXiv:1110.6929v2 [astro-ph.HE] 1 Nov 2011

on behalf of the AGILE Team and AGILE Pulsar Working Group
We present the results of ∼2.5 years AGILE observations of PSR B1509–58and of the same interval
of Fermi -LAT observations. The modulation significance of AGILE light-curve above 30 MeV is at
a 5σ confidence level and the light-curve shows a broad asymmetric first peak reaching its maximum
0.39 ± 0.02 cycles after the radio peak plus a second peak at 0.94 ± 0.03. The gamma-ray spectral
energy distribution of pulsed flux is well described by a power-law (photon index α = 1.87 ± 0.09)
with a remarkable cutoff at Ec = 81 ± 20 MeV, representing the softest spectrum observed among
γ-ray pulsars so far. The unusual soft break in the spectrum of PSR B1509–58 has been interpreted
in the framework of polar cap models as a signature of the exotic photon splitting process in the
strong magnetic field of this pulsar. In the case of an outer-gap scenario, or the two pole caustic
model, better constraints on the geometry of the emission would be needed from the radio band in
order to establish whether the conditions required by the models to reproduce AGILE light-curves
and spectra match the polarization measurements.

I.

INTRODUCTION

PSR B1509–58 was discovered as an X-ray pulsar
with the Einstein satellite and soon also detected at
radio frequencies [26], with a derived distance supporting the association with the SNR MSH 15-52
(d ∼ 5.2 kpc). With a period P ≃ 150 ms and a period derivative Ṗ ≃ 1.53 × 10−12 s s−1 , assuming the
standard dipole vacuum model, the estimated spindown age for this pulsar is 1570 years and its inferred
surface magnetic field is one of the highest observed
for an ordinary radio pulsar: B = 3.1 × 1013 G, as
calculated at the pole. Its rotational energy loss rate
is Ė = 1.8 × 1037 erg/s.
The young age and the high rotational energy
loss rate made this pulsar a promising target for
the gamma-ray satellites. In fact, the instruments
on board of the Compton Gamma-Ray Observatory
(CGRO) observed its pulsation at low gamma-ray
energies, but it was not detected with high significance by the Energetic Gamma-Ray Experiment Telescope (EGRET), the instrument operating at the energies from 30 MeV to 30 GeV. This was remarkable,
since all other known gamma-ray pulsars show spectral turnovers well above 100 MeV (e.g. [42]). Harding et al. ([17]) suggested that the break in the spectrum could be interpreted as due to inhibition of the
pair-production caused by the photon-splitting phenomenon [3]. The photon splitting appears, in the
frame of the polar cap models, in relation with a very
high magnetic field. An alternative explanation is proposed by [50] using a three dimensional outer gap
model. They propose that the gamma-ray emission
is produced by synchrotron-self Compton radiation

above the outer gap.
The Italian satellite AGILE [41] obtained the first
detection of PSR B1509–58 in the EGRET band (Pellizzoni et al. 2009b) confirming the occurrence of a
spectral break. Here we summarize the results of
a ∼ 2.5 yr monitoring campaign of PSR B1509–58
with AGILE, improving counts statistics, and therefore light curve characterization, with respect to earlier AGILE observations. More details on this analysis can be found in [35]. With these observations the
spectral energy distribution (SED) at E < 300 MeV,
where the remarkable spectral turnover is observed,
can be assessed.

II.

OBSERVATIONS, DATA ANALYSES AND
RESULTS

AGILE devoted a large amount of observing time
to the region of PSR B1509–58. For details on AGILE
observing strategy, timing calibration and gamma-ray
pulsars analysis the reader can refer to [32, 33]. A
total exposure of 3.8 × 109 cm2 s (E > 100 MeV) was
obtained during the 2.5 yr period of observations (July
2007 - October 2009) which, combined with AGILE
effective area, gives our observations a good photon
harvest from this pulsar.
Simultaneous radio observations of PSR B1509–58
with the Parkes radiotelescope in Australia are ongoing since the epoch of AGILE ’s launch. Strong timing
noise was present and it was accounted for using the
f itwaves technique developed in the framework of the
TEMPO2 radio timing software [18, 19]. Using the
radio ephemeris provided by the Parkes telescope, we
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FIG. 2: Fermi -LAT phase-aligned gamma-ray light curve
of PSR B1509–58 at energies < 150 MeV, with radio peak
at phase 0.

FIG. 1:
Phase-aligned gamma-ray light curves of
PSR B1509–58 with radio peak at phase 0. From the top:
AGILE > 100 MeV, 20 bins, 7.5 ms resolution; AGILE
< 100 MeV, 10 bins, 15 ms resolution; COMPTEL 10–
30 MeV and COMPTEL 0.75–30 MeV (from [23]).

performed the folding of the gamma-ray light curve
including the wave terms [33]. An optimized analysis followed, aimed at cross-checking and maximization of the significance of the detection, including an
energy-dependent events extraction angle around the
source position based on the instrument point-spreadfunction (PSF). The chi-squared (χ2 )-test applied to
the 10 bin light curve at E > 30 MeV gave a detection significance of σ = 4.8. The unbinned Zn2 -test
gave a significance of σ = 5.0 with n = 2 harmonics. The difference between the radio and gammaray ephemerides was ∆Pradio,γ = 10−9 s, at a level
lower than the error in the parameter, showing perfect
agreement among radio and gamma-ray ephemerides
as expected, further supporting our detection and AGILE timing calibration.
We observed PSR B1509–58 in three energy bands:
30–100 MeV, 100–500 MeV and above 500 MeV.
We did not detect pulsed emission at a significance
σ ≥ 2 for E > 500 MeV. The γ-ray light curves of
PSR B1509–58 for different energy bands are shown
in Fig. 1. The AGILE E > 30 MeV light-curve
shows two peaks at phases φ1 = 0.39 ± 0.02 and
φ2 = 0.94 ± 0.03 with respect to the single radio peak,
here put at phase 0. The phases are calculated using a
Gaussian fit to the peaks, yielding a FWHM of 0.29(6)
for the first peak and of 0.13(7) for the second peak,

where we quote in parentheses (here and throughout
the paper) the 1σ error on the last digit. The first
peak is coincident in phase with COMPTEL’s peak
[23]. In its highest energy band (10–30 MeV) COMPTEL showed the indication of a second peak (even
though the modulation had low significance, 2.1σ).
This second peak is coincident in phase with AGILE ’s
second peak (Fig. 1). AGILE thus confirms the previously marginal detection of a second peak.
We also analyzed Fermi-LAT data in the same interval as covered by the AGILE observations and the
radio ephemeris: from the beginning of the mission
until October 2009 (longer than in the published analysis from the Fermi-LAT Collaboration, [1]). FermiLAT data were extracted through the Science Support Center[51] from a region of interest (ROI) of 15
degrees, but only a 5 degrees extraction radius was
used for the timing analysis. We selected the events
and the correct time intervals using the Science Tools.
We used the ”diffuse” class events (highest probability of being gamma-ray photons) under the P6 V3
instrument response function (IRFs), and excluded
events with zenith angles > 105◦ to reject atmospheric
gamma-rays from the Earths limb. The events were
selected using the standard software package Science
Tools-09-21-00 for the Fermi-LAT data analysis: in
particular gtselect and gtmktime for the selection of
photons and time intervals, and gtbary to barycenter
the photons. The actual photon folding is done using
the AGILE software for pulsar observations. The resulting light curve in the soft energy band (E < 150
MeV) are presented in Fig. 2 and it clearly shows two
peaks.
Fig. 3 shows the SED of PSR B1509–58 based on
AGILE ’s and COMPTEL’s observed fluxes. FermiLAT upper limits from [1] are also shown, which are
consistent with our measurements at a 2σ confidence
level. COMPTEL observed this pulsar in three energy
bands: 0.75–3 MeV, 3–10 MeV, 10–30 MeV, suggesting a spectral break between 10 and 30 MeV. AGILE
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FIG. 3: SED of PSR B1509–58 (solid line) obtained from
a fit of pulsed fluxes from soft to hard gamma-rays. The
three round points represent COMPTEL observations [23].
The two square points represent AGILE pulsed flux in two
bands (30 < E < 100 MeV and 100 < E < 500 MeV).
The thicker arrow represents AGILE upper limit above
500 MeV. The two thin arrows represent Fermi upper limits from [1]

as Bcr = m2e c3 /(eh̄) = 4.413 × 1013 G. Most current theories for the generation of coherent radio emission in pulsar magnetospheres require formation of an
electron-positron pair plasma developing via electromagnetic cascades. In very high magnetic fields the
formation of pair cascades can be altered by the process of photon splitting: γ → γγ, which will operate as an attenuation mechanism in the high-field regions near pulsar polar caps. Since it has no energy
threshold, photon splitting can attenuate photons below the threshold for pair production, thus determining a spectral cutoff at lower energies.
In the case of PSR B1509–58 a polar cap model
with photon splitting would be able to explain the
soft gamma-ray emission and the low energy spectral
cutoff, now quantified by AGILE observations. Based
on the observed cutoff, which is related to the photons’
saturation escape energy, we can derive constraints on
the magnetic field strength at emission, in the framework of photon splitting:
′
−6/5
ǫsat
esc ≃ 0.077(B sin θkB,0 )

pulsed flux confirms the presence of a soft spectral
break. As shown in Fig. 3, we modeled the observed
COMPTEL and AGILE fluxes with a power-law
plus cutoff fit using the Minuit minimization package
(James et al. 1975): F (E) = k × E −α exp[−(E/Ec )β ],
with three free parameters: the normalization k, the
spectral index α, the cutoff energy Ec and allowing
β to assume values of 1 and 2 (indicating either an
exponential or a superexponential cutoff). No acceptable χ2 values were obtained for a superexponential
cutoff, the presence of which can be excluded at a
3.5σ confidence level, while for an exponential cutoff
we found χ2ν = 3.2 for ν = 2 degrees of freedom, corresponding to a null hypothesis probability of 0.05. The
best values thus obtained for the parameters of the
fit were: k = 1.0(2) × 10−4 s−1 cm−2 , α = 1.87(9),
Ec = 81(20) MeV.
III.

DISCUSSION

The bulk of the spin-powered pulsar flux is usually
emitted in the MeV-GeV energy band with spectral
breaks at ≤ 10 GeV (e.g. [2]). PSR B1509–58 has the
softest spectrum observed among gamma-ray pulsars,
with a sub-GeV cutoff at E ≈ 80 MeV. In the following we discuss how the new AGILE observations
can constrain the models for emission from the pulsar
magnetosphere (for an extended discussion see [35]).
When PSR B1509–58 was detected in soft gammarays but not significantly at E > 30 MeV, it was proposed that the mechanism responsible for this lowenergy spectral break might be photon splitting [17].
The photon splitting [3] is a third-order quantum
electro-dynamics process expected when the magnetic
field approaches or exceeds the critical value defined

3

(1)

where ǫsat
esc is the photon saturation escape energy,
B ′ = B/Bcr and θkB,0 is the angle between the
photon momentum and the magnetic field vectors at
the surface and is here assumed to be very small:
θkB,0 ≤ 0.57◦ (see [17]). Using the observed energy
′
cutoff (ǫsat
esc ≃ E = 80 MeV) we find that B ≥ 0.3,
which implies an emission altitude ≤ 1.3RN S , which
is the height where possibly also pair production could
ensue. This altitude of emission agrees with the polar
cap models (see e.g. [10]). A smaller energy cutoff,
as in [17], would have implied even lower emission altitude and a sharper break, possibly caused by the
total absence of pair production. It is apparent that
small differences in the emission position will cause
strong differences in spectral shape. This is possibly the reason for the different emission properties of
the two peaks as observed in the total (AGILE plus
COMPTEL) gamma-ray energy band and confirmed
by our reanalysis of Fermi-LAT data where this peaks
clearly appears in the soft energy band. Also, a trend
can be observed, from lower to higher energies (see
the X-ray light-curve for the trend in the first peak,
as in Fig. 3 of [23]), of the peaks slightly drifting away
from the radio peak. This we assume to be another
signature of the fact that small variations in emission height can be responsible for sensible changes in
the light curves in such a high magnetic field. The
scenario proposed by [17] is strengthened by its prediction that PSR B0656+14 should have a cutoff with
an intermediate value between PSR B1509–58 and the
other gamma-ray pulsars. Additionally, PSR B1509–
58 [9, 23] and PSR B0656+14 [11, 47] show evidence
of an aligned geometry, which could imply polar cap
emission.
The polar cap model as an emission mechanism is
debated. From the theoretical point of view, the an-
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gular momentum is not conserved in polar cap emission (see [43] for a revision). Also, a preferential
explanation of the observed gamma-ray light curves
with high altitude cascades comes from the recent results by Fermi-LAT [2]. In the case of PSR B1509–
58, the derived gamma-ray luminosity from the flux
at E > 1 MeV, considering a 1 sr beam sweep is
2
35
Lγ = 4.2+0.5
erg/s, where d5.2 indicates
−0.2 d5.2 × 10
the distance in units of 5.2 kpc. While traditionally the beaming fraction (fΩ ) was considered to be
the equivalent of a 1 sr sweep, nowadays (see e.g.
[46]) the tendency is to consider a larger beaming
fraction (fΩ ≈ 1), close to a 4π sr beam. Using
fΩ = 1 in our calculations, we would have obtained
2
36
Lγ = 5.8+0.1
erg s−1 . Thus the maximum
−0.8 d5.2 × 10
conversion efficiency of the rotational energy loss (Ė ≈
1.8 × 1037 erg s−1 ) into gamma-ray luminosity is 0.3.
Our result is not easily comparable with the typical
gamma-ray luminosities above 100 MeV, because for
PSR B1509–58 this energy band is beyond the spectral break. Using AGILE data alone we obtained a
luminosity above 30 MeV Lγ = 5.2(6)d25.2 ×1035 erg/s,
again for a 1 sr beam. If the gamma-ray luminosity
cannot account for a large fraction of the rotational
energy loss, then the angular momentum conservation
objection becomes less cogent for this pulsar, exactly
as it happens for the radio emission.
Alternatively, if such an efficiency as that of
PSR B1509–58 were incompatible with this conservation law, an interpretation of PSR B1509–58 emission
can be sought in the frame of the three dimensional
outer gap model [50]. According to their model, hard
X-rays and low energy gamma-rays are both produced
by synchrotron self-Compton radiation of secondary
e+ e− pairs of the outer gap. Therefore, as observed,
the phase offset of hard X-rays and low energy gammarays with respect to the radio pulse is the same, with
the possibility of a small lag due to the thickness of
the emission region. According to their estimates a
magnetic inclination angle α ≈ 60o and a viewing angle ζ ≈ 75o are required to reproduce the observed
light curve. Finally, using the simulations of [46], who
produced a map of pulse profiles for different combinations of angles α and ζ in the different emission
models, the observed light curve from AGILE is best
reproduced if α ≈ 35◦ and ζ ≈ 90◦ , in the framework
of the two pole caustic model [13].

The values of α and ζ required by the [50] model are
not in good agreement with the corresponding values
obtained with radio measurements. In fact, [9] observe
that α must be < 60◦ at the 3σ level. The prediction
obtained by the simulations of [46] better agrees with
the radio polarization observations. In fact, in the
framework of the rotating vector model (RVM, see
e.g. [25] and references therein), [9] also propose that,
if the restriction is imposed that ζ > 70◦ [29], then
α > 30◦ at the 3σ level. For these values, however,
the Melatos model for the spin down of an oblique
rotator predicts a braking index n > 2.86, slightly
inconsistent with the observed value (n = 2.839(3),
see [24]). Also in the case of PSR B0656+14, [47]
conclude that the large values of α and ζ are somewhat at odds with the constraints from the modeling of the radio data and the thermal X-rays which
seem to imply a more aligned geometry. Improved
radio polarization measurements would help placing
better constraints on the pulsar geometry and therefore on the possibility of a gap in the extended or
outer magnetosphere, but the quality of the polarization measurements from [9] is already excellent, the
problem being that PSR B1509–58, like most pulsars,
only shows emission over a limited pule phase range
and therefore the RVM models are highly degenerate.
At present the geometry privileged by the state of
the art measurements is best compatible with polar
cap models. Higher statistics in the number of observed gamma-ray pulsars could help characterize a
class of ”outliers” having gamma-ray emission from
the polar caps, which potentially constitute a privileged target for AGILE.
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A variability study of the AGILE first catalog of γ-ray sources on 2.3
years of AGILE pointed observations
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AGILE pointed observations performed from July 9, 2007 to October 30, 2009 cover a very large time interval,
with a γ–ray dataset useful to perform studies of medium to high brightness galactic sources in the 30 MeV
– 50 GeV energy range. We present a study of the 1AGL galactic sources in the E > 100 MeV band, over the
complete Agile pointed Observation Blocks (OBs) archive. The first AGILE Gamma-Ray Imaging Detector
(GRID) catalog included a sample of 47 sources (1AGL; [19]), detected with a conservative analysis over the
first year of operations dataset. In the analysis here reported we used data obtained with an improved full Field
of View (FOV) event filter, on a much larger (about 27.5 months) observation dataset, analyzing the merging
of all data and each OB separately. The data processing resulted in an improved source list as compared to the
1AGL one, particularly in complex regions of the galactic plane. We present here some results on the revised
1AGL galactic sources and on the variability of some of them.

1. Introduction
AGILE (Astrorivelatore Gamma ad Immagini LEggero) ([22]) is a mission of the Italian Space Agency
dedicated to γ–ray astrophysics in the 30 MeV – 50
GeV energy band, and simultaneously to hard X–ray
in the 18 – 60 KeV band. AGILE, in orbit since April
23 2007, has been the first instrument of a new generation of high-energy space missions based on the
solid-state silicon technology, permitting to advance
our knowledge on many source classes from active
galactic nuclei, to pulsars (PSRs), unidentified γ–ray
sources, Galactic compact objects and supernova remnants. On June 11, 2008 the Fermi Gamma-Ray Space
Telescope ([17],[4]) was launched, and is currently operating together with AGILE.
The AGILE Payload detector consists of the silicon
tracker (ST; [5], [20]), the X–ray detector SuperAGILE ([9]), the CsI(Tl) Mini-Calorimeter (MCAL; [14])
and an anti-coincidence system (ACS; [18]). The combination of ST, MCAL, and ACS forms the GammaRay Imaging Detector (GRID). GRID is sensitive to
photon energies in 30 MeV – 50 GeV energy band,
and thanks to silicon technology has a wide FOV (2.5
sr in pointing) and accurate timing (a few µs) and positional information (15′ location accuracy for > 10σ
detection), with an angular resolution of 3.5◦ at 100
MeV and 1 ◦ above 1 GeV.
AGILE spacecraft operated in fixed-pointing
mode since October 2009 (completing 101 pointings
or Observation Blocks, OBs), when the attitude
control system had to be reconfigured into “spinning
operation mode”. Currently the instrument pointing
direction scans the sky with an angular velocity of

about 0.8◦ /s, accessing about 80% of it each day. The
AGILE satellite raw data, down-linked about every
100 minutes, are transmitted from Mission Control
Center at Telespazio, Fucino, to the AGILE Data
Center (ADC), part of the ASI Science Data Center
(ASDC) located in Frascati (Italy). The ADC has
the duties of data reduction, scientific processing and
archiving and finally to distribute standard Level-2
data to Guest Observers (GOs) or, when data become
public, to all the scientific community (see ADC web
page http://agile.asdc.asi.it).
The significance-limited (4 sigma) sample of 47
1AGL sources were detected in the E > 100 MeV band
with a conservative analysis of the inhomogeneous
first-year sky coverage dataset. We present here the
first results of a variability study of a sample of 62
sources (Fig. 1) analyzing separately each OB in the
2.3 years AGILE pointing mode dataset. The sample was obtained with a revision of the 1AGL sample
on the maps obtained from the whole dataset (“deep”
maps from now on).

2. OB source detection procedure
The standard analysis OB pipeline at the ADC
was executed at the end of an OB to remove data
corresponding to slews and occasional losses of finepointing attitude, and to build the official OB data
archive. Moreover scientific maps in E> 100 MeV energy band with a size of 60◦ × 60◦ , binned at 0.25◦ ,
were created selecting confirmed events and excluding albedo contaminated time intervals. The “point-
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Figure 1: The Aitoff plot of the 62 distinct source positions detected in a revision of the original 47 1AGL ones, on all
the pointed observations data (colors and symbol sizes are proportional to significance, blue the lowest and orange the
highest). On the right the AGILE-GRID 2.3 years all-sky exposure map in Aitoff projection from all the pointed
observations.

ing mode” OB archive is composed of 101 OB covering the wide timespan with non uniform exposures
(ranging from 1d to 45dd). All the OB were recently
reprocessed with the last software release. The procedure developed for this analysis on the whole archive
in E> 100 MeV band, is based on source detection
at fixed preselected positions using the AGILE Maximum Likelihood (ML). It consists of two main steps:
I) preliminary revision of the 1AGL source list, based
on updated deep maps and on more recent published
AGILE results; II) execution of a ML multi-source
task on each OB data in a specific pipeline, keeping reference source positions fixed to those previously
determined. In the analysis no automatic source detection process is implemented. A check leaving the
position free is implemented to verify the goodness of
candidate transient sources. Both steps were repeated
for 5 main iterations to improve the multi-source detection in complex regions (see section 2.2).

2.1. Source detection method

The detection method used is the ML. The significance (number of sigmas) of a source detection is given
by the square root of the test statistic TS, defined as
-2 times the log of the likelihood ratio, and expected
to behave as χ2 ([15], Chen et al. in preparation).
The likelihood ratio test is built considering for the
background only hypothesis the AGILE diffuse γ–ray
model ([11], Giuliani et al. in preparation). We used
the task “AG multi2” included in the AGILE software
for the ML “multi-source” analysis.

2.2. The First AGILE catalog revision on
the 2.3 yrs dataset
The first AGILE catalog ([19]) was built from data
of the first year (July 2007 – June 2008). The data
analysis, based on a conservative event filter ([16]),
and the non uniform sensitivity due to inhomogeneous first-year AGILE sky coverage, limited the results in complex galactic regions. A preliminary revision of 1AGL sources in regions such as the Carina,
Cygnus, Crux and Galactic Center fields, was realized
on updated merged maps from data up to October
2009 (see Fig. 1), using data from a new event filter (FM3.119; Bulgarelli et al in preparation). In this
revision new candidate
source were considered, and
√
some with 3 < T S ≤ 4 were also included in the reference list to check their variability among all the OBs
(see Fig. 2).
Moreover recent AGILE results obtained in these
regions were taken into account ([23], [24], [21], [13],
[6]). We considered also preliminary results from the
ADC Quick Look processing on week timescale and
the procedure results in the first 4 iterations. We obtained so an updated reference source list.
A new source detection procedure on deep maps of
all AGILE data in pointing mode has been realized for
the next AGILE catalog and results will be reported
in Bulgarelli et al. 2011.

3. Detection selection and variability
analysis
The results from the last execution (the fifth iteration) of the ML multi-source task on sources in the
reference list, were filtered taking into account off-axis
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Figure 2: On the left a simple case of position refinement, the high latitude 1AGL J1846+6714. The new smaller error
circle is indicated inside the 1AGL one. Right, a difficult position refinement case, the Carina region . New positions
are indicated with small squares, with sizes not proportional to errors, while the 1AGL error circles are reported.
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variability among all OBs was tested according to the
method developed by [16] and recently reported in an
analysis of 1AGL J2022+4032 data ([8]). The variability index V=-log(Q) is evaluated after the calculation of the weighted mean flux and its error and so
also the relative χ2 . Q is the probability of having a
value of χ2 ≥ χ2observed for a source with constant flux.
Sources with V<0.5 are usually classified as “non variable”, with 0.5 ≤V <1 as “uncertain” and with V≥1
as “variable”. Another index was calculated for comparison (used in Fermi catalogs; [1], [2]), as a simple
χ2 . Both indices were computed also adding a systematic component of 10% to flux errors (Vsys , χ2 sys ), to
take into account the not well known particle background systematic, expected to vary among different
integrations.

5.5×104

Figure 3: The Crab E>100 light curve (in √
10−8
−2 −1
ph cm s ; upper panel) and the plot of T S and the
off-axis angle (in degrees) vs time (in MJD). The 1AGL
flux value and the 1 sigma error levels are shown as
magenta and black dashed lines. The 2007 flare episode
is the most significant detection, at a flux of 619 ± 71
ph cm−2 s−1 .

angle and significance. Our goal was to investigate
the variability within the OB dataset for established
sources on deep maps, and possibly search for flare
episodes for some low significance source. As final
selection only those sources having at least one detection at significance higher than 3σ were accepted,
for all sources having high significance (>=4) on deep
maps, or otherwise with at least
p one detection above
4σ. Then all detections with (T S) ≥ 2 were considered in the variability analysis. Source γ–ray flux

4. Conclusions and future developments
Applying our selection criteria, we obtained a sample of 1267 detection of 62 distinct sources (Fig. 1;
previous processing preliminary results were presented
in [29]). For all sources a revision of single detections is on-going as a verification and improvement of
the multi-source ML analysis and taking into account
more recent calibrations. The non uniform exposures
among the OBs, from 1 to 45 days, together with the
pointing strategy, put strong constrains to the capacity of “resolving” complex regions in a large number
of OBs and also to the variability analysis.
The light curve of the most bright sources with stable flux, such as Geminga and Vela PSR, have been
preliminarily checked. A particular case is the one of
the Crab, which has been recently reported to have
a “non stable” γ–ray emission ([25], [26], [3], [30]).
In Fig. 3 is shown the Crab light curve showing the
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October 2007 flare episode, discussed in [26], at an
higher flux compared to the 2010 flare. We obtained
so a Vsys of 0.4 for Geminga and 3.36 for Crab.
As an example of long-term monitoring light curves
in the E>100 MeV band obtained in this analysis
at the OB timescale, we show below (Fig.5 and 6)
the results for the two known galactic sources 1AGL
J1836+5923, associated to the LAT PSR J1836+5925,
and 1AGL J0242+611 associated with the HMXB LS
I+61303.
The use of Vsys and χ2sys gave compatible results
for most of the sources. The source class which included more variable sources were the bright Blazars
according to both parameters, the most variable one
being 3C 454.3. The complete refined results on the
OB timescale will be presented in Verrecchia et al.
2011.
Acknowledgements. We acknowledge financial contribution from the agreement ASI-INAF I/009/10/0.
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The γ-ray binary LS I +61 303 is one of the brightest Fermi sources, with orbitally modulated
emission across the electromagnetic spectrum. Here we present Hα spectra of LS I +61 303 that
exhibit a dramatic emission burst shortly before apastron, observed as a redshifted shoulder in the
line profile. A correlated burst in radio, X-ray, and GeV emission is observed at the same orbital
phase. We interpret the source of the emission as a compact pulsar wind nebula that forms when
a tidal mass stream from the Be circumstellar disk interacts with the relativistic pulsar wind. The
Hα emission offers an important probe of the high energy emission morphology in this system.

I.

INTRODUCTION

LS I +61 303 is a high mass X-ray binary (HMXB)
that consists of an optical star with spectral type B0
Ve and an unknown compact companion in a highly
eccentric, 26.5 day orbit [3]. While the system has a
relatively low X-ray luminosity for a HMXB, LS I +61
303 is the 15th brightest γ-ray source included in the
Fermi LAT 1-year Point Source Catalogue ([2]). The
Be disk interacts with the compact companion, producing emission that has been observed to vary with
orbital phase at every wavelength across the electromagnetic spectrum, from radio to TeV (eg. [1], [10]).
[10] found periodic radio outbursts that peak near
φ(TG) = 0.6 − 0.8, and they defined the arbitrary
reference for zero phase at HJD 2,443,366.775 that remains the conventional definition for LS I +61 303.
Periastron occurs at φ(TG) = 0.275 [3].

II.

OBSERVATIONS

During 2008 October and November, we performed
an intense multiwavelength observing campaign on LS
I +61 303 supported by a Fermi Cycle 1 program.
We obtained optical Hα spectra of LS I +61 303 at
the KPNO Coudé Feed telescope over 35 consecutive
nights to study the evolution of the emission during a
complete orbit [3], [8]. The Hα line profile exhibits a
dramatic emission burst near φ(TG) ∼ 0.6, observed
as a redshifted shoulder in the line profile (see Fig.
1) as the compact source moves almost directly away
from the observer.
Smaller temporal changes in the red spectra suggest additional Hα emission variability, so we subtracted the mean emission line profile to investigate
the residuals carefully (see Fig. 2). During about half
of the orbit, 0.9 ≤ φ(TG) ≤ 0.6, the difference spectra
reveal a partial S-shaped pattern similar to a spiral
density wave that is commonly observed in Be star
disks [9]. [12] also observed a strong blue peak near
φ(TG) = 0.23, which supports the development of a
spiral density wave near periastron. After this phase,
the peculiar red shoulder develops.
We measured the equivalent width of Hα, WHα , for

each spectrum by directly integrating over the line
profile. (We use the convention that WHα is negative
for an emission line.) The errors in WHα are typically
about 10% due to noise and placement of the continuum. Figure 3 shows that during our Coudé Feed run,
WHα decreased slightly just before periastron. Since
WHα is correlated to the radius of a Be star’s circumstellar disk [5], we interpret the decline in emission
as a slight decrease in disk radius as gas is stripped
away by the compact companion. WHα then rises dramatically with the onset of the red shoulder emission
component near φ(TG) ∼ 0.6.
Figure 3 also compares our recent WHα with those
measured by [6]. Their data were accumulated over six
different observing runs over 1998–2000, and the long
term differences in emission strength are substantial.
Also during 2008 October and November, G. Pooley obtained nearly simultaneous radio flux coverage
with the Arcminute Microkelvin Imager (AMI) array.
The 15 GHz AMI light curve (Fig. 4) reveals emission
that peaks at the same time as the Hα “red shoulder”
outburst. Contemporaneous RXTE light curves from
[11]and Fermi light curves ([4]) also reveal orbitally
modulated emission that peaks just before the Hα red
shoulder, although their wide phase bins may mask a
true correlation. The Hα emission clearly traces the
high energy emission region in this system.

III.

CONCLUSIONS

The unusual broadness of the Hα red shoulder emission is consistent with a Balmer-dominated shock
(BDS; [7]). BDS are traditionally observed around
supernova remnants but are also sometimes produced
within pulsar wind nebulae and other evolved stellar
systems. They form when high velocity (200–9000 km
s−1 ) shocks collide with the interstellar medium, manifesting themselves as optically emitting filaments.
Energetic particles and/or photons may be generated in the post-shock region of the collisionless, nonradiative shock. Direct collisional excitation of the
pre-shock atoms produces a narrow emission line component that reflects thermal conditions within the preshock gas. If the energetic particles exceed the shock
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FIG. 1: The upper plot shows the Hα line profile over 35 continuous nights of observation at the KPNO Coudé Feed
telescope. The lower plot shows a gray-scale image of the same line. Note that the lower plot of gray-scale spectra are
not folded by orbital phase but are placed in the same chronological order. From [8].

velocity, the pre-shock hydrogen atoms also exchange
electrons with post-shock protons, manifesting themselves as broad neutral hydrogen lines (widths ∼ 1000
km s−1 ). The Hα line structure in LS I +61 303 is
complicated by the superposition of emission from the
circumstellar disk; however, the broad red shoulder is
consistent with such a BDS. The temporary nature of
the red shoulder, as well as the correlated GeV–radio
emission, suggests that the BDS only forms when a
high density tidal mass stream interacts with a pulsar
wind in LS I +61 303.
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FIG. 2: The Hα difference spectra of LS I +61 303, shown in the same format as Figure 1. Note the distinctive peak in
emission that appears to follow a partial S-curve in the spectra. A fast moving “red shoulder” of emission produces a
strong redshifted feature between φ(TG) = 0.6 − 0.7. From [8].
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FIG. 3: The emission strength of Hα over multiple orbits is indicated by the equivalent width of the line (WHα ).
Measurements from the six runs of Grundstrom et al. (2007; identified by the date HJD-2,450,000) and the mean WHα
from each night of our 2009 WIRO run are shown folded by orbital phase. Note the consistent peak near φ(TG) ∼ 0.6.
From [8].

FIG. 4: 15 GHz radio flux of LS I +61 303 from the AMI array during the dates corresponding to the 2008 Hα
spectroscopy campaign. Data courtesy of Guy Pooley.
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Located in a dense complex environment, W51C provides an excellent scenario to probe accelerated protons in
SNRs and their interaction with surrounding target material. Here we report the observation of extended Very
High Energy (VHE) gamma-ray emission from the W51C supernova remnant (SNR) with MAGIC. Detections
of extended gamma-ray emission in the same region have already been reported by the Fermi and H.E.S.S.
collaborations. Fermi/LAT measured the source spectrum in the energy range between 0.2 and 50 GeV, which
was found to be well fit by a hadronic neutral-pion decay model. The VHE observations presented here,
obtained with the improved MAGIC stereo system, allow us to pinpoint the VHE gamma-ray emission in the
dense shocked molecular cloud surrounding the remnant shell. The MAGIC data also allow us to measure,
for the first time, the VHE emission spectrum of W51C from the highest Fermi/LAT energies up to TeV.
The spatial distribution and spectral properties of the VHE emission suggest a hadronic origin of the observed
gamma rays. Therefore W51C is a prime candidate for a cosmic ray accelerator.

1. Introduction
Supernova Remnants (SNRs) are believed to be the
sources of galactic cosmic rays for many years. The
underlying process from a theoretical point of view is
the diffusive shock acceleration in which charged particles are accelerated in the expanding shocks of the
SNRs, receiving part of the kinetic energy of the shock
through the first order Fermi acceleration [2]. Even
though the last years provided increasing support by
observational evidences, there is still no absolute proof
that SNRs can accelerate hadronic particles. The observations of high energy (HE, > 100 MeV) and very
high energy (VHE, > 100 GeV) gamma rays from
many SNRs clearly showed that they are sites of relativistic particles of energies compatible to the emission
seen in gamma rays. To unambiguously establish the
acceleration of hadronic particles, the hadronic origin of the observed gamma rays needs to be proven.
In almost all cases, electromagnetic scenarios (gamma
rays produced by up-scattering of photons through
Inverse Compton scattering by accelerated electrons)
and hadronic scenarios (gamma rays produced after
the decay of π 0 ) cannot be distinguished by looking
only at the VHE gamma-ray regime. Therefore observations at other wavelengths are needed to better understand the production mechanism of gamma rays.
This includes on the one hand measurements of the
parameters describing the interstellar medium (ISM)
around the object like magnetic field and density. On
the other hand observations of HE gamma rays in the
range from MeVs to GeVs are very important because
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address: julkrau@googlemail.com

they can reveal features in the spectrum that can distinguish both possibilities. Since the luminosity of
gamma ray emission of a hadronic origin is proportional to the product of CR density and the density of
the surrounding ISM, the existence of dense molecular
clouds close to the SNR acts as a natural amplifier for
the hadronic component. A tool to detect evidence
of cosmic rays acceleration is therefore provided by
gamma rays emitted by molecular clouds adjacent to
or shocked by SNRs [3]. W28 [4] and IC443 [5] are
two examples where this effect might be responsible
for the production of VHE gamma rays. In the W28
case, gamma rays might be produced by cosmic rays
that escaped the accelerating SNR while in IC 443 a
Crushed Cloud scenario might be at work where the
molecular cloud is shocked by the blast wave region
of the SNR [6]. A major differnce in the two scenarios is the fact that the illumination of molecular
clouds by runaway cosmic rays is affected by the energy dependent escape and diffusion of cosmic rays
and might therefore show spectral features due to this.
In the case of a Crushed Cloud the diffusion effects are
thought to be much smaller and the emission could
be produced by the cosmic ray source spectrum itself.
On the other hand re-acceleration of cosmic rays in
the shocked cloud may play a role in this case.
The SNR W51C is a promising candidate to test
and study cosmic ray acceleration in SNRs. W51C
is a mixed morphology SNR with an elliptical shape
in radio and a size of 0.8◦ × 0.6◦ . It is located in
the tangential point of the Sagittarius arm at a distance of ∼ 6 kpc [9] and the estimated age is around
30 kyrs. The W51 complex consists of three main
components: Two star-forming regions, W51A and
W51B, and the SNR W51C. While W51A is separated
from the other two, W51B overlaps with the North-
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Western rim of W51C. Shocked atomic and molecular
gases have been observed in radio data [10] [11], providing direct evidence on the interaction of the W51C
shock with a large molecular cloud. This strongly indicates that W51C represents a Crushed Cloud scenario
rather than a cloud illumination scenario. In order
to distinguish the two cases, a precise knowledge of
the spatial origin of the VHE emission is essential.
X-ray emission has been detected from the star forming regions W51A and W51B. W51C is also visible
in X-rays showing both a shell type and center-filled
morphology [7]. A non-thermal X-ray emission has
only been detected from the relatively bright and compact source CXO J192318.5+140505, which is thought
to be a pulsar wind nebula (PWN) associated to the
SNR [8].
Fermi/LAT detected gamma-ray emission from
200MeV to 50GeV extended throughout W51B and
W51C [12]. The relatively large point-spread-function
PSF does not allow to tell which objects of the field
of view is responsible for the observed emission. The
Fermi/LAT emission region is extended in comparison
to the PSF of the instrument (σext = 0.22 ± 0.02 deg.
The H.E.S.S. Collaboration detected VHE emission
above 420 GeV from an extended region coincident
with the Fermi/LAT emission region [13]. In their
sky map, the H.E.S.S. emission is smoothed with a
radius of 0.22◦ [13] and, as well as in the case of
Fermi/LAT, it overlaps with several HII regions, the
molecular mass in W51B as well as the PWN candidate CXOJ192318.5+140305. The flux measured
by H.E.S.S. above 1 TeV is at the level of 3% of the
Crab Nebula flux. Finally, also the MILAGRO Collaboration reported a possible excess from the same
source at energies above several TeV [14]. The modeling of the spectral energy distribution (SED) measured by Fermi/LAT suggests a hadronic mechanism
as the main origin of the gamma rays. The interaction
should take place in the region between the supernova
remnant and the dense, complex region North-West of
it. In this case, the engulfed cloud would be those described in [10][11].

2. Observations with the MAGIC
telescopes
MAGIC consists of two 17 m diameter imaging atmospheric Cherenkov telescopes located at the Roque
de los Muchachos in the Canary Island of La Palma
(28◦ 46′ N, 17◦ 53′ W) at the height of 2200 m a.s.l. Astronomical observations of VHE gamma-ray sources
are performed with the two telescopes simultaneously
which provides a major improvement of performance
with respect to the single telescope observations previously done with MAGIC-I [16]. MAGIC observed
W51C between May 17 and August 19 2010. The

Figure 1: Distribution of the squared angular distance
between the reconstructed VHE gamma-like events (red
points) above 150 GeV and the source position together
with background (black points) reconstructed from a
symmetric position in the camera(s). The vertical dotted
line marks the region defined to compute the excess
events.

observations were carried out in the so-called wobble mode and covered a zenith angle range between
14 and 35 degrees. The Fermi/LAT source W51C
(RA=19.385 h, δ=14.19 ◦ ) was chosen as central position for the observations. After applying quality cuts
we collected a total of 31.1 h effective1 dark time. All
data were taken in stereoscopic mode, recording only
events that triggered both telescopes. The trigger energy threshold of the system is around 50 GeV [16].
This is the lowest energy threshold among IACTs in
operation and provides the chance to have ground
based observations with an energy range overlapping
with the one of Fermi/LAT. The analysis of the data
was performed using the MARS analysis framework
which is the standard software used for MAGIC data
analysis [17]. The details of the analysis, as well as the
general performance of MAGIC in stereoscopic mode,
are reported in [16] [15].

3. Results from MAGIC observations
MAGIC founds a spatially extended excess of VHE
gamma-ray events from the direction of W51C. In total 924 excess events were found above 150 GeV in

1 Due to dead time of the MAGIC-II telescope readout system the effective observation time is always lower than the real
observation time.
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Figure 2: VHE gamma-ray emission from W51C obtained
with the MAGIC telescopes above 150 GeV. The map
has been smoothed with a Gaussian kernel of σ=0.10◦ .
The color scale shows the relative flux of gamma rays
(excess events normalized to the number of background
events) and the black contours are different levels of the
test statistic variable (Li & Ma eq. 17 [19] applied on a
smoothed and modeled background estimation. It
roughly corresponds to a Gaussian significance. More
details given in [18]). In the figure the region defined for
integrating the signal (dotted line) and the PSF after
smearing (bottom left inset) are also shown.

the 31.1 hours of effective time (see figure 1), resulting an a detection significance of 8.29 σ. The source
as seen by MAGIC shows an extension (sigma of twodimensional Gaussian fit) of 0.16±0.02◦. This lies well
above the PSF of the analysis (0.08◦ in the same energy range assuming a spectral index of -2.6). The
centroid of the emission detected by MAGIC is coincident with the centroid of the Fermi/LAT emission:
RA=19.387±0.002 h, δ=14.18±0.02◦. A sky map of
the MAGIC observation at energies above 150 GeV is
shown in figure 2. Details about MAGIC sky maps
and test statistic are given in [18].
MAGIC has measured the differential energy spectrum of the VHE gamma-ray emission in the energy
range 75 GeV to 3.3 TeV. The differential spectrum
is well fitted by a power law as can be seen in figure 3
(χ2 /ndf = 4.5/5). The obtained spectral index of the
VHE gamma-ray emission is -2.40±0.12stat. The integrated flux above 1 TeV corresponds to 3.8% of the
Crab Nebula in agreement with the integral flux reported by H.E.S.S. [13] above 1 TeV. The obtained
flux in units of TeV−1 cm−2 s−1 is given by:

dF
= (1.25 ± 0.18stat ) × 10−12
dE



E
T eV

(−2.40±0.12stat )

Figure 3: Measured flux from W51C with the MAGIC
telescopes. The red points show the differential fluxes.
The red line represents the best fitted power-law. As a
reference the measured by MAGIC-I differential energy
spectrum from the Crab Nebula is also shown.

4. Discussion
The MAGIC data do not only fill the gap between
the Fermi/LAT and the H.E.S.S. measurements but
furthermore show that the spectral distribution can
be described by a single power-law from energies of
∼10 GeV up to TeV energies. Figure 4 shows the SED
measured by Fermi/LAT and MAGIC together with
the H.E.S.S. measurement converted into a differential
flux2 . MAGIC data agrees well with the Fermi/LAT
and H.E.S.S. measurements. In the same figure the
predictions from the phenomenological model used by
Fermi/LAT in [12] to explain the origin of the gammaray emission are also shown. Three different scenarios are considered: one where gamma-ray emission
is dominated by π 0 decay and two more where the
gamma-ray emission is mainly dominated by inverse
Compton (IC) or Bremsstrahlung of electrons.
The VHE MAGIC data points as well as H.E.S.S.
point are above the predictions from the model in
all scenarios at energies above 1 TeV. Although this
seems to favor the electromagnetic scenarios, both leptonic models show difficulties in fitting the radio data
and, in the case of the IC model, severe energy constraints. In addition both leptonic models need an
electron to proton ratio in order of one. Such a value
is much higher than the one observed in direct cosmic ray measurements (e/p ∼ 10−3 ) and difficult to

2 The integral flux above 1 TeV reported in [13] is converted
into a differential flux using the MAGIC spectral index of -2.4.
An error of ±0.4 is assumed in order to obtain the error bars
shown.
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5. Conclusions

Figure 4: SED of W51C measured by Fermi/LAT (black
points), MAGIC (red points) and H.E.S.S. (green point).
Also shown in the figure the 3 different scenarios for
modeling the multi wavelength data that were used
in [12]. Gamma-ray emission is explained by emission
coming from a hadronic dominated scenario (continuous
blue line), inverse Compton dominated scenario
(dot-dashed line) or a Bremsstrahlung dominated
scenario (dashed line).

explain due to the much higher energy losses for electrons. Concerning the hadronic emission the parameters used by the Fermi/LAT-team leads to a proton
spectral index between ∼10 and ∼500 GeV close to
-3. A slightly harder index would be able to explain
both MAGIC and the Fermi/LAT points. The spectral index measured by Fermi/LAT above 10 GeV
is −2.5 ± 0.18 [1]. Taken this into account the non
matching of this hadronic scenario does not rule out a
hadronic origin of the emission. Moreover a hadronic
origin predicts a constant slope of the gamma emission
above several GeV up to the cut-off originating from
reaching the maximum energy of protons responsible
for the emission.
The angular resolution of MAGIC at energies of
100 GeV is comparable to that of Fermi/LAT. For energies above 700 GeV, the angular resolution MAGIC
is as low as ≃ 0.05◦ . This allows for a unprecedented
resolution sky map from W51C. Figure 5 shows the
MAGIC view of W51C overlapped with data from
different wavelengths. The overall MAGIC emission
above 700 GeV is contained within the region of 3
counts above 1 GeV by Fermi/LAT (pink line in the
figure). The higher angular resolution resolves that
the gross of the VHE gamma-ray emission above
700 GeV is spatially coincident with the shocked
gas region reported by Koo et al. in [11]. This also
supports the hadronic origin of the HE-VHE gamma
rays. Furthermore there is an extension roughly
following the shape of the remnants shell in radio and
the Fermi/LAT HE emission. In addition this VHE
emission towards the South-East goes in the direction
of the PWN candidate.

MAGIC observations do not only confirm the emission of HE-VHE gamma rays from an extended source
located in the SNR W51C, but extend the spectrum
almost without gap above the Fermi/LAT energies.
The measured SED is in agreement with a extrapolation of the Fermi data and agrees with the flux
measured by the H.E.S.S. collaboration. The emission
measured by MAGIC is spatially coincident with that
reported by Fermi/LAT. Moreover, the higher angular
resolution provided by MAGIC shows that the bulk of
the VHE gamma-ray emission comes from the shocked
molecular cloud located where the SNR shock engulfs
a large molecular cloud, creating a shocked gas region
distinguishable in the radio data. This fact, a constant
spectral index of the emission from ∼GeV to multiTeV, and the problems to explain the emission in a
leptonic scenario suggest that the gamma-ray emission has most likely a hadronic origin as it is expected
in the case of gamma rays produced in a crushed cloud
scenario.
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Figure 5: Map of W51C region in different wavelengths. Shown in colors the MAGIC relative flux above 700 GeV
(smooth by a Gaussian kernel of 0.065◦ ) overlapped with the test statistics significance contours in black. The pink line
shows the approximate contour of the HE emission detected by Fermi/LAT and the white dashed line shows the
approximate contour of the H.E.S.S. VHE emission. The green dashed line shows the approximate contour of the SNR
W51C. The dotted dark blue line shows the shocked gas region defined by Koo et al. [11]. On the left map the
molecular clouds measured with the 66 km/s 13-CO line are shown in light blue. On the right map, the green contours
show the radio data from Koo & Moon [10] in green. The X-ray source and PWN candidate CXO192318.5+140335 and
a 1720MHz OH maser are also shown in the map.
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The blazar zone in quasars is commonly assumed to be located inside the broad-line region at some hundreds of
Schwartzschild radii from the central black hole. Now, the simultaneous Fermi/LAT and MAGIC observations
of a strong flare in the FSRQ PKS 1222+21 (4C 21.35, z=0.432) on 2010 June 17 challenge this picture. The
spectrum can be described by a single power law with photon index 2.72±0.34 between 3 GeV and 400 GeV, and
this is consistent with emission from a single component in the jet. The absence of a spectral cutoff constrains
the gamma-ray emission region to lie outside of the broad-line region, which would otherwise absorb the VHE
gamma-rays. On the other hand, the MAGIC measurement of a doubling time of about 10 minutes indicates
an extremely compact emission region, in conflict with the ”far dissipation” scenario. This could be a hint for
the importance of jet sub–structures, such as filaments, reconnection zones or shear layers for the occurrence of
blazar flares.

1. High energy emission from FSRQs
The VHE (E> 100 GeV) emission from the Flat
Spectrum Radio Quasar (FSRQ) class of blazars
has been assessed only recently with the present
generation of Imaging Atmospheric Cherenkov Telescopes (IACTs), by the detection of 3C279 (z=0.536)
[1] and subsequently PKS1510-089 (z=0.36) [2] and
PKS1222+21 (a.k.a. 4C+21.35, z=0.432) [3]. Among
50 extragalactic objects discovered in the VHE sky,
the FSRQs are a minority, while the majority belongs
to the BL Lac class of AGNs 1 . On the contrary in
the high energy (HE) range, from 100 MeV to 100
GeV, FSRQs represent more than one third of the
extragalactic objects. This has been confirmed with
the Fermi/LAT observations as reported in the 2nd
Fermi/LAT catalogue (see [4] these proceedings and
[5]).
This gap is motivated by the different convolution of
the high–energy spectral emission of FSRQs, – peaking in the hard-X/MeV bands – with the different
sensitivities of IACTs and orbiting γ−ray detectors.

1 For an updated list refer to http://tevcat.uchicago.edu/ or
http://www.mppmu.mpg.de/∼rwagner/sources/

Moreover the absorption of VHE γ-rays by the extragalactic Background Light (EBL) affects the more
distant FSRQs respect to the nearer BL Lacs. In any
case the reduction of the energy threshold of IACTs,
now as low as 50 GeV for MAGIC, and the increase of
their sensitivities should reduce the gap in the future.
FSRQs are the most interesting γ−ray objects for
studying the multiple effect of jet acceleration and
its interaction with the surrounding ambient medium.
In fact, the common wisdom in the ”blazarland” is
based on the blazar sequence [6] with FSRQs leading
the sequence with high bolometric luminosity, high
accretion rates, radiatively efficient disk, showing a
luminous broad line region (BLR) LBLR ∼ 1046 erg/s
≡ L46 (∼ 10% of the Eddington luminosity [7]) and
exhibiting a spectral energy distribution (SED) with
a synchrotron peak in the IR/optical band. On the
other end of the sequence we find the High Peaked BL
Lacs (HBL) with low luminosity, radiatively inefficient
disks, absence of detectable BLR, and a SED dominated by the UV/X-ray synchrotron peaks. This dichotomy has been confirmed in the Fermi/LAT AGN
sample, showing the so-called ”blazar divide” in the
gamma-flux vs gamma-index plane, possibly driven
by a single parameter, the jet power [8], ultimately
connected to the accretion rate efficiency of the disk.
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Within this frame the gamma-ray emission is commonly explained through inverse Compton scattering of accelerated electrons with a target radiation
field: the same synchrotron emission (self synchrotron
Compton, SSC) for HBLs or the optical/UV photon
field of the BLR for FSRQs (external Compton emission, EC). Simple single emission zone models are able
to explain the observed SEDs of HBLs and FSRQs
with a reasonable set of parameters. Some strain is
envisaged in these models, such as the higher Doppler
factors foreseen by the model respect to radio observations, the difficulties encountered to fit some extreme
HBLs such as 1ES 0229+200[10], S5 0716+714[11]) or
the SEDs obtained from strictly simultaneous multiwavelength (MWL) data as e.g. in [9]. To overcome
these problems new set of models have been created,
often invoking double emission zones (e.g. spine-layer
[12, 13]), multiple emission zones [14], also [15] these
proceedings), thus relaxing the constraints through
the increase of the number of parameters. The endorsement of these models needs new and more detailed observations to avoid the critics of being simple
numerical artifacts.
Although the scenario provided by the blazar sequence and the single zone emission models may not
be so simple ([e.g. 16] these proceedings) it can justify
the observational facts described – double hump SED,
gap in the ratio of FSRQs and HBLs detected in the
HE and VHE regimes – and is a workbench where the
jigsaw can lay to be unscrambled and deciphered.
In FSRQs the gamma-ray emission region, the
”blazar zone” is commonly located in the BLR, in
the inner parsec region, according to the relation connecting the BLR size with its luminosity RBLR '
1/2
0.1 × L46 [17]. The EC produced in the BLR can accommodate some observational facts such as the fast,
daily, variability [18] and the claimed GeV break in the
HE spectra [19], but see also [20] these proceedings.
Such ”canonical scenario” for FSRQs also foresees a
cutoff in the spectrum at few tenths of GeVs, due to
γ − γ absorption internal to the BLR [21]. This cutoff
can be shifted to higher energies ∼ TeV if the external radiation for the EC emission is provided by the
IR torus at pc scales, or for lower compactness ratio
of the BLR (see [22], these proceedings).
The combined HE and VHE observations of
PKS 1222+21 described in this work, will put severe constraints on the common scenario assumed for
FSRQ unveiling more complex processes at work in
the gamma-ray emission from these sources.

measured superluminal motion (v∼ 20c [25]) in the inner jet region. Recent VLBA monitoring in the mmwave band suggests a possible correlation between
γ−ray flares and ejection of superluminal component
from the mm-wave core (see [28] and [29] these proceedings). PKS 1222+21 is a γ-ray blazar [27] with a
relatively hard spectrum in the GeV range. MAGIC
detection [3] and its inclusion in the list of >100 GeV
emitters in the analysis of (author?) [30] makes it
the third, and second most distant, FSRQ in the VHE
band.

2. Gamma-ray observations of
PKS1222+21
On 2010 April 24 the Astronomer Telegram 2584
[31] reported an increase of the gamma-ray flux of
4C+21.35 measured by Fermi/LAT, exceeding of almost 10 times the alert threshold 10−6 ph/cm2 /s at
E > 100 MeV. The alert triggered many observatories in near IR [32], optical polarimetry [33], X-ray
[34], and were continued for almost two months following the high activity monitored by the LAT. An
account of the MWL campaign was given during the
symposium by Y. Tanaka [23]. In figure 1 the sequence of MAGIC observations superimposed to the
LAT-monitored flux, is shown.
In the following the gamma-ray observations performed by Fermi/LAT and MAGIC telescopes will be
reported. The complete analysis of the MWL campaign will be described in a forthcoming paper.

2.1. MAGIC observations
The MAGIC telescopes system 2 observed
PKS 1222+21 between May 1st and June 19th
2010. A total amount of 16.5 hours of data was
collected. The details on the analysis can be found in
the original discovery paper [35].
A hint of a signal was seen on May 3rd at the level
of 4σ significance. During 2.24 hours of observations
an excess of ≈ 78 events was detected, amounting to
4.43 σ. MAGIC detected the VHE γ–ray emission
from PKS 1222+21 on June 17th with statistical significance of 10.2 σ. The discovery was reported in [35].
None of the other nights showed a significant excess
of signal over background.

2.2. Fermi/LAT observations
1.1. PKS 1222+21
PKS 1222+21 (a.k.a 4C +21.35, z=0.432) is a distorted quasar, showing a clear bended jet on VLBI
images, at kpc distance and X-ray emission from the
core and inner jet region [26]. Radio observations have

Fermi/LAT detected the source in a active state in
the period from April to July 2010 with two prominent

2 http://wwwmagic.mppmu.mpg.de
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Figure 1: Lower panel: sequence of MAGIC observations (vertical bars) superimposed to the evolution of the γ−ray
flux measured by Fermi/LAT during the observing campaign on PKS 1222+21 in flaring state. Upper panel: photon
index in the HE range measured by Fermi/LAT; the lowest indexes, corresponding to MAGIC detections, are marked
by two rings.

outbursts during the active state around MJD 55315
(2010 April 29) and 55365 (2010 June 18). Details on
the analysis and results for the active period can be
found in [24].
We will concentrate on the outburst observed in coincidence with the MAGIC detection, when the source
showed a significant flare lasting ∼3 days, with a flux
peak on 2010 June 18. A dedicated analysis found
that the 1/2 h MAGIC observation fell within a gap
in the LAT exposure, thus we analyzed a period of
2.5 h (MJD 55364.867 to 55364.973), encompassing
the MAGIC observation. The LAT analysis for this
time bin was performed as in (author?) [24], where
details can be found.

3. The pieces of the jigsaw
In figure 1 the HE flux and photon index evolution
is shown superimposed to the sequence of MAGIC observations. MAGIC observations did not result in a
detection but two cases: a first hint on May 3rd and
a firm detection on June 17th. We emphasize the correspondence of these two VHE signals with the lowest
photon indexes measured by LAT, whereas the highest HE flux preceded or followed the highest flux (see
fig.1).
Here the results on the MAGIC detection on 2010
June 17 and simultaneous LAT measurement will be
outlined; details on the analysis can be found in the
original paper [35].

3.1. Spectrum and SED
The energy spectrum measured by MAGIC spans
from 70 GeV to 400 GeV and is well described by
a simple power law form with a photon index Γ =
3.75 ± 0.27stat ± 0.2syst and a integral flux (4.6 ±
0.5) × 10−10 cm−2 s−1 at E> 100 GeV. The spectrum
has been corrected for the Extragalactic Background
Light (EBL) absorption, according to the model by
[37], yielding an intrinsic spectrum with photon index
Γintr = 2.72 ± 0.34 between 70 and 400 GeV. The observed spectral points and the fit resulting from the
EBL correction are shown in the SED as a bow-tie
in fig.2. In the figure also the simultaneous spectral
points measured by LAT and the resulting fit (bowtie) are drawn. The simultaneous SED shows that
the photon index steepens from 1.9 in the HE range
to 2.7 in the VHE, and that there is a potentially
smooth connection between Fermi/LAT and MAGIC
extrapolated data in the 3 to 10 GeV region. These
results agree with the analysis of wider temporal intervals during this flare in which the source spectrum
is well described by a broken power law with an energy
break falling between 1 and 3 GeV [24].

3.2. Lightcurve
The strength of the VHE emission allowed us to
measure the flux in 6 minutes bins. The light curve in
fig.3 reveals clear flux variations, with a doubling time
of 8.6+1.1
−0.9 min, corresponding to the fastest time variation ever observed in a FSRQ in any energy range.
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Figure 2: High energy SED of PKS 1222+21 during the flare of 2010 June 17 (MJD 55364), showing Fermi/LAT
(squares) and MAGIC (circles) differential fluxes. A red bow tie in the MeV/GeV range represents the uncertainty of
the likelihood fit to the Fermi/LAT data. The unfolded and deabsorbed spectral fit of the MAGIC data is also shown
as a red bow tie, extrapolated to lower and higher energies (dotted lines). A thick solid line (photon index Γ = 2.7)
indicates a possible extrapolation of the MAGIC deabsorbed data to lower energies. The thick dashed line represents
the EBL absorbed spectrum obtained from the extrapolated intrinsic spectrum using the model by [37]

The analysis of the combined LAT-MAGIC spectrum shows that data are fully compatible with a
straight power law without cutoff in the observed VHE
range; a deeper statistical investigation does provide
a lower limit to the possible presence of cut-off in the
VHE range to 130 GeV [35]. Provided that further
observations are needed to determine the expected
steepening of the spectrum, this result challenges the
standard scenario assuming the γ−ray emission region
located within few Schwarzschild radii in the BLR. In
fact, a strong softening of the spectrum is expected
above few tenths of GeV, due to the opacity of the
BLR to γ−rays and to the decreased efficiency of the
IC scattering, see e.g. [21]. The importance of both
effects is reduced if the external photon field is associated with the IR torus, as envisioned by the ”far
dissipation” scenario [36]. In this case both effects
start to be important above ≈ 1 TeV.
On the other hand the evidence of fast variability indicates an extremely compact emission
region with transverse dimensions, R ∼ 2.5 ×
1014 (δ/10)(tvar /10 min) cm. This is difficult to be reconciled with the far dissipation scenarios if the emission takes place in the entire cross section of the jet,
which is estimated to be R ∼ θj d ∼ 3 × 1016 (θj /5 deg)

cm (d: distance of the emitting region from the base
of the jet d > RBLR ; θj : opening angle of the conical
jet).
Some authors [22] claim that the relation connecting luminosity and distance of the BLR region depends on too few measurements and may be more
-9
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Figure 3: PKS 1222+21 light curve above 100 GeV, in 6
minutes bins (black filled circles). The observation was
carried out on MJD 55364. The black solid line is a fit
with an exponential function and the black dotted line a
fit with a linear function. The grey open squares denote
the fluxes from the background events and the grey
dashed line is a fit with a constant function to these
points.

eConf C110509

201

2011 Fermi Symposium, Roma., May 9-12

5

Figure 4: Right: Sketch of the geometrical arrangement assumed in the model of double emission regions: a small
compact blob with Lorentz factor Γb and a underlying emission from a standard spherical region with radius R equal to
the cross sectional size of a conical jet with semi aperture angle, moving with bulk Lorentz factor Γ located outside the
BLR. See [43] for details. Left: Spectral energy distribution of PKS 1222+216 close to the epoch of the MAGIC
detection (2010 June 17). Red points at optical–UV and X–ray frequencies. Fermi/LAT (red squares and bow tie) and
MAGIC data (corrected for absorption by the EBL) are the same shown in fig. 2. The thick black solid line shows the
LAT spectrum in quiescence (from [24]). Magenta open squares are SDSS photometric points. Magenta filled
pentagons are IR data. Green points report historical data. The lines show the model corresponding to emission from
the compact region and the standard jet. The blue short dashed line shows the emission from the compact region,
while the red long dashed line reports the emission from the large region of the jet. The solid black line is the sum of
the two. For details on the data and parameters of the models, refer to [43].

complex, thus reducing the compactness of the BLR
and the corresponding γ−ray opacity. This would relax the constrain on the expected VHE cutoff. Alternative scenarios pointing to emission beyond the BLR
have been depicted, invoking the presence of very compact emission regions [14, 38, 39] or through strong
re-collimation mechanism, again forming small emitting nozzles e.g. [40, 41, 42].
As an example of such scenario in [43] the authors have
developed a model where a compact emitting region,
outside the BLR, embedded or not in the large-scale
jet, is responsible for the high energy emission and
the larger region produces the lower energy emission,
through synchrotron and IC or EC emission. In figure 4 a sketch of the process and the resulting SED is
shown. The resulting SED shows the feasibility of the
observed flare in PKS1222+21 through a double zone
scenario, though the physical mechanism producing
such compact blob should be investigate further.

5. Conclusions
During this conference the discovery of the FSRQ
PKS1222+21 by the MAGIC telescopes has been described. The simultaneous Fermi/LAT and MAGIC

observations proved the γ−ray emission from 100
MeV to 400 GeV posing tight constraints on the location of the emission region. This observations prove
that the present generation of IACTs has a high scientific potential when promptly reacting to flaring
states reported in the HE band (Fermi/LAT) and in
the IR/optical band, associated to the BLR or to the
IR-torus. Reduction of energy thresholds with future
Cherenkov telescopes, such as CTA, will enlarge the
gamma-ray horizon for such objects and together with
a higher sensitivity should augment the number of
new object of the FSRQ class in the VHE domain,
thus placing new pieces for the completion of the still
undiscovered puzzle of the location of the γ−ray emission region.
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We compare the γ-ray light curves of the blazars, constructed with data provided by the Fermi
Large Area Telescope, with flux and polarization variations in the VLBI core and bright superluminal
knots obtained via monthly monitoring with the Very Long Baseline Array at 43 GHz. For all blazars
in the sample that exhibit a high γ-ray state on time scales from several weeks to several months,
an increase of the total flux in the mm-wave core is contemporaneous with the γ-ray activity (more
than a third of the sample). Here we present the results for quasars with the most extreme γ-ray
behavior (3C 454.3, 3C 273, 3C 279, 1222+216, and 1633+382). The sources show that in addition
to the total flux intensity behavior, a maximum in the degree of polarization in the core or bright
superluminal knot nearest to the core coincides with the time of a γ-ray peak to within the accuracy
of the sampling of the radio data. These argue in favor of location of many of γ-ray outbursts in
blazars outside of the broad line region, either in the vicinity or downstream of the mm-wave VLBI
core.
I.

INTRODUCTION

The unprecedently detailed γ-ray light curves provided by the Fermi Large Area Telescope (LAT) show
that blazars exhibit long-lasting (several months) activity states characterized by several flares with γ-ray
flux >10−6 phot cm−2 s−1 , each with duration of ∼115 days and variability timescale as short as ∼1 hr,
e.g., [1, 2, 4, 10]. Although there is no doubt that the
presence of a relativistic jet and γ-ray emission are
tightly connected, e.g., [8], the locations and mechanisms of the high energy origin are unclear and highly
debated, e.g., [3, 11], with some evidence that different mechanisms and locations could be present even
in a single source [10].
We perform total and polarized intensity imaging
of the parsec-scale jets of a sample of 35 γ-ray blazars
obtained monthly with the Very Long Baseline Array (VLBA) at 43 GHz [12] at ultra-high resolution
(0.1 milliarcseconds), starting in Summer 2008 when
the Fermi Gamma-Ray Space Telescope began to operate. We also undertake short campaigns of 2-week
duration 2 times per year involving 3 VLBA epochs at
43 GHz for each campaign. The VLBA observations
determine the flux and polarization of the millimeterwave core and other components of the jet, as well
as the kinematics and evolution of bright superluminal knots. We compare the γ-ray light curves of
the blazars, constructed with data provided by the
Fermi LAT, with flux and polarization variations in
the VLBI core and bright superluminal knots. Here
we present results of the comparison for the quasars
3C 273, 3C 279, 3C 454.3, 1222+216, and 1633+382,
which underwent exceptionally high γ-ray outbursts
during the last three years.

II.

DATA REDUCTION

We processed the VLBA data and created images
in a manner identical to that described in [5]. We
modelled the images in terms of a small number of
components with circular Gaussian brightness distributions and determined polarization parameters of
components using an IDL program that calculates the
mean values within an area equal to that of the size
established by the model fit. Figures 1-3 show the total and polarized intensity images of 3C 273, 3C 279,
3C 454.3, 1222+216, and 1633+382 along with identifications of moving knots. The core is a presumably
stationary feature located at one end of the jet. Figure 4 shows the γ-ray light curves, as well as the light
curves of flux and degree of polarization of the VLBI
core (light curves of the core and superluminal knots
in the case of 3C 273). The γ-ray light curves were
constructed with a bin size of one week (one day for 3C
454.3 and 3C 273 during the high γ-ray state) using
the P6 photon and spacecraft data and v9r18p6-fssc20101108 version of Science Tools provided by FSSC.
III.

DISCUSSION

In all 5 objects, which exhibit dramatic γ-ray activity during 2008-2010, we observe a simultaneous
increase of total intensity and fractional polarization
in the core at 43 GHz (7 mm) accompanied by the
appearance of superluminal knots in the jet.
The quasar 3C 273: The light curve in Figure 4
shows a high γ-ray state of the quasar during 2009.62010.3 (JD: 2455050-2455300) featuring 5 prominent
γ-ray peaks. We have identified 7 superluminal knots
(disturbances) in the jet of 3C 273 within 2 mas of
the core (Fig. 1 & 4), out of which 4 components (I2,
I3, I4, and I5) appeared in the jet during the γ-ray
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events. The apparent speeds of the components range
from 7c to 12c. These four components were ejected
within 1 yr (from 2009.5 to 2010.5), while the average
rate of ejection of superluminal knots in 3C 273, e.g.,
in 1998-2001, is 0.7 knots per year [5]. This indicates
a significant increase of activity in the parsec-scale jet
contemporaneous with the γ-ray events. The fastest
knot, I2 (12.0±0.7 c), can be associated with the most
prominent γ-ray peak, while the brightest knot, I4,
had maximum flux coinciding with the last γ-ray peak.
The quasar 3C 279: In 3C 279 we observe two
knots (Fig. 1), K2 & K3, whose appearance in the jet
is accompanied by an increase of flux and fractional
polarization of the core (Fig. 4). The knots have
apparent speeds of 16.3±2.0 c and 19.7±2.0 c, respectively, and their time of passage through the mm-wave
core coincides with the two most prominent events in
the γ-ray light curve, Dec. 2008 - Apr. 2009 and in
Autumn 2010 (Fig. 4).
The quasar 3C 454.3: In 3C 454.3 the γ-ray outburst in the end of 2009 had three prominent peaks
(I, II, & III, Fig. 4). Peak I coincides within 2±5
days with the passage of knot K09 through the core.
The knot is very bright (Smax =17 Jy) and moves with
an apparent speed of 10.5±0.3c. Although the flux
and degree of polarization in the core increase during
the radio/γ-ray events, the maximum polarization occurred on 19 May 2010, ∼200 days after the start of
the γ-ray activity and ejection of K09. Note that the
position angle of polarization (EVPA) of the core and
K09 are almost orthogonal (Fig. 1). The peak in
polarization corresponds to the exit of the knot from
the core region into the extended jet, which we associate with the last γ-ray event, III. Therefore, all three
γ-ray flares occurred while K09 was passing through
the core region. This gives a size of the core region of
∼0.13 mas, equal to the sum of the sizes of the core
(∼0.06 mas) and K09 (∼0.08 mas) obtained by the
model fit from January to May 2010.
The quasar 1222+216: The γ-ray flux from
4C21.35 increased at the end of September 2009 and
remained high until January 2011 (Fig. 4). The
source was confidently detected at TeV energies on
17 June 2010 (ATel #2684). A very short time scale
of γ-ray variability (∼0.8 hr) was found during this
period [4]. The source is strongly core dominated at
43 GHz. We see a doubling of the flux and a significant

[1]
[2]
[3]
[4]
[5]
[6]

Abdo A.A. et al. 2010, Nature, 463, 919
Abdo A.A. et al. 2010, ApJ Letters, 714, L73
Agudo I. et al. 2011, ApJ Letters, 735, L10
Foschini L. et al. 2011, 2011arXiv1110.4471F
Jorstad S.G. et al. 2005, AJ, 130, 1418
Jorstad S.G. et al. 2011, AAS Meeting #217, Bulletin
of the AAS, 43, #408.04
[7] Jorstad S.G. et al. 2011, Journal of Astrophysics &

increase of polarization in the core at 43 GHz during
the high γ-ray state. A new superluminal knot, K1,
moves down the jet at an apparent speed of 14.2±0.4 c
(Fig. 2), passing through the mm-wave core during
the most prominent γ-ray peak (within the 1σ uncertainty in ejection time). We also find a statistically
significant correlation between γ-ray and optical variations as well. In addition, the optical linear polarization increased from <1% to 6.5% during the high
γ-ray state while the optical EVPA rotated by 200◦
[6]. This behavior has a similar pattern as reported
previously during high-energy outbursts in BL Lac [9],
PKS 1510-089 [10], and 3C 279 [1].
The quasar 1633+382: In 2009 September an increase in γ-ray emission by a factor of ∼10 coincided
with a gradual increase in the VLBI core flux of the
quasar. A high γ-ray state persisted for ∼1 yr and in
early 2011 a new activity cycle started (Fig. 4). The
VLBA images (Fig. 3) show moving knot K2, with
an apparent speed of 7.5±0.4 c, that passed through
the core around 2-10 September 2009, coincident with
the first peak of the 2009 γ-ray outburst. Comparison between the optical EVPA and that in the VLBI
core supports the idea that in the quasar 1633+382 a
high γ-ray state is connected with processes originating near the mm-VLBI core [7].

IV.

CONCLUSIONS

We find that high levels of γ-ray activity in the
quasars studied coincide with the production of new
superluminal knots and their passage trough stationary bright features in the jet, usually the mm-wave
VLBI core. Therefore, in many blazars γ-ray outbursts occur parsecs downstream of the central engine,
at or beyond the mm-wave core. This agrees with the
need to avoid excessive opacity to pair production in
blazars detected at TeV energies.
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FIG. 1: Total (contours) and polarized (color scale) intensity images of the quasars 3C 273, 3C 279, and 3C 454.3; black
line segments show direction of the polarization; the lowest contours are 0.25, 0.15, and 0.1% of the total intensity peak,
Speak =10.0, 16.4, and 20.3 Jy/beam, Spol =293, 955, and 841 mJy/beam, respectively for 3C 273, 3C 279, and 3C 454.3.
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FIG. 2: Total (contours) and polarized (color scale) intensity images of the quasar 1222+216; yellow line segments
show direction of the polarization; the lowest contours are 0.25% of the total intensity peak, Speak =1.68 Jy/beam, and
Spol =80 mJy/beam.

FIG. 3: Total (contours) and polarized (color scale) intensity images of the quasar 1633+382; yellow line segments
show direction of the polarization; the lowest contours are 0.15% of the total intensity peak, Speak =2.64 Jy/beam, and
Spol =70 mJy/beam.

FIG. 4: Upper Left: γ-ray light curve (top panel) and light curves of the VLBI components (the second panel) for the
quasar 3C 273. Right & Bottom: γ-ray light curves (black circles; brown circles upper limits) of 3C 279, 3C 454.3,
1222+216, and 1633+382, total intensity light curves of the VLBI core at 43 GHz (pink, in Jy, multiplied by factor of 3
for 1222+216 and 16333+382), fractional polarization curves of the core (violet), in %, multiplied by factor of 3; vertical
pink lines show the time of passage of superluminal knots through the core.
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We aim to test the plausibility of a theoretical framework in which the γ−ray emission detected
from supernova remnants is of hadronic origin, i.e., due to the decay of neutral pions produced in
nuclear collisions involving relativistic nuclei. In particular, we investigate how the nature of the
circumstellar medium affects the evolution of a remnant and of its γ−ray emission, stressing the
role of magnetic field amplification in the prediction of expected particle spectra. A phenomenological scenario consistent with both the underlying Physics and the larger and larger amount of
observational data provided by the present generation of γ−ray experiments is finally outlined and
critically discussed.

I.

γ−RAYS FROM GALACTIC SNRS

Supernova Remnants (SNRs) have been regarded
for many years as prominent sites for the acceleration
of relativistic particles up to above 106 GeV [see e.g. 1,
for a review]. However, while the evidences of electron
acceleration are clear-cut in the shape of synchrotron
emission, a radiative evidence of the presence of nonthermal hadrons is much more elusive and has to be
searched in the γ−rays resulting from the decay of
neutral pions produced in nuclear collisions between
cosmic rays (CRs) and the background plasma [see
e.g. 2].
Unfortunately, the first observations of γ−ray
bright SNRs have demonstrated themselves to be inconclusive for assessing the origin of the detected TeV
emission, since also inverse Compton scattering of relativistic electrons on background photons may provide a signal in the same band. A paradigmatic case
in this respect is RX J1713.7-3946, the first SNR to
be detected in γ−rays [4], whose properties have been
accounted for in both a hadronic or a leptonic scenario
[see e.g. 5, and references therein]. Nevertheless, with
the advent of the Fermi telescope, the detection of
RX J1713.7-3946 also in the GeV band [6] eventually
confirmed the leptonic nature of such an emission.
On the other hand, as showed by [7], the first strong
radiative evidence of hadronic emission from a Galactic SNR comes from another object very recently detected by VERITAS [8] and Fermi-LAT [9]. The reason why with broadband γ−ray observations it is possible to infer the origin of the emission relies on the
fact that, while hadronic γ−rays show an energy spectrum parallel to the one of the parent nuclei, the
inverse-Compton emission is instead flatter by a 0.5
in slope. When looking at the TeV emission only,
though, the cut-off in the electron distribution may
show up and mimic the hadronic emission produced
by a steep proton spectrum. Nevertheless, this effect
cannot extend to lower energies, too: provided that
the primary spectrum goes like ∼ E −2 as predicted
by first-order Fermi mechanism at strong shocks, any
spectral slope in the GeV range larger than 1.5 may
eConf C110509

FIG. 1: Spectral slope inferred for γ−ray bright SNRs, as
a function of their age. See table 1 in [3] for proper data
references and §II for the meaning of the different curves.

be regarded as a strong hint of hadron acceleration.
The main properties of γ−ray-bright Galactic SNRs
are collected in table 1 of [3]. In particular the inferred
slope α of the photon spectrum, both in the GeV and
TeV bands, is reported also in fig. 1 as a function of the
estimated age of the SNR. Black squares correspond
to confirmed SNRs, while red diamonds correspond to
unidentified sources which have been proposed to be
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associated with SNRs. Green triangles, then, indicate
SNRs whose Fermi-LAT spectrum exhibits a cut-off
in the 1–20 GeV range: such a feature is hardly predictable both in leptonic and hadronic models for shell
SNRs, and may be due to the superposition of different sources, e.g, pulsar-wind nebulae and/or molecular clouds (MCs). The meaning of the curves in fig. 1
will be explained in §II.
The most striking evidence in fig. 1 is that most
of the detected SNRs show a photon spectral index
larger than 2, and typically in the range α ∼ 2.1–2.5.
As outlined above, while in the TeV band one may
be looking at the cut-off in the particle spectrum, it is
very unlikely to account for most of these GeV spectra
in a leptonic scenario, since an electron spectrum as
steep as E −2.6 − E −3 would be required, at odds with
what inferred, for instance, from radio measurements.
Even more interestingly, such steep spectra is likely
at odds also with what diffusive shock acceleration
(DSA) at strong shocks predicts for accelerated nuclei.
In the test-particle limit the spectral slope depends
only on the shock compression ratio, and is α = 2
for large Mach number shocks. However, when the
dynamical back-reaction of the accelerated particles is
important, namely when the pressure in CRs becomes
a sizable fraction of the bulk one, it is possible to
show that the expected spectrum is no longer a powerlaw, being steeper (flatter) than E −2 at low (high)
energies [see e.g. 10, 11, for some reviews]. Since in
this context “low” means below ∼ 1–10 GeV, the nonlinear DSA theories which have been developed in the
last three decades need to be revised under the light
of the unprecedented wealth of data γ−ray satellites
and Cherenkov telescopes are providing us with.
II.

MODELS AND OBSERVATIONS

In the last few years it has become clear that at
SNR blast waves the magnetic field can be amplified
by a factor of few tens with respect to the mean interstellar one (1–5µG) as a consequence of the superAlfvènic streaming of the accelerated particles [see e.g.
12]. These large magnetic fields, beside scattering CRs
more efficiently and having a dynamical role in the
shock dynamics [13], may as well significantly affect
the shape of the spectrum of the accelerated particles.
CRs, in fact, only feel the compression ratio of
the waves they scatter against: if Alfvèn waves have
a finite velocity vw with respect to the background
plasma, the actual compression CRs experience is
r=

u1 + vw,1
,
u2 + vw,2

(1)

where u is the fluid velocity and subscripts 1 and
2 refer to pre- and post-shock quantities.
Upstream, self-generated Alfvén waves travel in direction opposite to the CR pressure gradient (vw,1 =

FIG. 2: Slope of the energy spectrum of accelerated particles (black lines, left axis) and self-amplified magnetic field
upstream of the shock (red lines, right axis) as a function
of the CR efficiency (see eqs. 2–4).

√
−vA,1 = −B1 / 4πρ1 ), while efficient isotropization
downstream implies vw,2 = 0. Moreover, when CR
acceleration is efficient and the instability saturates,
the Alfvènic Mach number ahead of the shock is calculated to be (see eq. 42 of [14]):
MA,1 =

2 (1 − ξcr )
ξcr 2 − ξcr

5/2

,

(2)

where ξcr is the CR acceleration efficiency, expressed
here as the pressure in accelerated particles at the
shock over the bulk pressure. Following the simple
algebra sketched in §2 of [3], the effective shock compression ratio at the presence of efficient CR acceleration and magnetic field amplification reads:


γeff + 1
ξcr (2 − ξcr )
r=
1
−
,
(3)
γeff − 1 + 2/Ms2
2(1 − ξcr )5/2
where Ms is the sonic Mach number of the shock and
cr
γeff = 31 5+3ξ
1+ξcr is the effective adiabatic index of the
fluid composed by CRs+thermal plasma.
The predicted slope for the spectrum of the accelerated particles is therefore simply given by
α=

r+2
.
r−1

(4)

In fig. 2 the upstream self-generated magnetic field
for different Mach numbers (temperature T = 105 K,
number density n = 0.1/cm3 , velocity as in the legend) is shown on the right axis, as a function of ξcr .
The corresponding spectral indexes expected for accelerated particles are shown on the left axis, and are
larger and larger with increasing ξcr : this fact completely reverses the usual prediction that the more efficient the CR acceleration, the flatter the spectrum
of the accelerated particles.
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FIG. 3: Time evolution of relevant physical quantities for
ξcr = 0.1. The solid line around 1000 yr indicates the transition between ejecta-dominated and Sedov-Taylor stages,
while the vertical dashed lines, from left to right, mark the
boundaries of wind zone, hot bubble and ISM, as in the
labels (see §3 of [3] for details).

The simple calculation above has been worked out
within the so called two-fluid approach, in which the
CRs are modeled as a relativistic fluid, and has therefore to be checked against a kinetic modeling of particle acceleration in which the momentum dependence
of the spectral slope is self-consistently accounted for.
However, preliminary results outlined in §5.1 of [14]
support the scenario in which the whole particle spectrum may steepen significantly when the scattering
centers have a non-negligible velocity with respect to
the fluid.
III.

EVOLUTION OF THE γ-RAY EMISSION

In order to illustrate the prediction of the phenomenological model above, we consider a SNR produced by the explosion of a very massive star which
underwent different stages of mass ejection, and in
particular a slow and dense red-giant wind and a fast
and hot Wolf-Rayet wind [see e.g. 15, and references
therein].
About 80% of the Galactic SNRs are expected to be
due to the core-collapse of massive progenitors [16],
therefore the circumstellar medium their shocks propagate into should be “polluted” by winds launched in
the pre-SN stages. The case considered here is not
meant to describe either a given or the most common
object: it has to be regarded only as a benchmark
case for investigating the effects of non-trivial environments on the expected hadronic γ−ray luminosity
of SNRs, actually generalizing the pioneering work of
[2].
The details of the semi-analytical model (usually

referred to as thin-shell approximation) adopted to
follow the shock propagation are widely discussed in
§3 of [3]. What is relevant for our purposes is summarized in fig. 3: the shock (radius Rsh and velocity Vsh ) propagates first in the dense red-giant wind
(density profile ρ ∝ r−2 ) and, for the parameters
chosen, enters the Sedov-Taylor stage around 1000
yr. During the Sedov stage the most energetic CRs
are expected to escape the system [17] carrying away
a sizable amount of energy Eesc . This energy loss
is consistently accounted for in calculating the blast
wave evolution. At about 4000 yr the shock enters
the hot and rarefied bubble excavated by the fast
(∼ 2000km/s) Wolf-Rayet wind and finally, at about
10000 yr, the shock breaks into the unperturbed interstellar medium (ISM, n = 1/cm3 , T = 104 K).
When applying the formalism of §II, the expected
spectral slope as a function of the SNR age is plotted
in fig. 1 for three different CR acceleration efficiencies
ξcr = 0.01 (almost test-particle), 0.1 and 0.2, as in the
legend. There are two very interesting points arising
from this kind of analysis:
• α is a rather strong function of the CR efficiency,
but a moderate ξcr between 0.1 and 0.2 may
account for basically all the inferred slopes;
• for large Mach numbers the CR spectral slope
is expected to be a function of the acceleration
efficiency alone, and to increase when the shock
velocity drops because of its encounter with the
dense ISM (after 10–20×104 yr).
Clearly these qualitative results have to be checked
against proper non-linear, kinetic, models for DSA,
but they indeed represent a possible way to reconcile
our current understanding of particle acceleration in
SNRs, magnetic field amplification due to CR-induced
streaming instability and current γ−ray detections.
The magnetic fields needed are in fact perfectly consistent with the one inferred by X-ray measurements.
A.

The role of the circumstellar medium

The simple model presented here also allows us to
track the expected γ−ray luminosity of the SNR during its evolution, and in particular to check if the
(rapidly growing) statistics of bright SNRs might tell
us something about the nature of the circumstellar
medium they are propagating into, or even give us a
hint of when a SNR is expected to be most luminous.
The predicted γ−ray flux above 100 MeV and 1 TeV
is shown in fig. 4 as a function of the SNR age.
A natural effect of the propagation through a rarefied bubble (n < 0.01/cm3 ) is in fact a net decrease
in the expected photon flux. Provided that the statistics might not be large enough yet, and also considered that it is quite hard to estimate correctly the
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simply close to, the SNR shock. Many of the listed
sources are in fact known to be associated with MCs
[18, 19] which, on one hand, provide a large amount
of targets enhancing the γ−ray luminosity but, on the
other hand, represent a serious challenge for acceleration theories because of the issues related to shock
propagation and particle diffusion in partially-ionized
media. In addition, some of these sources (W28N,
IC443, W51C and W49B, represented by green triangles in fig. 1) exhibit a cut-off around 1–20 GeV and
a very steep spectrum in the TeV band. While their
position in fig. 1 is not extremely peculiar, it is likely
that this class of sources is different from classical shell
SNRs, therefore requiring a dedicated description.

FIG. 4: Time evolution of the γ-ray luminosity, in the GeV
(upper lines) and in the TeV band (lower lines). Different
lines correspond to different CR acceleration efficiency, as
in the legend. Vertical lines illustrate the evolutive stages
for the case ξcr = 0.1, as in figure 3.

age of middle-age/old SNRs, the data in fig. 1 are
consistent with a bimodal distribution, with two populations separated by a gap in ages around 5–10×103
yr. Further studies may confirm or disprove such a
hint, but indeed the present and future generation of
γ−ray telescopes could help us in understanding if
CR acceleration occurs mainly in standard ISM or in
superbubbles rich in Wolf-Rayet-like stars.
B.

Caveats and further comments

The scenario depicted above may be significantly
affected by the presence of MCs interacting with, or

[1] A. M. Hillas, Journal of Physics G Nuclear Physics
31, 95 (2005).
[2] L. O’C. Drury, F. Aharonian, and H. J. Völk, A&A
287, 959 (1994), astro-ph/9305037.
[3] D. Caprioli, JCAP 5, 26 (2011), 1103.2624.
[4] R. Enomoto et al., Nature 416, 823 (2002).
[5] V. N. Zirakashvili and F. A. Aharonian, ApJ 708, 965
(2010), 0909.2285.
[6] A. A. Abdo and Fermi LAT Collaboration, ArXiv eprints (2011), 1103.5727.
[7] G. Morlino and D. Caprioli, ArXiv e-prints (2011),
1105.6342.
[8] V. A. Acciari et al., ArXiv e-prints (2011), 1102.3871.
[9] F. Giordano, M. Naumann-Godo, J. Ballet, K. Bechtol, S. Funk, J. Lande, M. N. Mazziotta, S. Rainò,
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The canonical observation mode for IACT gamma-ray observations employs four discrete pointings in the
cardinal directions (the ”wobble” mode). For the VERITAS Observatory, the target source is offset by 0.5-0.7
degrees from the camera center, and the observation lasts 20 minutes. During January/February of 2011, the
VERITAS Observatory tested a new ”orbit” observation mode, where the target source is continuously rotated
around the camera center at a fixed radial offset and constant angular velocity. This mode of observation may
help better estimate the cosmic ray background across the field of view, and will also reduce detector dead-time
between the discrete 20 minute runs. In winter 2011, orbit mode observations where taken on the Crab Nebula
and Mrk 421. In this paper we present the analysis of these observations, and describe the potential applications
of orbit mode observations for diffuse (extended) sources as well as GRBs.

1. The VERITAS Imaging Atmospheric
Cherenkov Telescopes
VERITAS [1][2], located at the Fred Lawrence
Whipple Observatory (FLWO) in southern Arizona,
USA, is an array of four 12 meter diameter Imaging Atmospheric Cherenkov Telescopes (IACT). VERITAS can detect gamma-rays with energies from 100
GeV to 30 TeV with a flux of one percent of the Crab
Nebula in approximately 25 hours. VERITAS has an
energy resolution of 15-25%, an angular resolution of
0.1 degrees (68% containment radius), and a pointing
accuracy within 50 arc-seconds.

2. Source Locations Reconstruction
VERITAS observations are normally taken in wobble mode[3]. During an observation using wobble
mode, the center of the camera is held at a fixed position in right ascension and declination offset from the
intended targeted source [See Figure 1]. In orbit mode
the center of the camera circumscribes the source in
right ascension and declination with an angular velocity and radial offset dependent on the type of source
(point-like, extended, or a GRB). Typical values for
a point-like source are one revolution per 20 to 80
minutes and a 0.5 degree radial offset [See Figure 2].
Using orbit mode, prior to rotation corrections to the
field of view, the source appears as a ring [See Figure
3]. For each event there is an elevation and azimuth
angle recorded. With this information and the elevation and azimuth of the telescopes, the reconstructed
direction can be found [See Figure 3]. Figure 4 shows
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the pointed position (in right ascension and declination as a function of time) of each telescope followed
a smooth sine and cosine curve. During testing it has
been shown that the angular velocity and radial offset
are fairly constant [See Figure 5].

3. Discussion
The orbit mode technique was developed to help
eliminate dead-time during transitions between wobble directions for data runs sets, to slightly increase
the area of the field of view by maintaining azimuthal
symmetry of the exposure around the source, and to
produce an uniform background estimate. In order to
minimize the dead-time between runs, we had to test
whether the VERITAS data network could transfer
file sizes of twenty to thirty gigabytes. This was successfully done with a run during the daytime with the
charge injection system of the telescopes, and later on
single eighty minute data run of Mrk 421 [See Figure
6]. The typical time between data runs for slewing of
the telescopes can last one to two minutes. If implemented for regular data operations, orbit mode would
add additional thirty to sixty minutes of observation
time per night.
Orbit mode has been developed to test whether
the background estimation using the reflected regions
method[4] or ring background method[5] would be
more uniform and therefore increasing the sensitivity of the analysis. Preliminary results of the orbit
mode analysis on the Crab Nebula produced 10.0±0.6
gamma-rays a minute. A wobble mode analysis was
also performed on the Crab Nebula with data taken
the same night at a similar zenith angle produced
9.1 ± 0.7 gamma-rays per minute.
Stars in the field of view can cause higher trigger
rates in individual pixels, and therefore cause a higher
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Figure 1: Exposure area (left) of the wobble mode technique for four runs with East to West (or North to South)
profile (right)

Exposure [% time per run]

Orbit Mode Exposure Profile
100

80

60

40

20

0
-3

-2

-1

0
1
2
3
Distance from the Source [Degrees]

Figure 2: Exposure area (left) of the orbit mode technique with profile (right)

background level in small regions of the sky. With the
stars more rapidly rotating in the field of view during
orbit mode observations than during wobble mode observations, this may eliminate some of the background
noise in the small regions of the sky effected by the
stars.
GRB alerts have a large error associated with the
position. A GRB alert from the Fermi[6] LAT or
Fermi GBM[6] has an error of approximately 2◦ or
15◦ (radius, one sigma) respectively. Orbit mode allows a rapid scan of a larger area (with a larger radial

offset) of the sky than wobble mode. For a Fermi
LAT alert, the entire one sigma containment radius
can be observed in orbit mode with VERITAS in one
orbit. For a Fermi GBM alert, approximately twentyfive percent of the one sigma containment radius can
be observed with VERITAS in one orbit using orbit
mode.
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Figure 3: Image of the Crab Nebula (left) before rotation corrections are applied and before the background
subtraction. Excess counts for one thirty minute run of the Crab Nebula (right) after rotation corrections are applied
using the orbit mode observation technique.

Figure 4: Apparent right ascension (left) and declination (right) of the telescopes during an orbit mode observation

4. Conclusion
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Figure 5: Angular velocity (left) and the average radial offset (right) of the telescopes during an orbit mode observation
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Figure 6: Excess counts for one eighty minute run of Mrk 421 (during a quiescent state) using the orbit mode
observation technique
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Fermi satellite has detected extra spectral components in GeV energy range in several GRBs.
Those components have power-law shapes, which may contribute to also X-ray band. The limited
photon statistics make it difficult to determine the origin of GeV photons, namely internal or external
shocks. We try to explain the extra components with our numerical simulations based on internal
dissipation picture. Our leptonic model may reproduce not only the GeV excess via SSC emission
but also the low-energy excess via the late synchrotron emission from remnant electrons. The
hadronic models also reproduce keV-GeV power-law components by synchrotron and SSC emissions
from secondary electron-positron pairs. In most cases the hadronic models require a much larger
energy of protons than gamma-rays. However, the keV-GeV flat spectra detected in GRB 090902B
is well explained with a comparable energy in protons and gamma-rays Finally, we discuss both
advantages and weaknesses for both the leptonic and hadronic models. To overcome difficulties
in internal dissipation models, we propose introduction of continuous acceleration similar to the
second-order Fermi acceleration.
I.

EXTRA-SPECTRAL COMPONENTS

Most of the prompt emission spectra of gamma-ray
bursts (GRBs) can be described by the well-known
Band function [1]; the photon number spectrum ∝ εα
below εp , and ∝ εβ above it. The spectral peak energy
εp are usually seen in the MeV range. One of main
scientific targets for the Fermi satellite was to investigate whether the spectral shape is consistent with
the Band function even in the GeV band. The Fermi
detected GeV photons from several very bright bursts
(Eiso > 1054 erg) such as GRB 080916C [2], GRB
090902B [3], and GRB 090926A [4]. In such bursts
the onset of the GeV emission is delayed with respect
to the MeV emission. Some of them also have an extra spectral component above a few GeV, distinct and
additional to the usual Band function. Interestingly,
GRB 090902B and GRB 090510 [5, 6] show a further,
soft excess feature below ∼ 20 keV, which is consistent
with a continuation of the GeV power-law component.
While such spectra may be explained by the early onset of the afterglow [7, 8], here we pursue possibility
of internal-shock origins.

II.

HADRONIC MODELS

If the spectral excesses in GeV and keV bands have
the same origin, such a wide photon-energy range
may imply the cascade emission due to hadrons. If
the GRB accelerated ultra-high-energy protons, synchrotron and inverse Compton (IC) emission from an
electron-positron pair cascade triggered by photopion
interactions of the protons with low-energy photons
[9–11] can reproduce power-law photon spectra as seen
in Fermi-LAT GRBs. Through Monte Carlo simulations, Asano et al. [12] have shown that a proton
luminosity much larger than gamma-ray luminosity
is required to produce the extra spectral component
in GRB 090510 as Lp > 1055 erg s−1 (see Fig.1).
Namely, the efficiency of photopion production is very
low. In this case, the spectrum of the GeV component
is very hard with photon index ∼ −1.6, which requires a inverse Compton (IC) contribution from the
secondary pairs. The prominent IC component leads
to a weaker magnetic field. This entails a lower maximum energy of protons, and hence lower photopion
production efficiency. Therefore, the required proton
luminosity is so large in GRB 090510.
The assumed bulk Lorentz factor in Fig.1 is 1500,
and the emission radius is R = 1014 cm. If we adopt
a smaller value of Γ, the pion production efficiency
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FIG. 1: Simulated spectra with hadronic models for GRB 090510. The assumed fraction of the magnetic energy density
to the Band component photons is 10−3 , and the required proton luminosity is 200 times the luminosity of the Band
component.
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FIG. 2: Simulated spectra with hadronic models for GRB 090902B. The assumed fraction of the magnetic energy density
to the Band component photons is 1.0, and the required proton luminosity is 3 times the luminosities of the Band
component.

would increases as texp /tπ ∝ R−1 Γ−2 . However, we
should note that there is a lower limit to Γ, which
is required to make the source optically thin to GeV
photons. Given the photon luminosity and spectral
shape, this minimum Lorentz factor can be estimated
as shown in the online supporting materials in Abdo et
al. (2009) [2]. In order to lower Γ, we have to increase
the emission radius R. The lower limit of the Lorentz
factor ∝ R1/(β−3) does not decrease drastically (since
β ≃ −3, Γmin ∝ R−1/6 ). The required large luminosity is rather favorable for the GRB-UHECR scenario,

but it imposes stringent requirements on the energy
budget of the central engine.
On the other hand, GRB 090902B is encouraging
for the hadronic model because of its flat spectrum
(photon index ∼ −2) [13]. The Band component in
this burst is an atypically narrow energy distribution
as shown in Fig. 2, which may imply the photospheric emission [14]. The hadronic cascade emission
can well reproduce the observed flat spectra including
the soft excess feature below 50 keV (model parameters: R = 1014 cm, Γ = 1300). Owing to the flat
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spectral shape of the extra component, no IC component is required. We can adopt a strong magnetic
field, which enhance the photomeson production efficiency. In this case the flux of the extra component
is relatively low compared to the Band component,
which also decreases the required proton luminosity.
Therefore, the necessary nonthermal proton luminosity is then not excessive and only comparable to the
Band component luminosity.

III.

LEPTONIC MODELS

As Corsi et al. [15] discussed, the GeV emission
may be due to IC emission from internal dissipation
regions. However, it seems difficult to explain spectral
excesses in both keV and GeV bands by IC emission.
Recently, we carry out time-dependent simulations of
photon emissions with leptonic models [16]. In our
simulations, as the photon energy density increases
with time because of synchrotron emission, the SSC
component gradually grows and dominate the photon
field later. This late growth of the IC component has
been observed also in the simulations of Bošnjak et al.
(2009) [17]. The resultant lightcurves show delayed
onset of GeV emission, but the delay timescale would
be within the approximate timescale of the keV-MeV
pulse width. However, the longer delay compared to
the pulse timescale such as observed in GRB 080916C
is not explained by this effect only.
As shown in Fig. 3 (model parameters: R = 6×1015
cm, Γ = 1000, B = 100 G, Eiso = 1054 erg, εe,min =
11.3 GeV), the model spectrum obtained from our
simulations reproduce both the low and high energy
excesses. When the magnetic field is weak enough,
even at the end of the electron injection, the cooled
electrons can be still relativistic. Such cooled electrons
continue emitting synchrotron photons. The cooling
due to IC gradually becomes inefficient as the seed
photon density decreases. Such late synchrotron emission can yield the low-energy excess, while IC emission
makes a GeV extra component.
Another possible model is the external IC emissions [18, 19], which can explain the delayed onset
of GeV emission. The spatial separation between the
source of the external photons and the site of the internal shock region corresponds to the delay timescale.
We also carry out a simulation for this model assuming an external emission Lseed = 1053 erg s−1 with
the Band function: εpeak ≃ 1 MeV in the observer
frame, α = −0.6, and β = −2.6. The parameters
for the internal shock are similar to those in Fig.3 as
R = 6×1015 cm, Γ = 1000, B = 100 G, Eiso = 3×1053
erg, except for εe,min = 50.6 MeV. Our simulation reproduces the delayed onset of GeV emission, GeV extra component, and softening of the Band component.
Since the external photon field in the rest frame of the
emission region is highly anisotropic, the marginally

high-latitude emission contributes the most to the
flux. Thus, the simulated GeV lightcurve shows larger
delayed onset and longer tail than that in the usual
leptonic models (Fig.4).

IV.

IMPLICATION

The hadronic models usually require a much larger
energy of protons than observed gamma-rays except
for some examples such as GRB 090902B. Some may
consider that the leptonic SSC models seem rather
reasonable to reproduce both the GeV and keV excesses. However, a lower magnetic field and high
Lorentz factor, required to make an optically thin
source for GeV photons generated via IC emission,
leads to a very high minimum Lorentz factor (γe,min ∼
104 ) for random motion of accelerated electrons. If
all electrons are accelerated in internal shock regions,
such a high value may be impossible. Thus, the fraction of accelerated electrons should be small in leptonic models to explain Fermi-LAT GRBs.
On the contrary, the minimum Lorentz factor of
electrons γe,min in the external IC model should be
small to adjust the energy of scattered photons. Given
the total energy, such small γe,min means large number
of electrons. If the numbers of electrons and protons
are the same, the proton energy becomes fairly large
(∼ 1.9 × 1054 erg in the case of Fig.4, while the luminosity of the Band component Lseed = 1053 erg s−1 ).
To enhance the emission efficiency, electron-positron
plasma should be introduced in such models.
Despite the ability of our straightforward simulations to reproduce various observed properties of
the GRB prompt emission, the discrepancy with the
low-energy index α remains unexplained. The injected electrons cool via synchrotron radiation, and
distribute below γe,min with a power-law index −2.
The resultant photon index becomes α ∼ −1.5, while
the observed typical values are −1.0 or harder. The
low-energy photon index affects the photomeson production efficiency. We have also tried to resolve
this problem [20, 21] considering continuous acceleration/heating due to magnetic turbulences induced
via various types of instabilities such as RichtmyerMeshkov instability [22]. The acceleration/heating
balances with the synchrotron cooling, so the observed
low-energy spectral index is naturally explained. Such
effect should be included in the time-dependent code
to reproduce the global shape of the GRB prompt
spectra from eV to GeV. Especially, electron injection
due to hadronic processes and succeeding acceleration
by turbulences may explain very high γe,min and GeV
emission.
We plan to develop the time-dependent code shown
here to treat hadronic processes or continuous acceleration/heating. Note that the results for the
hadronic models shown here were calculated based on
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FIG. 3: The SSC-model fluence obtained from our time-dependent simulation (assuming z = 1). The dashed line neglects
absorption due to EBL.
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FIG. 4: The lightcurves for the external IC model. In the MeV band the external photons from inside region dominate,
while GeV and eV emissions are orginated from accelerated electrons in outside dissipation region.

the steady state approximation. We will carry out
simulations for various situations involving dissipative photospheres and internal or external dissipation
or shock regions. Moreover, the code will be useful
for simulating emissions of other high-energy sources,
such as active galactic nuclei, supernova remnant, and
clusters of galaxies.
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The MAGIC telescopes performed a deep observation of the central region of the Perseus galaxy
cluster in stereoscopic mode between October 2009 and February 2011. The nearly 85 hr of collected
data (after quality selection) represent the deepest observation of a cluster of galaxies at very high
energies (VHE, E > 100 GeV) ever. The survey resulted in the detection of VHE γ-ray emissions
from its central galaxy NGC 1275 and from the radio galaxy IC 310. In addition, the deep survey
also permits for the first time to constrain emission models predicting VHE γ-rays from cosmic-ray
acceleration in the cluster. In this contribution we report the latest MAGIC results concerning these
topics.

I.

INTRODUCTION

Clusters of galaxies are the latest objects to form
in the Universe and represent the largest and most
massive gravitationally bound systems, with radii of
few Mpc and total masses M ∼ (1014 − 1015 )M⊙ , of
which galaxies, gas, and dark matter (DM) contribute
roughly for 5%, 15%, and 80% respectively (see e.g. [1]
for a general overview).
Clusters of galaxies are very complex astrophysical environments, where a significant amount of very high
energy (VHE, E > 100 GeV) γ-ray emission is expected on the following general grounds. (i) Clusters
are actively evolving objects and they should dissipate energies of the order of the final gas binding energy through merger and accretion shocks as well as
turbulences, which are also likely to accelerate nonthermal electrons and protons to high energies [2]. (ii)
Clusters are home of different types of energetic outflows of powerful sources such as radio galaxies [3]
and supernova-driven galactic winds [4]. (iii) Clusters
contain large amounts of gas with embedded magnetic
fields often showing direct evidence for shocks and turbulence as well as relativistic particles [5].
Furthermore, galaxy clusters are characterized by very
large mass–to–light ratios and considerable DM over-

densities, and hence they could be considered as interesting targets for the search of emissions in the γ-ray
regime from DM annihilation [6, 7] or decay [8]. However, the recently underlined very extended nature of
the DM signal in clusters [6, 7] represents a major issue for the current generation of Cherenkov telescopes.
The Perseus cluster, at a distance of 77.7 Mpc
(z = 0.018), is the brightest X-ray cluster [9], hosting
a massive cooling flow and a luminous radio mini-halo
that fills a large fraction of the cluster core region [10].
The radio mini-halo is well explained by the hadronic
scenario where the radio emitting electrons are produced in hadronic CR proton-proton interactions with
intra-cluster medium (ICM) protons [11]. Additionally, the Perseus cluster hosts two very interesting objects, that have been recently detected at high energy
(HE, 100 MeV < E < 100 GeV) by Fermi–LAT, and
at VHE by MAGIC, namely the two radio galaxies
NGC 1275 and IC 310.
NGC 1275 is the central galaxy of the Perseus cluster and is of great interest due to its possible “feedback” role in the cluster environment (e.g. [12]), and
for physics studies of relativistic outflows. Its classification varies between different papers and catalogues,
and the complex structure of NGC 1275 including
surrounding filaments leads to a peculiar morphology
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classification [13].
IC 310 is classified as head-tail radio galaxy, a type
of active galactic nuclei only occuring in dense galaxy
clusters [14], like the Perseus cluster. In 1999, it was
suggested that IC 310 could be a dim blazar because
of the absence of strong emission lines and the spectral indices on radio and X-ray measurements [15].
Later on it was also shown that the X-ray emission
may originate from the central active galactic nucleus
of a BL Lac-type object [16].

II. THE MAGIC TELESCOPES AND THE
OBSERVATIONS OF THE PERSEUS CLUSTER

The MAGIC experiment consists of two 17 m dish
Imaging Air Cherenkov Telescopes (IACTs) located
on the Canary Island of La Palma (2200 m a.s.l.).
The MAGIC telescopes are currently the largest existing IACTs. Since the end of 2009 the telescopes
are working together in stereoscopic mode which ensures an excellent sensitivity of 0.8% of Crab Nebula
flux above ∼ 300 GeV in 50 hr of observations, and a
trigger energy threshold of 50 GeV [17]. The angular
and energy resolution at 100 GeV are 0.1◦ and 20%
respectively. The stereoscopic observations improved
the sensitivity achieved with the single telescope observations by a factor of ∼2 for energies above few
hundreds of GeV, and a factor ∼3 for lower energies
down to the threshold, which allows us to extend the
observations carried out by the Fermi–LAT detector
up to the TeV scale and without energy gaps.
The Perseus galaxy cluster was carefully chosen over
other nearby clusters as it is the most promising target for the detection of γ-rays originating from the
neutral pion decays result of the hadronic cosmic-rays
(CR) interactions with the ICM [18]. Additionally,
the central radio galaxy NGC 1275 is a very promising GeV-TeV target [19–21]. Hence it represents per
se a good reason for the observation of this cluster at
VHE.
The MAGIC experiment conducted the deepest survey ever made at VHE of the Perseus cluster, collecting data in both single telescope mode (∼25 hr
of MAGIC-I observations between November and December 2008) [22] and stereoscopic mode (∼85 hr
of observations between October 2009 and February
2011) [23, 24]. The source was observed in the false
source tracking (wobble) mode [25], with data equally
split in different pointing positions located symmetrically at 0.4◦ from NGC 1275, in order to ensure optimum sky coverage and background estimate. The
survey was carried out during dark time at low zenith
angles (from 12◦ to 36◦ ), which guaranteed the lowest
energy threshold. The analysis of the data was performed using the standard MAGIC software [26], taking advantage (for the stereoscopic data) of newly developed analysis routines [17, 27]. These observations

FIG. 1: Significance skymap above 150 GeV of the Perseus
cluster region. For this map the overall MAGIC stereo
data (nearly 85 hr, after selection) between October 2009
and February 2011 have been used. NGC 1275 is clearly
detected at the center of the cluster. The second significant excess corresponds to IC 310, 0.6◦ away from the
center of the cluster.

resulted in the discovery of IC 310 [28] and NGC 1275
(ATel#2916) [24] as VHE γ-ray emitters, as shown in
figure 1.

III.

MAGIC-I OBSERVATION OF THE
PERSEUS CLUSTER

The Perseus galaxy cluster was observed by the
MAGIC-I telescope for a total observation time (after data selection) of 24.4 hr during November – December 2008. No significant excess was found in the
data [22]. The integral flux upper limits (at 95% confidence level) were compared to the simulated flux of
the γ-ray emission from decaying neutral pions that
result from hadronic CR interactions with the ambient
gas in the Perseus cluster [11], allowing to constrain
the average CR-to-thermal pressure to < 4% for the
cluster core region and to < 8% for the entire cluster
(see figure 2).

IV.

STEREOSCOPIC OBSERVATIONS OF
THE PERSEUS CLUSTER

The Perseus galaxy cluster region was observed by
the MAGIC telescopes (in stereoscopic mode) during
two distinct campaigns. The first one was carried out
between October 2009 and February 2010, for a total
observation time of 45.3 hr. This survey resulted
in the discovery of the radio galaxy IC 310 as VHE
emitter [28]. The latest campaign (total observation
time of 53.6 hr), which resulted in the discovery of
NGC 1275 at VHE (ATel#2916) [24], was performed
between August 2010 and February 2011.
The whole stereoscopic data sample (∼85 hr after
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FIG. 2: Comparison between the MAGIC-I (mono) observation integral flux upper limits (upper arrows) and the
simulated integrated spectra of the CR induced γ-ray emission of the Perseus cluster [18]. The conservative model
without galaxies (solid) is contrasted to the model with
galaxies (dashed) and it is scaled by a factor of 2 so that
it is just consistent with the upper limits obtained in [22]
(dotted). Additionally shown is the minimum γ-ray flux
estimated for the hadronic model of the radio mini-halo
of the Perseus cluster (dash-dotted with arrows). Image
taken from [22].

data selection) was used to investigate a possible
signal from CR hadronic interactions.
For this
purpose, the analysis was restricted to energies
where the central radio galaxy NGC 1275 is not
emitting [23], i.e. approximately above 600 GeV.
No CR induced emission is detected above those
energies, and the preliminary integral flux upper limit
above 1 TeV (at 95% confidence level) are about
a factor ∼3 more constraining that those achieved
with the MAGIC-I mono observation. This permits
to significantly tighten the previous constraints, and
to start to probe the acceleration physics of CR
at structure formation shocks. The estimation and
interpretation of the flux upper limits are ongoing
and the corresponding paper is under preparation [24].
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Discovery of VHE emission from IC 310

The radio galaxy IC 310 (redshift z=0.019) is located at a distance of 0.6◦ from the cluster’s central
galaxy, NGC 1275. The source has been discovered
in 2010 by the Fermi–LAT detector at HE [29] and
by MAGIC at VHE [28]. The combined MAGIC and
Fermi–LAT spectrum is consistent with a flat spectral energy distribution stretching without a break
over more than 3 orders of magnitude in energy
(2 GeV - 7 TeV), as shown in figure 3. The spectrum at VHE measured by MAGIC has a spectral
index of Γ = −2.00 ± 0.14, and the mean flux above

FIG. 3: Spectral energy distribution of IC 310 obtained
with 20.6 hr of MAGIC stereo data (full circles). The open
triangles show the flux measurements from the first two
years of operation of Fermi –LAT. Archival X-ray, optical,
IR, and radio data obtained from the NED database are
shown with grey dots. The solid line shows a power-law fit
to the MAGIC data, and the dotted line is its extrapolation to the GeV energies. A zoom-in of the MAGIC points
is also shown. Image taken from [28].
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FIG. 4: Light curve (in 10-day bins) of the γ-ray emission
above 300 GeV obtained with the mono (black) and the
stereo (red) MAGIC data. The black square with an arrow
is the upper limit on the emission in November – December
2008. Vertical grey lines show the arrival times of photons
above 100 GeV from the Fermi –LAT instrument. The
horizontal dashed line represents a flux level of 2.5% Crab
Nebula flux. Image taken from [28].

300 GeV, between October 2009 and February 2010,
is Fγ = (3.1 ± 0.5) × 10−12 cm−2 s−1 . Hints of week
to year time-scale variability were seen in the MAGIC
data (see figure 4).

B.

Discovery of VHE emission from NGC 1275

The central cluster radio galaxy NGC 1275 was first
detected in the HE γ-ray regime by the Fermi–LAT
detector [19], during the first four months of all-sky-
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FIG. 5: θ2 distribution of the signal and the background
estimate from 45.7 hr of MAGIC stereo observations (after
data selection) taken between August 2010 and February
2011, above 100 GeV. The region between zero and the
vertical dashed line represents the so-called signal region,
within which the excess event number is estimated.

survey observations, with a differential energy spectrum between 100 MeV and 25 GeV well described by
a power-law with spectral index of Γ = −2.17 ± 0.05,
and an average flux above 100 MeV of Fγ = (2.10 ±
0.23) × 10−7 cm−2 s−1 . Subsequent Fermi–LAT observations [20, 21] have revealed that the average γray spectrum of NGC 1275 shows a significant deviation from a simple power-law. The observed Fermi–
LAT spectrum is fitted best by a power-law function
(Γ ≃ −2.1) with an exponential cut-off at the break
photon energy of tens of GeV. This spectral behavior is compatible with the upper limits on the flux at
VHE provided by MAGIC-I [22] and VERITAS [30].
The source has been detected for the first time above
100 GeV by the MAGIC telescopes in the data taken
between August 2010 and February 2011. Figure 5
shows the θ2 distribution (the θ2 being the squared
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Reiprich, T. H. & Böhringer, H. 2002, ApJ, 567, 716
Pedlar, A. et al. 1990, MNRAS, 246, 477
Pfrommer, C. & Enßlin, T. A. 2004, A&A, 413, 17
Gallagher, J. S. 2009, AN 220, 1040G
de Vaucouleurs, et al. , 1991, Third Reference Catalogue of Bright Galaxies, Springer
Begelman et al., Nature, 1979, 279, 770

angular distance between the arrival direction of the
events and the nominal source position [31]) of the
signal coming from NGC 1275 and of the background
(estimated from 3 distinct regions), for energies above
100 GeV. An excess of 521.9±80.5 events, corresponding to a 6.6σ significance (calculated according to the
equation 17 in [32]) was found. The observed flux is
estimated to be ∼2.5% of the Crab Nebula flux above
100 GeV, and it decreases rapidly with energy. No
signal is detected approximately above 600 GeV. A
dedicated paper concerning this discovery is in preparation [23].

V.

CONCLUSIONS

We presented the results achieved so far from the
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VERITAS is an array of four 12-m diameter imaging atmospheric-Cherenkov telescopes located in
southern Arizona. Its aim is to study the very high energy (VHE: E > 100 GeV) γ-ray emission from
astrophysical objects. The study of Active Galactic Nuclei (AGN) is intensively pursued through
the VERITAS blazar key science project, but also through the large MWL observational campaigns
on radio galaxies. The successful VERITAS AGN research program has provided insights to the jet
inner structures and started a more detailed classification of blazars. Moreover, the synergy between
Fermi and VERITAS on blazar observations resulted in important constraints on the extragalactic
background light (EBL) through γ-ray observations, and on the cataloguing of the several AGN
sub-classes . VERITAS discovered also the first extragalactic non-AGN γ-ray source. The discovery
of gamma-ray emission from the starburst galaxy M 82 by VERITAS and Fermi provides important
clues on possible mechanisms for accelerating cosmic rays.

I.

INTRODUCTION

The largest population of VHE-detected γ-ray
sources are blazars, a sub-category of AGNs in which
the ultra-relativistic jet, produced by the accretion of
matter around a super-massive black hole, is aligned
within a few degrees to the observer’s line of sight [1].
The most commonly accepted model to account for
the γ-ray emission from the jet of AGNs is inverseCompton scattering of the synchrotron photons produced by shock-accelerated electrons and positrons
within the jet itself [2]. In these aligned sources
relativistic beaming substantially boosts the apparent flux. Non-blazar AGNs are typically oriented at
larger angles from the observer’s line of sight, becoming much more challenging. However, the misalignment enables imaging of the jet’s structure, crucial
to identifying the emission regions and probing models of the acceleration mechanism. Given the typical angular resolution of the order of several arcminutes in γ-ray instruments, jet substructures are not resolved in the γ-ray energy band, but they are in other
wavelengths. Correlation studies through coordinated
multi-wavelength (MWL) observational campaigns on
radio galaxies are a viable strategy to investigate the
physical processes at work in the substructures of the
jet. A dedicated contribution about radio galaxies is
presented in these proceedings.
The advantage of observing radio galaxies is that it
is possible to study also the rich environment in which
they are typically located. It has been seen that radio
galaxies are preferentially located in cluster of galaxies [3]. Their powerful jets energize the intra-cluster
medium through the termination shocks accompanied
by particle acceleration and magnetic field amplification. Large scale AGN jets and cluster of galaxies are
believed to be potential accelerator for cosmic rays [4],
therefore the modeling of the dynamics of both popu-

lations is of particular interest for the cosmic-ray community.
Beside AGN-related environments, starburst galaxies are also good candidates as ultra-high energy cosmic rays accelerators. The active regions of starburst
galaxies have a star formation rate about 10 times
larger than the rate in normal galaxies of similar mass,
with a consequent higher rate of novae and supernovae. The cosmic rays produced in the formation,
life, and death of their massive stars are expected
to eventually produce diffuse gamma-ray emission via
their interactions with interstellar gas and radiation.
Finally, globular clusters are the closest extragalactic structures whose physics is interesting to the γray community. They can host hundreds of millisecond pulsars which can accelerate leptons at the shock
waves originating in collisions of the pulsar winds
and/or inside the pulsar magnetospheres. Energetic
leptons diffuse gradually through the globular cluster.
Comptonization of stellar and microwave background
radiation is therefore expected to be responsible of γray emission.
The indirect search for dark matter (DM) candidates, is also part of the VERITAS extragalactic nonblazar program. A dedicated contribution on the
VERITAS DM program is presented in a separate proceeding. Highlights on the research topics and results
of the VERITAS extragalactic non-blazar science program are here presented.

II.

THE EXTRAGALACTIC SCIENCE
PROGRAM
A.

Blazars

Since the beginning of its operations in October
2007, VERITAS observation of blazars averaged ∼
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410 hr per year, resulting in the detection of 20 blazars
(15 HBL and all 5 known IBL), including 10 discoveries.
Mrk 421 is the longest-known VHE blazar, and generally has the brightest VHE flux. It is easily the beststudied HBL at VHE, and VERITAS has acquired
nearly 80 hr on this blazar since 2007, largely during
flaring states identified with the Whipple 10-m telescope. A total of 47 hrs of VERITAS and 96 hrs of
Whipple 10-m data taken between 2006 and 2008 are
presented in [5]. VERITAS monitoring of the VHE
flux from Mrk 421 in 2009-10 reveals an elevated state
during the entire season. An extreme flare was observed for nearly 5 hr live time on February 17, 2010,
during which the VHE flux averaged ∼ 8 Crab and
showed variations on timescales of approximately 5-10
minutes [8]. Figure 1 shows the seasonal light curve
with a zoom on the night of the flare. Variability on
the time scale of few minutes is visible. Figure 2 shows
a preliminary spectral analysis for two different flux
levels: the flare happened on February 17, 2010, and
the rest of the season 2009-2010. Clear evolution of
the spectral parameters can be seen.
H 1426+428 was first detected during an outburst
in 2001 [6]. This HBL was observed by VERITAS
for 22 hr quality-selected live time between 2007 and
2011. A weak excess, 5.2σ, is observed in these data,
marking the first time H 1426+428 is detected since
2002. The observed flux is ¡2% Crab, well below the
value (13% Crab) reported during its VHE discovery,
and also below any other published VHE flux or limit
from this source.
PG 1553+113 is a hard-spectrum (ΓLAT ∼ −1.66)
Fermi-LAT blazar [7]. It is likely the most distant
HBL detected at VHE (see z > 0.43 from [3]). It was
observed by VERITAS for 60 h of quality-selected live
time between May 2010 and May 2011. These data
result in the most signicant VHE detection (39σ) of
this HBL. The time-averaged VHE ux is 10% Crab
above 200 GeV, higher than the archival VHE measurements, and the photon spectrum is well described
between 175 GeV and 500 GeV by a powerlaw function with photon index Γ = −4.41 ± 0.14. The VHE
spectrum can be used to set an upper limit on the
redshift of z < 0.5.
1ES 0229+200 is one of the hardest-spectrum VHE
blazars known (ΓHESS = −2.5; [18]). It was observed
by VERITAS as part of an intense MWL observation
campaign for 46 h live time from 2009-11. A strong
signal is detected (∼ 600 γ-rays, 9.0σ) in these observations corresponding to an average VHE flux of
∼ 2% Crab above 300 GeV. The VERITAS flux is
variable on a timescale of months, and the preliminary VHE spectrum measured between 220 GeV and
15 TeV has photon index Γ = −2.44 ± 0.11. The results of the MWL campaign are in preparation. It
is interesting to note that 1ES 0229+200 is the only
VERITAS-detected blazar not included in the 1FGL

catalog [7].
1ES 0414+009 is the most distant VHE HBL with
a well-measured redshift (z = 0.287). It was observed
by VERITAS for 55 h of quality-selected live time
from January 2008 to February 2011. An excess of
VHE γ-rays is detected (∼ 7σ) from this Fermi-LAT
source (ΓLAT = −1.94; [7]). The observed VERITAS spectrum between 230 GeV and 1.8 TeV is relatively hard (Γ = 3.4 ± 0.5) considering EBL-related
effects, and consistent with that observed during the
HESS discovery [19]. The observed VERITAS flux
is somewhat higher (1.6% Crab) than measured by
HESS (0.6% Crab above 200 GeV), although the large
datasets used by both experiments are not simultaneous. Results from a contemporaneous MWL observation campaign are in preparation.
B2 1215+30, an IBL discovered at VHE during a
flare in January 2011 [8], was observed for 55 h of qualityselected live time between December 2008 and April
2011. The measured excess of ∼ 240 γ-rays (6.3σ)
corresponds to a VHE flux of ∼ 1% Crab. There is a
weak indication that the flux observed by VERITAS
in 2011 may be higher than seen from 2008-10. The
VERITAS flux is consistent with that (2 ± 1% Crab)
reported during the MAGIC discovery

B.

Radio Galaxies

Radio galaxies observed by VERITAS include M 87,
3C 111 and NGC 1275. A dedicated contribution on
M 87 is presented in these proceedings. A preliminary
analysis of 11 hr of quality-selected data of 3C 111 results in a flux upper limit of ∼ 3% Crab flux above
200 GeV. NGC 1275 is an unusual early-type galaxy
located in the center of the Perseus cluster. Its radio
emission is core dominated, but emission lines are also
seen, making it difficult to classify it according to the
Faranhoff & Riley (FR) classification [12]. In Fall 2008
the Fermi γ-ray space telescope reported the detection
of γ-ray emission from a position consistent with the
core of NGC 1275. VERITAS observed the core region
of NGC 1275 for about 11 hr between 2009 January 15
and February 26, resulting in 7.8 hr of quality-selected
live time. No γ-ray emission is detected above the
analysis energy threshold of ∼190 GeV, resulting in a
flux upper limit incompatible with the extrapolation
of the Fermi-LAT spectrum. Under the assumption
of a SSC emission mechanism, the VERITAS result
suggests the presence of a cutoff in the sub-VHE energy range [13]. The detection in Summer 2010 of
VHE γ-ray emission by MAGIC [14] has eventually
included NGC 1275 among the few interesting radio
galaxies for future VHE investigation.
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FIG. 1: Nigthly lightcurve of Markarian 421 during the VERITAS 2009-2010 monitoring campaign. The source is
detected at an average flux level of approximatively 2 Crab units over the entire season. On February 17, 2010 the source
is observed in flaring state at a flux level of ∼ 8 Crab units. A zoom of the intra-night 2-minute bins lightcurve of the
flaring event is shown. During the flaring event the source and intra-night variability is seen.

C.

Clusters of Galaxies

Observation of clusters of galaxies is done unavoidly
during the observation of many radio galaxies. This
is the case for NGC 1275 and M 87 where the Perseus
and Virgo clusters respectively are observed during
the radio galaxy observation. However, up to now a
dedicated study of the clusters themselves has been
done only on the Coma cluster. The Coma cluster is
a nearby cluster of galaxies which is well studied at
all wavelengths [16]. It is at a distance of 100 Mpc
(z = 0.023) and has a mass of 2 × 1015 M⊙ . Its X-ray
and radio features suggest the presence of accelerated
electrons in the intergalactic medium emitting nonthermal radiation. Beside relativistic electrons, there
may also be a population of highly energetic protons.
Both high energy electrons and protons are known
to be able to produce VHE photons. A total of 19
hr of data have been recorded between March and
May 2008. No evidence for point-source emission was
observed within the field of view and a preliminary
upper limit of ∼3% of the Crab flux is given for a
moderately extended region centered on the core [17].

D.

Starburst Galaxies

M 82 a prototype small starburst galaxy, located
approximately 3.7 Mpc from Earth, in the direction
of the Ursa Major constellation. M 82 is gravita-

tionally interacting with its nearby companion M 81.
This interaction has deformed M 82 in such a way
that an active starburst region in its center with
a diameter of ∼1000 light years has been developed [21, 22]. Throughout this compact region stars
are being formed at a rate approximately 10 times
faster than in entire “normal” galaxies like the Milky
Way. Hence the supernovae rate is 0.1 to 0.3 per
year [23, 24]. The high star formation rate in M 82
implies the presence of numerous shock waves in supernova remnants and around massive young stars.
Similar shock waves are known to accelerate electrons
to very high energies, and possibly ions too. The intense radio-synchrotron emission observed in the central region of M 82 suggests a very high cosmic-ray
energy density, about two orders of magnitude higher
than in the Milky Way [25]. Acceleration and propagation of cosmic rays in the starburst core are thus expected to be responsible for VHE γ-ray emission. Theoretical predictions include significant contributions
from both leptonic and hadronic particle interactions.
Cosmic-ray ions create VHE gamma rays through collisions with interstellar matter, producing π 0 which
decay into γ-rays. Alternatively, accelerated cosmicray electrons may inverse-Compton scatter ambient
X-ray photons up to the VHE range [22, 26, 27, 28].
VERITAS observed M 82 for a total of 137 hours of
quality-selected live time between January 2008 and
April 2009 at a mean zenith angle of 39◦ . An excess of 91 gamma-ray-like events (∼0.7 photons per
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process responsible for the VHE emission [29].
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VERITAS Mrk 421 Season 2009-2010

III.
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CONCLUSIONS
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FIG. 2: VERITAS preliminary spectral analysis of
Markarian 421 for two different flux levels: the flare on
February 17, 2010 (red dots) and the rest of the 2009-2010
season (black dots).

The VERITAS extragalactic science program is well
established. The study of the AGN physics develops
through two complementary observational programs
of blazars and non-blazar (radio galaxies) AGN.
Several blazars have been detected or discovered, and
a new catalog of a sub-class of AGN, the IBL catalog,
was started by VERITAS. The VHE-IBL catalog
consists entirely in VERITAS-discovered blazars.
Distant blazars are also studied, resulting in significant measurements for the EBL characterization.
Non-AGN sources are also investigated. A dedicated
VHE study on the Coma cluster of galaxies resulted
in a flux upper limit on the extended region centered
on the core. The first detection of γ-ray emission
from a starburst galaxy established a connection
between cosmic-ray acceleration and star formation.

hour) are detected for a total 4.8σ statistical posttrials significance above 700 GeV. The observed differential VHE gamma-ray spectrum is best fitted using a power-law function with a photon index Γ =
2.5 ± 0.6stat ± 0.2sys . Comparison of the VERITAS
VHE spectrum with predictions of the theoretical
models supports a hadronic scenario as the dominant
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The giant radio galaxy M 87 is located at a distance of ∼ 16 Mpc and harbors a supermassive black hole in its
center. The structure of its relativistic plasma jet is resolved at radio, optical and X-ray wavelengths. M 87
belongs to the class of active galactic nuclei (AGN) and is one of the few extragalactic TeV γ-ray source not
belonging to the class of blazars. M 87 is also detected by Fermi in the GeV energy range. This makes it
a unique laboratory for the study of the jet substructures and the morphology of the non-thermal emission
processes. In spring 2010 a major flare was observed at TeV energies, and was sampled by VERITAS and Fermi
with unprecedented accuracy. The results of the VERITAS observations will be discussed.

1. Introduction
The search for γ-rays from radio galaxies is important for the understanding of the dynamics and
structure of jets in active galactic nuclei (AGN). Even
though radio galaxies are AGN with jets, their jet is
not oriented toward the observer and therefore the radiation produced by the jet is not Doppler-boosted towards higher energies and luminosities, making them
more challenging to detect in the very high energy
(VHE: E > 100 GeV) regime. The discovery of VHE
γ-rays from the radio galaxy M 87 by the HEGRA
collaboration [1], detected later by VERITAS [2], and
from NGC 5128 (Centaurus A) by the HESS collaboration [3] has shown that non-blazar AGN can produce
very energetic photons from non-thermal processes.
Radio galaxies are classified into two main families
based on the morphology of their radio emission [4],
whether it is core dominated (FR I) or lobe dominated
(FR II), with differences in the radio energetics and
in the discrete spectral properties [5]. The large number of features that FR I radio galaxies share with
BL Lac type blazars suggests a possible unification
between the two sub-classes of AGN, in which FR I
radio galaxies are BL Lac objects observed at larger
jet viewing angles [6].
Evidence for synchrotron emission in radio to X-ray
energies from both the extended structures and the
core is well explained by relativistic particles moving
in a beamed relativistic jet [7]. A commonly considered mechanism for HE-VHE (HE: high energy,
100 MeV< E <100 GeV) radiation is the synchrotronself-Compton (SSC) process [8], where the optical and
UV synchrotron photons are up-scattered by the same
relativistic electrons in the jet. Predictions concerning
the inverse Compton (IC) component have long been
established for the γ-ray emission [9] and frequencydependent variability [10]. Besides leptonic scenarios, several models also consider a hadronic origin
for non-thermal emission in jets. Accelerated protons
can initiate electromagnetic cascades or photomeson
processes [11], or directly emit synchrotron radiation

[12, 13] and produce γ-rays through collisions with
ambient gas [14, 15].
Modelling the blazar jet emission with a homogeneous SSC mechanism may imply particularly high
Lorentz factors, Γ >
∼ 50, with consequent high Doppler
factors and small beaming angles θ ≃ 1◦ [16]. Such
a small beaming angle is in conflict with the unification scheme according to which FR I radio galaxies
and BL Lac objects are the same kind of object observed at different viewing angles. Moreover, these
high values for the Doppler factor are in disagreement
with the small apparent velocities observed in the subparsec region of the TeV BL Lac objects Mrk 421
and Mrk 501 [17]. These considerations suggest a
more complicated geometry, for example a decelerating flow in the jet with a consequent gradient in
the Lorentz factor of the accelerated particles and a
smaller average Γ [18]. As a result of this gradient,
the fast upstream particles interact with the downstream seed photons with an amplified energy density, because of the Doppler boost due to the relative Lorentz factor Γrel . The IC process then requires
less extreme values for the Lorentz factor and allows
larger values for the beaming angle. In a similar way,
a jet spine-sheath structure consisting of a faster internal spine surrounded by a slower layer has been
also suggested for the broadband non-thermal emission of VHE BL Lac objects [19]. An inhomogeneous
jet with a slow component may explain the HE-VHE
emission observed in radio galaxies at larger angles
(θlayer = 1/Γlayer ∼ 20◦ ). Observation of the VHE
component from radio galaxies is therefore significant
for the AGN jet modeling. In this work an overview
of the observations of radio galaxies by VERITAS is
presented.

2. The VERITAS Instrument
The VERITAS detector is an array of four 12-m
diameter imaging atmospheric Cherenkov telescopes
located in southern Arizona [20]. Designed to de-
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tect emission from astrophysical objects in the energy
range from 100 GeV to greater than 30 TeV, VERITAS has an energy resolution of ∼15% and an angular
resolution (68% containment) of ∼0.1◦ per event at
1 TeV. A source with a flux of 1% of the Crab Nebula
flux is detected in ∼25 hours of observations, while a
5% Crab Nebula flux source is detected in less than
2 hours. The field of view of the VERITAS telescopes
is 3.5◦ . For more details on the VERITAS instrument and the imaging atmospheric-Cherenkov technique, see [21].

3. Observations
Most of the VERITAS observations of radio galaxies are on the radio galaxy M 87. This AGN is located in the center of the Virgo cluster at a distance
of ∼16 Mpc and is currently the brightest detected
VHE radio galaxy. M 87 was originally detected
with marginal significance by HEGRA at TeV energies [1], and later also by HESS [22], VERITAS [2]
and MAGIC [23]. This giant radio galaxy has always
been of particular interest because its jet lies at ∼20◦
respect to the line of sight and its core and the structure of the jet are spatially resolved in X-ray, optical
and radio observations, thus it is an ideal candidate
for correlated MWL studies [24].
In 2008 VERITAS coordinated an observational
campaign with two other major VHE observatories
(MAGIC, HESS), overlapping with VLBA radio observations [25]. Three Chandra X-ray pointed observations have also been performed during the first half
of 2008. Multiple flares at VHE have been detected.
In X-rays, the inner-most knot in the jet (HST-1) was
found in low state, while the core region was in high
state since 2000. Progressive brightening of the core
region in radio was also seen along the VHE flare development. This is an indication that the γ-ray emission originates from a region close to the core rather
than from more distant regions.
In April 2010, during the seasonal monitoring of
M 87, VERITAS detected another flare with peak
flux of ∼20% of the Crab Nebula flux. During the
six-month observation period, M 87 was detected at
a level of 25.6σ above the background, with an average flux above 350 GeV equivalent to 5% of the Crab
Nebula flux. Dedicated analysis in 20-minute bins
has been performed on the April 2010 flaring episode.
A spectral analysis has been done on three different phases of the flaring episode: the rising phase,
the peak and the falling phase. A power-law fit has
been applied to each phase, showing a hint of spectral
variability: Γrise = 2.60 ± 0.31, Γpeak = 2.19 ± 0.07,
Γfall = 2.62 ± 0.18. Figure 1 shows the 2010 seasonal
lightcurve and the spectral analysis at different times
for the flaring episode that occurred in April 2010.

Figure 1: (upper plot) VERITAS light curve of the 2010
seasonal monitoring campaign. (lower plot) Spectral
analysis for three phases of the April 2010 flaring event:
rising phase ( circles), peak (squares) and decreasing
phase (triangles).

Details on the analysis and results of the 2010 observational campaign on M 87 are presented in a publication currently in the process of peer-review. Results
of the extensive multi-year MWL observational campaign on M 87 will be presented soon too.

4. Conclusions
The radio galaxy M 87 is a unique laboratory
for studying the acceleration and emission processes
around the supermassive black hole of AGNs. Its relatively high brightness in VHE γ-rays enables to perform cross-correlated MWL observational campaigns
and to study variability and spectral evolution features. VERITAS VHE observations have been crucial
during past MWL observational campaigns in identifying a close-region to the core as responsible for the
γ-ray emission. During the 2009-2010 observational
season, VERITAS detected the strongest flare ever observed in γ-rays on M 87. This observation enabled
for the first time the study of flux and spectral temporal properties on a radio galaxy. Further details on
the long-term MWL observational campaign on M 87
are in the process of publication.
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Here we report our recent study on the spectral energy distribution (SED) of the high frequency BL Lac object
Mrk 421 in different luminosity states. We used a full-fledged χ2 -minimization procedure instead of more
commonly used ”eyeball” fit to model the observed flux of the source (from optical to very high energy), with
a Synchrotron-Self-Compton (SSC) emission mechanism. Our study shows that the synchrotron power and
peak frequency remain constant with varying source activity, and the magnetic field (B) decreases with the
source activity while the break energy of electron spectrum (γbr ) and the Doppler factor (δ) increase. Since a
lower magnetic field and higher density of electrons result in increased electron-photon scattering efficiency, the
Compton power increases, so does the total emission.

1. Introduction
Active galactic nuclei (AGN) involve the most powerful, steady sources of luminosity in the Universe. It
is believed that the center core of AGN consist of super
massive black hole (SMBH) surrounded by an accretion disk. In some cases powerful collimated jets are
found in AGN, perpendicular to the plane of accretion
disk. The origin of jets are still unclear. AGNs whose
jets are viewed at a small angle to its axis are called
blazars.
The overall (radio to γ-ray) spectral energy distribution (SED) of blazars shows two broad non-thermal
continuum peaks. The low-energy peak is thought to
arise from electron synchrotron emission. The leptonic model suggests that the second peak forms due
to inverse Compton emission. This can be due to
upscattering, by the same non-thermal population of
electrons responsible for the synchrotron radiation,
and synchrotron photons (Synchrotron Self Compton:
SSC) Maraschi et al. [1992].
Blazars often show violent flux variability, that may
or may not appear correlated in the different energy
bands. Simultaneous observation are then crucial to
understand the physics behind variability.

2. χ2 -minimized SED fitting
In this section we discuss the code that we have
used to obtain an estimation of the characteristic parameters of the SSC model. The SSC model assumes a
spectrum for the accelerated electron density k, which
is a broken power law with exponents n1 and n2 . The
minimum, maximum and break Lorentz factors for the

DEF: SSC parameters initial values set-up
calculate initial χ2 value, change parameters
LOOP :
calculate χ2 for modified parameters
if χ2 has increased:
we are moving away from a minimum
⇒ change parameters, increase weight
of steepest descent method and reset
negligible decrease amount counter
2

if χ has decreased:
we are moving toward a minimum
⇒ change parameters and increase
weight of inverse Hessian method

UNTIL: χ2 decreases by a negligible amount
for the fourth time
Table I The χ2 minimization algorithm.

electrons are usually called γmin. , γmax. and γbreak respectively. The emitting region is considered to be a
blob of radius R moving with Doppler factor δ with
respect to the observer in a magnetic field of intensity B. The model is thus characterized by nine free
parameters.
In the present work we have kept γmin. fixed and
equal to unit, which is a satisfactory approximation
already used in the literature. The determination of
the remaining eight parameters has been performed
by finding their best values and uncertainties from
a χ2 minimization in which multi-frequency experi-
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mental points have been fitted to the SSC spectrum
modelled as in Tavecchio et al. [1998]. Minimization
has been performed using the Levenberg-Marquardt
method Press et al. [1994], which is an efficient standard for non-linear least-squares minimization that
smoothly interpolates between two different minimization approaches, namely the inverse Hessian method
and the steepest descent method. For completeness,
we briefly present the pseudo-code for the algorithm
in table I.
A crucial point in our implementation is that from
Tavecchio et al. [1998] we can only obtain a numerical approximation to the SSC spectrum, in the form
of a sampled SED. On the other hand, from table I,
we understand that at each step the calculation of the
χ2 requires the evaluation of the SED for all the observed frequencies. Although an observed point will
likely not be one of the sampled points coming from
Tavecchio et al. [1998], it will fall between two sampled points, so that interpolation can be used to approximate the value of the SED1 .
At the same time, the Levenberg-Marquardt
method requires the calculation of the partial derivatives of χ2 with respect to the SSC parameters. These
derivatives have also been obtained numerically by
evaluating the incremental ratio of the χ2 with respect
to a sufficiently small, dynamically adjusted increment
of each parameter. This method could have introduced a potential inefficiency in the computation, due
to the recurrent need to evaluate the SED at many,
slightly different points in parameter space, this being
the most demanding operation in terms of CPU time.
For this reason we set up the algorithm to minimize
the number of calls to Tavecchio et al. [1998] across
different iterations. The χ2 fit during different iterations are shown in Fig. 1.

3. Application and results
In order to study the behavior of parameters with
source activity, we choose Mrk 421 (table II), considering the larger availability of MWL data sets and the
lower redshift, hence less uncertainty after EBL correction of VHE data. The χ2 fitted SEDs are shown
in Fig. 2.
In addition to the χ2 test, we also checked the goodness of the fit using the Kolmogorov-Smirnov (KS)
test. Considering the occurrence of different physical
processes (synchrotron and inverse Compton, at substantially different energies), and the different quality

Table II Data sets used in this study. The observation
period of each state can be found at Fig. 2.
State
1.
2.
3.
4.
5.
6.
7.
8.
9.

Instruments
References
XMM-N ewton
Acciari et al. [2009]
Whipple, MAGIC
XMM-N ewton
Acciari et al. [2009]
Whipple, MAGIC
KVA, WIYN, RXTE
Rebillot et al. [2006]
Whipple, HEGRA-CT 1
Boltwood, RXTE
Blazejowski et al. [2005]
Whipple
Havard-Smithsonian
Fossati et al. [2008]
RXTE, Whipple
XMM-N ewton
Acciari et al. [2009]
VERITAS
Havard-Smithsonian
Fossati et al. [2008]
RXTE, Whipple
WEBT, Swif t
Donnarumma et al. [2009]
RXTE, VERITAS
Boltwood, RXTE
Blazejowski et al. [2005]
Whipple

of low- and high-energy data, we used a piecewise KS
test, i.e. we applied the KS test separately to lowand high-energy data. Then the KS test always confirms that the fit residuals are normal at 5% confidence
level.
Our results suggest that in Mkn 421, B decreases
with source activity whereas γbreak and δ increase
(Fig. 3 top). This can be interpreted in a frame where
the synchrotron power and peak frequency remain
constant with varying source activity by decreasing
magnetic field and increasing the number of low energy electrons. This mechanism results in an increased
electron-photon scattering efficiency and hence in an
increased Compton power. Other emission parameters appear uncorrelated with source activity. In Fig. 3
(bottom), the B-γbreak anti-correlation results from a
roughly constant synchrotron peak frequency. The Bδ correlation suggests that the Compton emission of
Mkn 421 is always in the Thomson limit. The δ-γbreak
correlation is an effect of the constant synchrotron
and Compton frequencies of the radiation emitted by
a plasma in bulk relativistic motion towards the observer.
More detailed description of this work is available
in Mankuzhiyil et al. [2011].

1 The sampling of the SED function coming from
Tavecchio et al. [1998] is dense enough, so that, with respect
to other uncertainties, the one coming from this interpolation
is negligible.
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Figure 1: Steps during χ2 minimization iterations.
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Figure 2: Mrk 421 MWL data sets and corresponding χ2 minimized SED fits.
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Figure 3: Top. Variations of the fitted parameters - B, δ, and γbr - as a function of luminosity. The other SSC
parameters show a scatter plot with the luminosity. Parameters and its uncertainty can be found at
Mankuzhiyil et al. [2011]. Bottom. Correlations between B, δ, and γbr .
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We analyze the spectral evolution of GRB 090902B and show that subphotospheric dissipation
can explain both the spectra and the spectral evolution. The emission from a GRB photosphere can
give rise to a variety of spectral shapes. The spectrum can have a shape close to that of a Planck
function (as is observed during the first half of GRB090902B) or be broadened, resembling a typical
Band function (as is observed during the second half of GRB090902B). The shape mainly depends
on the strength and location of the dissipation in the jet, the ratio of the energy densities of thermal
photons and of the electrons at the dissipation site, as well as on the strength of the magnetic field.
We further discuss numerical models of the dissipation and relate these to the observed spectra.

I.

INTRODUCTION

After more than 40 years of observations the prompt
emission in gamma ray bursts is still not fully understood. The most widely accepted model for the
emission is the fireball model [1], [2], in which the
emission is caused by dissipation in a relativistically
expanding fireball. This model predicts the presence
of a thermal component arising from the photosphere,
where the flow which is initially opaque becomes optically thin. A reasonable, first assumption is that this
component has a shape resembling a Planck function,
although this is expected to be slightly modified by
relativistic and geometric effects (e.g. [3], [4], [5], [6],
[7]). However, the majority of GRB spectra are well
fit with a Band function and do not show clear signs
of black body emission. On the other hand, Plancklike spectra have been observed in a few bursts [8, 9]
and, in addition, in several cases there is evidence of
a subdominant thermal component accompanying the
non-thermal emission, e.g. in GRB110724B [10]. This
has led to a renewed interest in the existence of photospheric emission in GRB spectra.
The presence of dissipation in the GRB outflow is
unquestionable, since the spectrum is non-thermal,
containing a high energy tail. The nature of the
dissipation process is, however, not known, but possible scenarios include magnetic reconnection in a
Poynting-flux dominated outflow [11],[12],[2], internal
shocks in the flow [13], [1] and collisional heating [6].
The location of the dissipation is also unknown, but
in the internal shock scenario shocks due to colliding
shells with different Lorentz factors are expected to
occur mainly in the optically thin region of the flow,
while oblique shocks can lead to dissipation below the
photosphere. In addition, a change in the Lorentz factor of the flow can lead to a shift in the location of the
photosphere, so that the dissipation shifts from being
located above the photosphere to occurring below the
photosphere, with corresponding changes in the ob-

served spectrum. This sub-photospheric dissipation is
the subject of the present study.
Photosphere
Dissipation,
e.g., shocks

Non-thermal Component

FIG. 1: Typically the dissipation due to internal shocks occurs above the photosphere, leading to strong non-thermal
emission. However, a change in the Lorentz factor of the
flow can shift the position of the photosphere, leading to
the dissipation site being located below the photosphere.

II.

NUMERICAL MODELING

We consider a highly relativistic jet. There is strong
thermal emission from the base of the outflow, which
is advected outward with the flow and released at
the photosphere, where the optical depth drops to
unity. Initially the thermal emission takes the form of
a Planck function in the comoving frame, and if there
is no dissipation below the photosphere the emerging
spectrum will also have this shape. Although transformation to the observer frame in addition to geometric effects alters the spectrum somewhat, the observed
spectrum should still have a largely Planck-like shape.
If, however, part of the kinetic energy is dissipated
below the photosphere, the spectrum will be modified
and can take on a quite a complex shape [14].
We assume that the photosphere is located above
the saturation radius where the flow ceases to accelerate, and that the dissipation occurs close to the photosphere, at optical depths of a few. Whatever the
nature of the dissipation process the result is that a
population of energetic electrons is created. These
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Band-like shape.
8.1-8.5 s
LATb
LATf

Energy [keV]
15.9-16.4 s
LATb
LATf

Q FQ [keV cm-2 s-1]

cool via synchrotron emission and Compton scattering
of low energy photons. The energetic photons which
are created through these processes may in turn undergo inverse Compton scattering. In addition pair
production and annihilation modifies the particle and
photon populations, and affect the other emission processes. The result is a highly non-linear problem,
which can only be solved numerically. We compute
the resulting spectra using the code described in [14].
The kinetic equations are solved self-consistently, taking into account synchrotron emission, SSA, Compton and inverse Compton scattering, pair production/annihilation and electromagnetic cascades. A
fraction d of the kinetic energy is assumed to be dissipated - a fraction e of this goes to acceleration of the
electrons, while a fraction B goes to magnetic field
generation.

Q FQ [keV cm-2 s-1]

2

Energy [keV]

FIG. 3: Time resolved spectra for two time intervals in
epoch 1 and epoch 2 respectively.

III.

FIG. 2: The effect of sub-photospheric dissipation at optical depth τ = 10. The dashed red line represents the
initial thermal emission, while the solid black line shows
the spectrum which is released at the photosphere in the
case of weak (top) and strong (bottom) dissipation.

Fig. 2 show spectra resulting from two dissipation
episodes with different characteristics. In both cases
the dissipation occurs below the photosphere, at an
optical depth of τ = 10. The top spectrum results
from weak dissipation, with 10 % of the kinetic energy
being dissipation (d = 0.1). This spectrum has a
Planck-like shape. The bottom spectrum is produced
by stronger sub-photospheric dissipation (d = 0.2),
which leads to a broader spectrum with a more typical

CASE STUDY: GRB 090902B

GRB090902B is one of the strongest gamma ray
bursts detected by Fermi. Emission above 8 keV was
detected for approximately 25 s. Throughout the duration of the burst the spectrum has two distinct components; a peaked component at MeV energies and
a power law. During the first half of the burst the
MeV-peak is very steep and narrow (Fig. 3, top) with
a shape close to a Planck function (a better fit is obtained when using a multicolor blackbody, as theoretically expected [16]). This component is so steep
and narrow that it is highly unlikely to have any origin other than the photosphere [16]. After approximately 12.5 s the spectral characteristics change. The
peaked component broadens and is well fit by a typical Band function [15], without a significant change
in the peak energy or in the flux, resulting in a spectrum which is similar to the spectrum shown in Fig. 2.
We thus deduce that the most plausible explanation
is sub-photospheric dissipation.
A plausible explanation for the spectral evolution in
GRB090902B is therefore that at early times the dis-
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sipation occurs above the photosphere, while there is
very little dissipation below the photosphere, so that
the thermal component escapes largely unmodified.
After 12.5 s the dissipation below the photosphere
increases in strength, modifying the emerging photospheric component. Such a change could, for instance,
come about through variation in the Lorentz factor of
the flow, leading to the photosphere being located further out, thereby increasing the optical depth at the
dissipation site [16].

IV.

CONCLUSION

Numerical calculations show that the observed spectrum from a GRB photosphere can take on a variety
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of shapes depending on the strength and location of
the dissipation [17]. A thermal component does therefore not need to be a Planck function, but can in fact
mimic a Band function ≤ 100 MeV.

The case of GRB09092B shows clearly that photospheric emission does occur in gamma ray burst spectra. Moreover, this burst demonstrates that the photosphere can indeed have a variety of shapes. It is
thus suggested that a change in dissipation characteristics of this burst underlies the observed spectral
evolution and change the appearance of the spectrum.
We therefore conclude that photospheric emission is
probably quite common in GRBs.
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Since late 2007, we have been monitoring a large sample of known and likely gamma-ray–loud blazars at 15 GHz
twice per week with the Owens Valley Radio Observatory (OVRO) 40 m Telescope. Our initial sample included
the 1158 sources above declination −20◦ from the Candidate Gamma-Ray Blazar Survey (CGRaBS), and we
have since added nearly 400 more sources, including all blazars associated with Fermi Large Area Telescope
(LAT) detections in the First AGN Catalog (1LAC). Here, we describe the new sample and present results for
2008 through early 2011. Using statistical likelihood analyses, we compare the variability amplitude for various
sub-populations within our sample. These include comparisons of gamma-ray–loud versus gamma-ray–quiet
objects, BL Lac objects versus flat-spectrum radio quasars, and a study of the variability amplitude trend with
redshift. We also describe KuPol, the new digital Ku-band receiver being constructed for the 40 m telescope.
This new receiver will provide total intensity and linear polarization measurements over the 12–18 GHz band,
with 16 MHz spectral resolution.

1. INTRODUCTION
Blazars are the most extreme class of active galactic nuclei (AGN), probably resulting when an AGN
is viewed along its relativistic jet axis. Although a
variety of models have been proposed, and despite
decades of observation, many fundamental questions
about blazars and AGN physics remain open. Among
them:

The sample has grown to more than 1550 sources, including all 454 “clean” AGN associations from the
first-year Fermi Large Area Telescope (LAT) AGN
catalog (1LAC) [1]. Newly LAT-detected AGN are
added to the sample as well. Results for the CGRaBS
sample during the 2008–2009 period are presented
and analyzed and the program is described in detail in [6]. Radio light curves for the CGRaBS sample are available to the public for download from
http://www.astro.caltech.edu/ovroblazars.

• How are jets launched, accelerated, collimated,
and confined?
• Of what are the jets composed?
• Where in the jet are the observed photons emitted?
• What are the details of the emission mechanisms?
Gamma-rays are our best tool for probing the most
extreme processes within AGN, and coordinated multiwavelength observations are crucial to the interpretation of gamma-ray data.

1.1. OVRO 40 m Program
Since late 2007, we have undertaken a continuous, fast-cadence (twice weekly per source) monitoring
program beginning with the systematically-selected
sample of 1158 blazars north of δ = −20◦ from the
Candidate Gamma-Ray Blazar Survey (CGRaBS) [2].

∗ Current

address: Department of Physics, Purdue University,
525 Northwestern Ave, West Lafayette, IN 47907, USA

2. RADIO VARIABILITY
To provide a robust measure of the amplitude of
variability observed in a light curve, we introduced
the intrinsic modulation index, m ≡ σ0 /S0 , where
σ0 and S0 are the standard deviation and mean that
would be measured for a light curve using a noiseless
receiver with perfect sampling. In [6] we derive a likelihood method for estimating m and its uncertainty
from an observed light curve. Unlike the various measures of variability amplitude commonly used in the
literature, the intrinsic modulation index provides a
rigorous measure of its uncertainty which is essential
for statistical comparisons.
We computed m for each CGRaBS source using two
years of data in [6]. Using 3.2 years of data, we find
that the intrinsic modulation index for each source
is typically either consistent within uncertainties or
is found to be larger with the longer data set. An
examination of the sources with the most significant
changes shows that the significant increases typically
occur in sources that demonstrated no or little variability during the first two years and subsequently exhibited a major flare or change in brightness. This
suggests that the two-year data set was simply not
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Figure 1: Likelihood distributions for the two-year mean
intrinsic modulation index, m0 , for the CGRaBS in
1LAC (solid) and not in 1LAC (dashed). The gamma-ray
loud 1LAC subset are 5.7% more variable on average, a
> 6σ significant difference.
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Figure 2: Likelihood distributions for the two-year mean
intrinsic modulation index, m0 for the CGRaBS BL Lac
object (solid) and FSRQ (dashed) subsamples. The
BL Lac objects are 3.2% more variable on average, a
> 3σ significant difference.
40

2.1. Population Studies
In [6], we found strong (> 6σ) evidence that
the gamma-ray–loud subset of CGRaBS (i.e., those
sources that appeared in the 1LAC catalog) was,
on average, more variable at 15 GHz than was the
gamma-ray–quiet subset (see Figure 1). This trend
persists in the longer data set with similar significance.
This establishes the first rigorous demonstration of
a connection between gamma-ray emission and radio
variability amplitudes in blazars.
In Figure 2, we compare the two-year variability
amplitudes for CGRaBS sources identified as BL Lac
objects with those identified as flat-spectrum radio
quasars (FSRQs). The BL Lac objects are found to
vary more strongly than the FSRQs with > 3σ significance. A similar result is found with the longer data
set for CGRaBS sources. However, for the 1LAC sample, using 3.2 years of data we find the BL Lac objects
and FSRQs to be consistent with the same variability
amplitude within ∼ 1.5σ (see Figure 3). Further study
of this effect in [7] suggests that the gamma-ray–loud
FSRQs are much more radio variable than gammaray–quiet FSRQs whereas BL Lac objects display similar radio variability whether or not gamma-ray–loud.

BL Lacs
FSRQs
30

pdf(m0)

long enough to capture the full range of variability
behavior of the sources. Previous findings indicate
that 4–6 year or longer timescales for flaring activity
are common in blazars [e.g., 3], so further increases
in the modulation indices are likely as the monitoring
program continues.

20
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0.15
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Figure 3: Likelihood distributions for the two-year mean
intrinsic modulation index, m0 for the 1LAC BL Lac
object (black) and FSRQ (red) subsamples. The two
distributions are consistent with equal variability at the
1.5σ level.

2.2. Redshift Trend
To examine the relationship between radio variability amplitude and redshift, we restrict our sample to
the FSRQs. This is necessary because the lack of optical lines in BL Lac objects makes redshift determination difficult, resulting in ∼ 50% or less redshift
completeness in our sample. This also prevents the
difference in variability already found between BL Lac
objects and FSRQs from contaminating our comparison. In [6], we found an apparent trend of decreasing
variability amplitude with increasing redshift, shown
in Figure 4. A comparison of bright (S0 > 400 mJy)
FSRQs at z < 1 with those at z > 1 found the lower-
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Figure 4: Average intrinsic modulation indices for
CGRaBS FSRQs separated in redshift bins of width
∆z = 0.5. Error bars indicate the rms scatter within each
bin.
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A major aim of the OVRO monitoring program is
the detailed cross-correlation of radio light curves with
gamma-ray light curves from the LAT. Peaks in the
cross-correlation function could identify the relative
locations of gamma-ray and radio emission within a
blazar jet. However, establishing the physical significance of an apparent correlation is a major challenge.
Typical methods for computing the significance of a
cross-correlation peak do not account for correlation
between points within each light curve and, as a result,
seriously overestimate the significance of an apparent peak. We have developed a Monte Carlo method
to evaluate the significance of apparent correlations
more accurately. This method and early results are
described in more detail in [4] and in Max-Moerbeck
et al. in these proceedings. A detailed study of crosscorrelation between OVRO 15 GHz light curves and
LAT gamma-ray light curves is forthcoming [5].

0.2

0.25

Figure 5: Likelihood distributions for the intrinsic
modulation index for low (z < 1, black) and high (z > 1,
red) redshift subsets of the bright (S0 > 400 mJy) 1LAC
FSRQ sample. The apparent difference is not
statistically significant.

Blazars characteristically exhibit polarized radio
emission which can reveal the configuration of the
magnetic field in the synchrotron emission regions. As
a result, monitoring radio polarization in addition to
intensity can add valuable information and provide an
additional channel to study the relationship between
emission in the radio and other bands. To this end, we
have designed and begun construction of a new Kuband (15 GHz) receiver, “KuPol,” with both linear
polarization and total intensity measurement capabilities. Using a correlation receiver architecture and
digital back-end, KuPol provides 16 MHz spectral resolution over a total bandwidth from 12–18 GHz using
the same beam-differenced optical design as the current program. Construction of KuPol is nearly complete and commissioning is planned for early 2012.

4. CONCLUSIONS
redshift FSRQs to be more variable with 3σ significance [6].
While this trend continues with the 3.2 year
CGRaBS data, the significance of the difference is less
with the additional data. We also find that FSRQs
within the 1LAC sample do not show a significant difference in variability between the high and low redshift
subsamples (Figure 5). In [7], we find that this significance continues to decrease with additional data,
suggesting that this observed difference is likely spurious. If real, however, a number of competing effects
must be removed to determine whether the observed
trend reflects any intrinsic variability trend with redshift.

We are actively and continuously monitoring a sample of more than 1550 blazars, including all Fermi
gamma-ray blazars north of δ = −20◦ twice per
week at 15 GHz. We have rigorously demonstrated
a connection between gamma-ray emission and the
strength of radio variability in our sample, an important prerequisite for establishing the physical significance of correlations between radio and gammaray light curves. In addition, we have developed
and begun applying a Monte Carlo method for accurately evaluating the statistical significance of apparent peaks in the discrete cross-correlation function
between radio and gamma-ray light curves. In addition to continuing our monitoring program, we will
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soon deploy KuPol, adding an increased bandwidth,
spectral resolution, and linear polarization monitoring
to our radio monitoring program. These tools and the
ever growing data sets will enable detailed study of the
connection between radio and gamma-ray emission in
blazars.
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Dwarf spheroidal galaxies have a large mass to light ratio and low astrophysical background, and
are therefore considered one of the most promising targets for dark matter searches in the gamma-ray
band. By applying a joint likelihood analysis, the power of resultant limits in case of no detection
can be enhanced and robust constraints on the dark matter parameter space can be obtained. We
present results from a combined analysis of 10 dwarf spheroidal galaxies using Fermi-LAT data.
Different annihilation channels have been analyzed and uncertainties from astrophysical properties
have been taken into account.
I.

INTRODUCTION

The Fermi Gamma-ray Space Telescope was
launched on June 11, 2008. Its main instrument, the
Large Area Telescope (Fermi-LAT), observes the entire sky every ∼3 hours (2 orbits) with a field of view
covering ∼2.4 sr and a sensitive energy range extending from 20MeV to >300GeV [1]. These properties
make the Fermi-LAT an excellent instrument for dark
matter (DM) searches.
One of the leading DM candidates is a weakly interacting massive particle (WIMP). The gamma-ray
flux from self-annihilating WIMPs can be expressed
as φW IM P (E, ψ) = J(ψ) × ΦP P (E) (see e.g., [2], see
also [3] for a review), where ΦP P (E) is the ”particle
physics factor” described by
ΦP P (E) =

< σv >
× NW (E)
8πm2W IM P

(1)

and J(ψ) is the ”astrophysical factor”, or J-factor,
described by
Z
J(ψ) =
dl(ψ)ρ2 (l(ψ)).
(2)

the WIMP mass, NW (E) is the gamma-ray energy distribution per annihilation, and ρ(r) is the dark matter
density distribution.
Dwarf spheroidal galaxies (dSphs) are considered to
be DM dominated systems since they have a very high
mass to light ratio. They are near-by (∼ 100kpc) and
they have low background since most dSphs are expected to be free from other astrophysical gamma-ray
sources and they have a small gas content. This makes
them interesting targets for gamma-ray DM searches.
However, the expected flux from DM annihilation or
decay for dSphs are expected to be very low. The
Fermi-LAT collaboration has recently presented results from a DM search in a number of dSphs [4].
In this work we perform a joint likelihood analysis,
taking advantage of the fact that the DM spectra are
the same in all targets.
We present results considering ten dSphs taking
into account the uncertainties in the astrophysical factors. The results presented in these proceedings are
updated with respect to the preliminary results presented at the conference. This work was initially presented in [5], and final results are presented in [6].

l.o.s.

Here hσvi is the (velocity-averaged) WIMP annihilation cross section times relative velocity, mW IM P is

∗
†
‡
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II.

ANALYSIS

We have observed ten dSphs, listed in Table I, which
is the same set of dwarfs for which annihilation cross
section limits were presented in [4] with the addition
of Carina and Segue 1, using 24 months of data. We
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TABLE I. Position, distance, and J-factor (under assumption of a Navarro-Frenk-White profile) of each dSph. The
4th column shows the mode of the posterior distribution of
log10 J, and the 5th column indicates its 68% C.L. error.
See the text for further details. The J-factors correspond
to the pair annihilation flux coming from a cone of solid
angle ∆Ω = 2.4 · 10−4 sr. The final column indicates the
reference for the kinematic dataset used.
Name

l
b
d log10 (J)
σ
deg.
deg. kpc log10 [GeV2 cm−5 ]
Bootes I
358.08 69.62 60
17.7
0.34
Carina
260.11 −22.22 101 18.0
0.13
Coma Berenices 241.9
83.6 44
19.0
0.37
Draco
86.37
34.72 80
18.8
0.13
Fornax
237.1 −65.7 138 17.7
0.23
Sculptor
287.15 −83.16 80
18.4
0.13
Segue 1
220.48 50.42 23
19.6
0.53
Sextans
243.4
42.2 86
17.8
0.23
Ursa Major II 152.46 37.44 32
19.6
0.40
Ursa Minor 104.95 44.80 66
18.5
0.18

ref.
[10]
[7]
[9]
[7]
[7]
[7]
[8]
[7]
[9]
[7]

have used the diffuse event class which only contains
the events with the highest gamma-like confidence,
and we have chosen events ranging from 200 MeV
to 100 GeV. We used the Fermi-LAT instrument responce function P6 V3 DIFFUSE. Our region of interest (ROI) is a region of 10 degrees radius centered on
dSph location. Standard cuts removing Earth albedo
photons have been made. The dSphs are modeled as
DM point sources using the DMFit package [11] where
we consider 100% annihilation into the bb̄, the τ + τ − ,
the W + W − , and the µ+ µ− annihilation channel. The
background is modeled according to Fermi-LAT recommendations [12], and sources within 15 degrees are
modeled according to the first year point source catalog [13]. We perform a binned analysis to use both
energy and spatial information. The data selection
and analysis are performed using the Fermi-LAT analysis package, ScienceTools [14], and the upper limits
are obtained using profile likelihood as implemented
in the MINUIT processor MINOS [15].
One large uncertainty in indirect DM detection
methods arises from the uncertainties in the astrophysical factors, the J-factors. We have included these
uncertainties by including the distribution of the Jfactors in the likelihood fit, treating them as nuissance
parameters. This is the first time J-factor uncertainties are included in this way. In our fits, the parameter of interest is the WIMP annihillation cross-section,
hσvi, and the nuissance parameters are the J-factors,
the normalizations of the Diffuse Backgrounds and
the normalizations of sources within 5 degrees of the
dSphs.
With this addition, the joint likelihood considered

in our analysis becomes:
Y
L(D|pW ,{p}i ) =
LLAT
(D|pW , pi )
i
i

×

2
2
1
√
e−(log10 (Ji )−log10 (Ji )) /2σi ,
ln(10) Ji 2πσi
(3)

where LLAT
denotes the binned Poisson likelihood
i
that is commonly used in a standard single ROI analysis of the LAT data, i indexes the ROIs, D represents
the binned gamma-ray data, pW represents the set
of ROI-independent DM parameters (hσvi and mW ),
{p}i are the ROI-dependent model parameters. In
this analysis, {p}i includes the normalizations of the
nearby point and diffuse sources and the J-factor, Ji .
log10 (Ji ) and σi are the mean and standard deviation
of the distribution of log10 (Ji ), approximated to be
gaussian. The values for the J-factors have been updated since the preliminary work was presented at the
conference, and the updated values are found in Table
I. A detailed discussion about how the J-factors are
obtained are found in [6].
We have performed tests on the coverage of the joint
likelihood method and also tests on how the combined
limits scale with the number of added targets. In our
fits, we constrain the hσvi parameter to be positive.
Our tests show that this√will make the combined limit
scale as better than 1/ N , where N is the number
of added targets. The hardness of the DM spectra
will also influence, resulting in a larger improvement
for harder spectra. The coverage of our method is
good but with slight overcoverage for small signals,
i.e. conservative limits.

III.

RESULTS

In Fig. 1 we present constraints on the WIMP annihilation cross-section into 100% bb̄ for ten dSphs, both
individual and combined limits. In Fig. 2 we present
the combined limits on WIMP annihilation cross section for annihilation into 100% bb̄, 100% τ + τ − , 100%
W + W − , and 100% µ+ µ− . J-factor uncertainties have
been included. The joint likelihood method allows us
to rule out WIMP annihilation with cross sections predicted by the most generic cosmological calculation up
to a mass of ∼30 GeV for the bb̄ and the τ + τ − annihilation channel.
Final results are presented in [6].
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FIG. 1. 95% Upper limits on WIMP annihilation cross section for annihilation into 100% bb̄. The expected thermal
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University of Würzburg, Emil-Fischer Strasse 31, 97074 Würzburg , Germany

V. Kondratiev

arXiv:1111.0323v1 [astro-ph.HE] 1 Nov 2011

ASTRON, Netherlands Institute for Radio Astronomy
The Crab pulsar experienced a major ﬂare in 2010 as observed by Fermi LAT. Observations by
the Hubble Space Telescope indicate that the ﬂare was accompanied by a structural change in the
anvil region of the Crab Nebula. In the framework of a photometric analysis we reconstruct the
energetics of this event. Reconnection zones near the light cylinder are expected to release energy by
accelerating beams of electrons, leading to ﬂares of varying amplitude. In this case the major ﬂare
would have reduced the magnetic energy stored in the reconnection zones, and would thus have had
an impact on the properties of the giant radio ﬂares presumably originating from these regions. We
test this scenario by observing giant radio pulses with the Westerbork Synthesis Radio Telescope.

I.

INTRODUCTION

Providing apparently the central driving mechanism
of the Crab Nebula makes the Crab pulsar a unique
object among other pulsars. Being detected for the
first time during balloon measurements of the Crab
Nebula at hard X-rays ([1]), it is the only pulsar
known so far with a pulsed emission profile which prevails throughout the whole electromagnetic spectrum
from radio to GeV energies ([2]). The profile contains
several components known as precursor, main pulse
(P1), interpulse (P2) and the high frequency components HFC 1, HFC 2 among others. Although the
precursor and both high frequency components are
visible just at a certain wavelength range, P1 and P2
prevail from radio to gamma wavelengths.
Apart from its regular pulse structure the Crab pulsar is also a powerful emitter of giant radio pulses
(GPs). These pulses distinguish themselves by several
characteristics which will be briefly summarized here.
Since the detection of the Crab pulsar at radio wavelengths by its GPs ([3]), several properties have been
observed like flux densities higher by at least thousand
times than regular pulses. Furthermore their widths
are smaller in contrast with regular pulses. They vary
from several microseconds down to 2 nanoseconds ([4])
while the shortest ones have been observed to have the
highest flux densities. Being observed at a frequency
range from 23 MHz ([5]) till 15.1 GHz ([6], [7]) reveals
GPs apparently as a broadband phenomenon. They
have been observed mainly at the phases of P1 and P2
overlapped with regular pulses although they are apparently non-periodical (one GPs occuring every 0.803
seconds according to [8]), However, there seem to be
differences in the phases at which they occur since
they were detected at the phases of HFC 1 and HFC
2 ([6],[9]), but not at the precursor for instance. Deducing from this they are apparently phase-bounded.
The characteristics of GPs have been studies largely
by [10] who observed Crab radio GPs also at γ wavelengths. According to this study Crab GPs represent

single events and follow Poisson statistics. A comparison of the arrival times of both regular pulses and
GPs gives indicates no difference between the arrival
times of both which on the other hand suggests the
same location of formation.
Simultaneous radio and optical observations of Crab
GPs reveal by [11] an increase of the optical flux during occuring radio GPs by 3 %. Hence the emission mechanism which causes GPs is apparently noncoherent since it emits throughout different parts of
the electromagnetic spectrum.
Differences between GPs occuring at the phases of
P1 and P2 were discovered by [12] resulting from
observations with the Arecibo radio telescope above
4 GHz. They determined different dynamic spectra
for GPs occuring at P1 in contrast with the ones detected at the phase of P2. While Giant main pulses
(GMPs) consist in their substructure of narrow-band
nanopulses, Giant interpulses (GIPs) reveal narrow
emission bands of microsecond duration. These results indicate probable different emission mechanisms
for the main and the interpulses and question current
pulsar emission theories.
Theoretical aspects of radio GPs have been broadely discussed ([13], [14], [4], [15]). The current only
model basing on observational data is the Lyutikov
model ([16]) which can reproduce the emission bands
of the GIPs at frequencies above 4 GHz. Whereas
regular pulses are thought to develop on open magnetic field lines, the Lyutikov model emanates from a
higher particle density in contrast with the GoldreichJulian standard model. GPs are produced near the
last closed magnetic field line via magnetic reconnection events through which a high energy Lorentz beam
is produced. The latter moves along the closed field
line and dissipates via curvature radiation. Thus it
also predicts the occurence of γ-ray emission during
the emission of radio GPs.
Although several other pulsars apart from the Crab
have been found to emit GPs ([17]), a uniform emission mechanism for radio GPs has not been found yet.
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TABLE I: Examined HST exposures
Date
Exposure Time [s] Filter Instrument
2003-08-08
2200
F550M
ACS
2005-11-25
2300
F550M
ACS
2010-10-02
2000
F550M
ACS

Searching for a possible origin of this rather exotic
form of pulsar emission, we examined the optical emission resulting from the Crab flare 2010 with a photometrical analysis of three exposures made by the Hubble Space Telescope (HST). The central motivation
for this analysis was an estimation of the synchrotron
power of the so called anvil region located approximately 5 arcseconds from the pulsar (see Figure 1) in
which an increase of brightness was detected after the
flare detected by AGILE in September 2010.
If we assume that the Crab Nebula is powered solely
by the pulsar, it is interesting to ask if the latter also
contributes energetically to the reappearing flares detected from the Crab Nebula. We test this idea with
GPs observed after the Crab flare in September 2010,
to test if their properties are affected by the flare.

II.
A.

FIG. 1: HST exposure from October 2th 2010 with reference stars

OPTICAL ANALYSIS

Relative photometry of HST exposures

We examined three exposures from the archive of
the Hubble Space Telescope[26] made in combination
with the ACS camera and the F550M filter (Table I).
Since the emission from the Crab flare in September 2010 was identified to come from the anvil region located near the pulsar, its relative brightness
in pixel rates was determined in each exposure together with the relative brightness of two environmental stars known as 2MASS J05343342+2200584
and 2MASS 05343187+2201161 (Figure 1). The measurement was carried out with the image processing
program ImageJ[27]. With its aperture photometry
tool the source minus sky brightness was determined
of both reference stars as well as the anvil region. In
each case the pixel rate was measured within three
circles of different radii to estimate the brightness of
the target and the immediate background (Figure 2).
Comparing the source minus sky brightness of the
anvil region in units of each one of the reference stars
(units of 2MASS J05343342+2200584 expressed as ζ
and in the case of 2MASS 05343187+2201161 as η) resulted in a higher increase in the exposure from 2.10.10
regarding both reference stars than in the other two
exposures (compare Table II) which verifies an increased optical emission from the anvil region shortly
after the detected flare.

FIG. 2: Measurement of relative brightness of the anvil
region with ImageJ

B.

Synchrotron Model

In the next part of the optical analysis a synchrotron emission model was determined for the
electrons and positrons emerging from the anvil
region which was approximated as a spherical region
of 3.5 acrseconds angular radius in a distance of 5
arcseconds from the Crab pulsar as deduced from a
Chandra ACIS exposure of the Crab Nebula[28].
Under the assumption of the Crab pulsar being a
constant emitter of electrons and positrons which get
their high speed and energy by the induced electric
field, we set their distribution in the form of a power
law:
n(E)dE=KE−q dE
(E: Energy of electrons in Joule, n: Number density
of electrons per unit interval in m−3 J−1 , q: Dimensionless power-law-index, K: Normalisation coefficient
in units of m−3 Jq−1 .
Since the electrons and positrons emitted by the Crab
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TABLE II: Source minus sky brightness of both reference
stars and the anvil region resulting from measurements
with ImageJ
Date
2003
2005
2010

2MASS*584
1293568±1394
874301±1226
434068±756

2MASS*161
506084±398
397218±586
212004±470

Anvil region ζ
η
290420±55932 4.45 1.74
217727±4621 4.01 1.82
92070±5271 4.71 2.3

FIG. 4: Extracted radio GPs from the same data set
mainly aligned with P1 and P2

FIG. 3: Spectral Power density of an ensemble of electrons
and positrons emitted from the Crab pulsar into the nebula (blue) and with the contribution of the F550M ﬁlter
(magenta)

Nebula have different energies, the values of q and K
change. Referring to [18] several values for the Normalisation coefficient were determined under the assumption of the total number of emitted electrons and
positrons as 2 x 10−8 cm−3 which are accelerated in
the nebula by a magnetic field with B ≈ 10−7 T ([18],
[19]). Due to their velocities they are urged on circular orbits by Lorentz force and emit electromagnetic
radiation by gyration. To determine the power of a
large number of electrons and positrons gyrating in
the magnetic field of the Crab Nebula, the power of a
single relativistically gyrating electron was multiplied
with a number of electrons with the energy E which
resulted in the total emitted power per unit volume
and frequency ([20], [21]):

p(f ) =

Z

∞

P (f, γ(E))KE −q dE
0

In connection with our study of HST exposures we
filtered out optical wavelengths via choosing the appropriate border values for the Lorentz factor γ. The
Normalisation coefficient K was determined in a separate computational analysis.
Since all HST exposures used in this study were
made through the F550M filter, we included the respective transmittance to the determined energy distribution (see Figure 3). The total synchrotron emission power resulting from all electromagnetic radiation was determined as Pem ≈ 1033 erg s−1 while
including the transmittance of the filter resulted in
Pf ilter ≈ 1031 erg s−1 . The optical emission power
resulting from this analysis amounts to Pem ≈ 1032

erg s−1 . It is generally expected that electrons with
a power law distribution inherit an energy of ∼ 1042
erg.
Thus the increase of optical emission of the anvil region corresponds with the estimation gotten from the
HST exposure and could be calculated with the established synchrotron emission model.

III.

RADIO ANALYSIS

All radio observations used for this study were
carried out with the Westerbork Synthesis Radio
Telescope (WSRT) at a frequency of 1.38 GHz.
The data sets were coherently dedispersed with the
open source pulsar data processing software package
DSPSR[29] and the dispersion measure provided by
Jodrell Bank[30]. As mentioned GPs are apparently
phase-bounded, that is they are aligned with regular
pulses. To filter them out from each data set, the
rms treshold value was set to 7σ which resulted in an
amount of over 1500 GPs from 1.5 h of observations
(Figure 4).
The selected GPs were flux calibrated with the modified radiometer equation ([22]).
In the following part of the analysis several characteristics of GPs are examined. At first the separation
times between occuring GPs are determined. According to [8] the rate of GPs at the phases of P1 and
P2 is one GPs every 0.803 seconds. A change in the
separation times between occuring GPs could prove
a change in the GP rate and thus differences in the
rotation period of the pulsar.
Radio GPs contain intensities which follow a power
law distribution ([23]) in contrast with the intensities
of regular pulses which show a Gaussian distribution
([24]). In our analysis we examine the brightest GPs
resulting from the extraction of a 7σ treshold to search
for a possible decrease.
Since the shortest GPs have been observed to contain
the highest flux densities ([25], [4]), we examine the
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width distribution for all extracted GPs in search for
a variation. The results of this analysis will be shown
in a forthcoming publication.
IV.

the energy for these reconnection events is affected
by the Crab Nebula flare from September 2010, we
examine radio GPs observed after the flare with
regard to their rate, pulse width and pulse intensity.

SUMMARY
V.
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Within the framework of this report we present
an extensive analysis of radio GPs from the Crab
pulsar. The initial point given by the increased
optical emission power from the anvil region resulting
from an optical analysis, gives rise to the question of
the storage location standing behind these flares.
GPs represent short, energetic radio pulses which are
thought to develop near the light cylinder through
reconnection events. The energy for the latter is
located in the magnetic field of the pulsar. To test if
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The high-quality Fermi LAT observations of gamma-ray pulsars have opened a new window to understanding the generation
mechanisms of high-energy emission from these systems. The high statistics allow for careful modeling of the light curve features
as well as for phase resolved spectral modeling. We modeled the LAT light curves of the Vela and CTA 1 pulsars with simulated
high-energy light curves generated from geometrical representations of the outer gap and slot gap emission models, within the
vacuum retarded dipole and force-free fields. A Markov Chain Monte Carlo maximum likelihood method was used to explore
the phase space of the magnetic inclination angle, viewing angle, maximum emission radius, and gap width. We also used the
measured spectral cutoff energies to estimate the accelerating parallel electric field dependence on radius, under the assumptions
that the high-energy emission is dominated by curvature radiation and the geometry (radius of emission and minimum radius of
curvature of the magnetic field lines) is determined by the best fitting light curves for each model. We find that light curves from
the vacuum field more closely match the observed light curves and multiwavelength constraints, and that the calculated parallel
electric field can place additional constraints on the emission geometry.

1. INTRODUCTION
The pulsar emission mechanism is not well understood.
Magnetospheric particle acceleration is likely responsible
for the observed emission, but the emission geometry is
unknown. One can gain some insight by comparing light
curves derived from geometrical emission models with observed pulsar light curves. Observations of pulsars by
the Fermi Gamma-ray Space Telescope Large Area Telescope (LAT) [4] have shown that the high-energy emission
likely originates in the outer magnetosphere [1]. We simulated high-energy light curves from geometrical versions
of two standard high-altitude emission models, the outer
gap (OG) [13] and slot gap (SG) [11], and from a third,
modified SG model with azimuthal asymmetry in emissivity due to a naturally occurring offset dipole (aSG) [8].
These models were considered within two field geometries, the vacuum retarded dipole (VRD) and force-free
(FF) [6] fields. We compared the resulting light curves
with the LAT light curves of the Vela pulsar and PSR
J0007+7303, the CTA 1 pulsar, to constrain the systems’
geometries, and calculated the model-dependent magnitude of the accelerating electric field E|| in the VRD field.

2. LIGHT CURVE MODELING
To model the LAT light curves, we first simulated pulsar light curves from geometrical representations of the
SG, aSG, and OG emission zones within the VRD and FF
fields, following the simulation method of [7]. The B field
defined in the observer’s frame is transformed to the corotating frame (CF) [5] and photons are emitted tangent to
B in the CF prior to calculation of the aberration. We assume constant emissivity along the field lines in the CF.
The azimuthal asymmetry in the polar cap (PC) angle for

the aSG model is calculated for each inclination angle α
as in [8] (see also [9]). For a given α, gap width w (in
units of open volume coordinates rovc , as in [7]), and maximum emission altitude r, the code outputs the dimensionless emission intensity and the minimum and maximum
radii of curvature, ρmin and ρmax , emission radii rmin and
rmax , and local field magnitude |B|min and |B|max , at all observer angles ζ and rotation phases φ.
We simulated light curves for a fiducial rotation period
of 0.1 s on a 4-dimensional grid of α, ζ, w, and r. Our
simulation resolutions are 1◦ in α for the VRD field and
15◦ for the FF magnetosphere; 1◦ in ζ; 0.01 rovc in 0 rovc ≤
w ≤ 0.3 rovc ; and 0.1 Rlc in 0.7 Rlc ≤ r ≤ 2.0 Rlc , where
Rlc = c/Ω is the light cylinder radius. Emission is allowed
out to a cylindrical radius rcyl = 0.98 Rlc for the OG model
and rcyl = 0.95 Rlc for the SG models.
LAT light curves were constructed from photons in
an angular radius θ < max[1.6 − 3log10 (E), 1.3] from
the pulsar [2]. The PSR J0007+7303 light curve has
32 fixed-width bins, and was taken from [3]. The Vela
light curve has 140 fixed-count bins of ∼ 3000 photons each. The background of PSR J0007+7303, 195
counts/bin, was found using the Fermi tool gtsrcprob as
in [3]. The emission in the off-peak above the background
level was assumed to be magnetospheric in origin (but
see [3] for details). The Vela background was found to
be 204 counts/bin using the off-peak (phases 0.8-1, where
no magnetospheric emission was detected in our spectral
fits) counts in the energy-dependent PSF of the pulsar.
We used a Markov Chain Monte Carlo (MCMC) maximum likelihood routine [14] to search the parameter space
for the combination of (α, ζ, w, r, ∆φ) that best reproduced the LAT light curves. The fifth parameter, ∆φ, is the
amount by which a model light curve must shift in phase
in order to best match the LAT light curve. The MCMC
begins at a random point in parameter space, calculates the
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Figure 1: Light curve modeling results for Vela and PSR J0007+7303. The absolute best fit parameters are given next to each model;
uncertainties in individual parameters vary, but are typically of order ∼ 10%. In all panels, the light curve is shown in black. Blue
curves show the best fit OG light curve, red the best fit SG light curve, and green the best aSG light curve. Vertical dot-dashed lines
show phase zero of the model light curve of corresponding color; the phase of the line is the same as the listed ∆φ, and is the phase of
emission coming from the closest magnetic pole. The horizontal purple dashed lines show the background count level. Panel (a)
shows results for the Vela pulsar with the VRD field, (b) Vela with the FF field, (c) PSR J0007+7303 with the VRD field, and (d) PSR
J0007+7303 with the FF field.

likelihood L, and moves in a random direction to a new
point in space to calculate L again. If L/Lformer > 1 or
> rand[0, 1), L is saved in a chain; the routine runs until the
chain contains the user-specified number of steps. Many
chains were run to explore the whole parameter space. We
used Wilks’ theorem, ∆ ln L = −∆χ2 /2, to calculate L at
each point in parameter space. To perform a fit, we subtracted the background level from the LAT light curve, rebinned the model to match the data, and normalized the
model to the total counts in the LAT light curve. For each
fit in the vacuum case, we ran 200 chains with 20 steps
each to adequately sample the parameter space. For the FF
fits, we ran 20 chains of 20 steps each for each α. Multiwavelength constraints on α and ζ were considered after
fitting. Our fit results are shown in Figure 1. Each plot
shows three instances of the LAT light curve with the best
OG, SG, and aSG light curve superposed. The zero phases
of each model, corresponding to the nearest magnetic pole,
are given by the vertical lines, and the background levels
with horizontal lines.
We find that for the (a) VRD and (b) FF fields, the OG
model (blue) statistically fits the Vela light curve better
than either SG model. The SG (red) produces too much
off-peak emission, leading to high χ2 values. The aSG

(green) reduces the background significantly, leading to a
much better fit. The aSG also qualitatively fits the peak
emission well, as its main peaks are the correct approximate height and an inner peak is present. All three fits
have ζ close to the value determined from the X-ray torus
geometry [10], ζ ∼ 64◦ . ∆φ is consistent with the observed
phase lag between the radio and γ-ray peaks for the VRD
models; however, for the FF case, ∆φ is too large.
For the pulsar in CTA 1, the SG models fit much better
than the OG in both field geometries. There is no constraint on ∆φ due to the lack of a radio detection. The
VRD geometry in (c) produces much better fits than the
FF in (d); there is little difference between the SG and aSG
due to the small α. A larger FF α leads to a larger PC offset,
which lowers the first peak. The large difference between
α and ζ is consistent with the pulsar being radio-quiet due
to geometry–the radio beam would not cross our line of
sight for such a large |α − ζ|.

3. CALCULATION OF E ||
The γ-ray spectra of pulsars are well fit by an exponentially cut-off power law,
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where N0 is the differential flux, E0 the energy scale, Γ the
power law index, and Ec the cutoff energy; b = 1 results
in a simple exponential cutoff, while b < 1 gives a subexponential cutoff and b > 1 a super-exponential cutoff.
For phase averaged spectra, b < 1 due to blending of Ec
as it varies with phase (e.g. [2]), while b is consistent with
(and is fixed to) 1 in individual phase bins.
In current models of pulsar emission, at energies above
∼ 100 MeV the emission is dominated by curvature radiation. Particles reach the radiation reaction limit at Lorentz
factors γCR ∼ 107 . In this limit, the curvature radiation
cutoff energy ECR is related to E|| and ρc by
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Assuming all emission with E > 100 MeV is due to
pure curvature radiation and that the VRD is the true B
field structure, we calculated E|| in each light curve phase
bin. We used the simulated minimum radii of curvature
(ρc = ρmin ) from the best fit VRD light curves of §3 and
the measured cutoff energies (ECR = Ec ) in each phase bin.
The cutoff energies are given in [3] for PSR J0007+7303.
We updated the Vela 0.1–100 GeV phase resolved spectral
results with 30 months of LAT data, following the method
of [2] with 3000 pulsed counts per bin, and used our measured cutoff energies for the Vela E|| calculation. As an
example, Figure 2 shows the measured Ec , the simulated
ρmin , rmin , and |B|max, and the calculated E|| for the Vela
pulsar peak emission (phases 0 ≤ φ ≤ 0.8), using the best
fit parameters from the VRD SG geometry.
We explore how the parallel electric field varies with
emission altitude. We have calculated E|| in each phase
bin for the best fit vacuum OG and SG model parameters.
Because the value of |B|max corresponds to rmin , we have
plotted E|| and E|| /|B|max with minimum emission radius
for the OG and SG models in Figure 3.
For both emission models, Vela has overall a ∼ constant
or gradually varying E|| with altitude (panel (a) of Figure 3), which is expected (e.g. [2]). In panel (b), the value
of E|| is compared with |B|max . As expected for an E field
induced by B, the ratio E|| /|B|max < 1 for all rmin out to
the light cylinder radius (near and beyond 1 Rlc , the vector
components of B are less certain and are not included in
this calculation).
For PSR J0007+7303, the magnitude of E|| with rmin is
consistent with a constant (panel (c)), and its values are
similar to those calculated for Vela. Note that the geometrical parameters obtained from the light curve fits are very
different from those of Vela, leading to a different range of
rmin for PSR J0007+7303. The ratio E|| /|B|max < 1 for the
best fit SG model, but it is > 1 for the best fit parameters of

0.4
Pulse Phase

0.6

0.8

Figure 2: Example of simulated and measured values described
in §3. (a) The LAT light curve of Vela (purple) and measured Ec
with phase (yellow diamonds). (b) Simulated ρmin (solid blue)
and rmin (dashed green) for the best VRD SG fit parameters. (c)
Simulated |B|max (solid cyan) and calculated E|| (red squares) for
the best VRD SG fit parameters.

the OG model. There are instances in, for example, a nonideal magnetosphere [10] where E|| may be > |B|. In the
case of the vacuum field, in which there are no currents,
the only source of E|| is induction by B, and therefore E||
cannot be larger than |B|max. In this particular case, then,
we find that the combination of the OG model and VRD
field we have used does not approximate the physical environment of the pulsar magnetosphere and/or the geometry
of the emission zone.

4. CONCLUSIONS
We have evaluated the geometries of the slot gap and
outer gap emission models, and the vacuum retarded
dipole and force-free magnetic field solutions, by comparing the simulated light curves with the LAT light curves
of Vela and PSR J0007+7303 and finding the geometrical model parameters that best reproduce the data in each
case. In general, the OG has no off-peak emission (this
is largely responsible for the OG fitting Vela the best and
PSR J0007+7303 the worst), while the SG models do a
better job of reproducing wing emission but over-predict
the off-peak emission. Introducing azimuthal asymmetry
of the PC angle in the aSG model leads to a reduction in
the off-peak emission level, improving upon the SG model
light curve fits within the VRD field. In the FF field, however, aSG light curves tend to have a much reduced first
peak, leading to significantly worse light curve fits.
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Figure 3: E|| (a) and the ratio of E|| /|B|max (b) for the OG (blue squares) and SG (red diamonds) models that best fit the Vela LAT light
curve. (c) Same as (a) for PSR J0007+7303. (d) Same as (b) for PSR J0007+7303.

The first γ-ray peak occurs at later phase in FF light
curves, so values of ∆φ are larger in the FF magnetosphere
than in the VRD field. Physically, ∆φ cannot be larger
than the phase lag between the radio and first γ-ray peak
unless the radio beam model is highly contrived. The FF
field requires a ∆φ larger than this phase lag for Vela. This
suggests that the true pulsar magnetosphere may be significantly different from the FF magnetosphere.
For Vela, all fits within the VRD field have ζ close to
the expected value of 64◦ , and all have reasonable values
of |α − ζ| such that the radio emission is observable. Interestingly, the aSG model has ζ closest to 64◦ , and while its
χ2 is poor, it is an improvement over the SG and qualitatively reproduces well the major features (two main peaks
and inner peak) of the pulsed emission. The FF fits also
get close to the correct ζ value, but only the OG has an
acceptable |α − ζ|, while the best fit SG models are consistent with a radio-quiet pulsar. Both field structures lead to
large |α − ζ| for PSR J0007+7303, consistent with the lack
of detected radio emission.
We calculated the model-dependent E|| for the OG and
SG geometries, and found that it is constant or slowly
varying with emission radius. Comparing E|| with |B|max
leads to the interesting result that for PSR J0007+7303,
E|| > |B|max for the OG parameters that best fit the LAT
light curve. This is not consistent with the VRD where
|E| < |B|, and thus disfavors the OG model in the VRD
geometry at the location in parameter space where the best
light curve fit is found. The calculation of E|| can therefore
be used as a diagnostic of the model magnetosphere and
emission geometry, in addition to the light curve fitting.
We cannot rule in favor of the SG or OG from these light
curve fits. As the models are purely geometrical, we expect
to reproduce only dominant light curve features, and our
statistical fits are poor. The vacuum field produces better
light curve fits than the force-free field. However, we note
that the resolution in α of our FF models is much lower

than in the VRD, so further modeling with higher resolution is needed to confirm this result. We have demonstrated
that light curve modeling leads to constraints on the geometry of individual systems, and that the phase lag is an important diagnostic in comparing magnetic field structures.
The model-dependent calculation of E|| , and comparison
with the model |B|max , can additionally be used to constrain
both the magnetosphere and emission geometry.
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The IceCube detector, which is embedded in the glacial ice at the geographic South Pole, is the first neutrino
telescope to comprise a volume of one cubic kilometer. The search for neutrinos of astrophysical origin is among
the primary goals of IceCube. Point source candidates include Galactic objects such as supernova remnants
(SNRs) as well as extragalactic objects such as Active Galactic Nuclei (AGN) and Gamma-Ray Bursts (GRBs).
Offline and online searches for transient sources like GRBs and supernovae (SNe) are presented. Triggered
searches use satellite measurements from Fermi, SWIFT and Konus. Complementary to the triggered offline
search, an online neutrino multiplet selection allows IceCube to trigger a network of optical telescopes, which
can then identify a possible electromagnetic counterpart. This allows to probe for mildly relativistic jets in SNe
and hence to reveal the connection between GRBs, SNe and relativistic jets. Results from IceCube’s triggered
GRB search and a first limit on relativistic jets in SNe from the optical follow-up program are presented.

1. Introduction
Gamma-ray Bursts (GRBs) are prime candidates
for the production of the highest energy cosmic rays
because of the enormous energy that is released in
such an event [Waxman 1995] (O(1051 − 1054 erg ×
Ω/4π) in γ-rays, where Ω is the opening angle of a
possible beamed emission). If the prime engine accelerates protons and electrons with similar efficiencies this would be sufficient energy to account for
the observed ultra high energy cosmic rays. The observed γ-rays would originate from high energy electron synchrotron emission and inverse Compton scattering, while high energy neutrons would escape the
fireball’s magnetic field and later decay to protons,
which would be responsible for the high energy cosmic ray flux seen on Earth. The observation of keV
to MeV γ-rays confirms the presence of high energy
electrons in the fireball; however, because high energy protons are deflected in inter-galactic and the
Galactic magnetic fields no direct observation of protons from GRBs is possible. Nevertheless, if high
energy protons are present in the fireball along with
high energy electrons it is reasonable to assume that
pions will be produced through interactions of protons with γ-rays from electron synchrotron radiation
near the source, which would give rise to neutrinos.
Guetta et al. [2004] give a detailed account of the expected neutrino flux from such interactions. Here we
present the most recent search for neutrinos in temporal and directional coincidence with reported GRBs
done in IceCube.
Recent observations imply a common physical origin
of long GRBs and core-collapse supernovae (CCSNe):
a massive stellar explosion (see Woosley and Bloom
[2006] for a review). According to the collapsar model
[MacFadyen and Woosley 1999], long GRBs (duration
& 2 s) have their origin in the collapse of a massive,
rapidly rotating star into a black hole surrounded by
an accretion disk. Relativistic jets with Lorentz boost
factors of 100-1000 form along the stellar axis. This
GRB-SN connection gives rise to the idea that GRBs

and SNe might have the jet signature in common and
a certain fraction of core-collapse SNe host soft relativistic jets. SN jets are suggested to be equally energetic and more baryon-rich, hence they are only mildly
relativistic. Such soft relativistic jets would become
stalled in the outer layers of the progenitor star, leading to essentially full absorption of the electromagnetic radiation emitted by the jet and at the same
time an efficient production of high-energy neutrinos
[Razzaque et al. 2005, Ando and Beacom 2005]. This
motivates a search for neutrino emission from SNe,
as neutrinos would be able to escape from within the
star. Ando and Beacom [2005] present a detailed calculation of the expected neutrino flux.
A dedicated search for a neutrino signal in coincidence
with the observed X-ray flash of SN 2008D has been
conducted by IceCube [Abbasi et al. 2011a] in order
to test the soft jet scenario for CCSNe. Early SN detections, as in the case of SN 2008D, are very rare
since X-ray telescopes have a limited field of view.
However, neutrino telescopes cover half of the sky
with high sensitivity at any time. If neutrinos produced in soft relativistic SN jets are detected in real
time, they can be used to trigger follow-up observations [Kowalski and Mohr 2007]. This is realized with
an online analysis of neutrino data combined with an
optical follow-up. This optical follow-up program is
independent of satellite detections and thus complementary to the triggered searches mentioned above.
It is sensitive to transient objects, which are either
γ-dark or missed by γ-ray satellites. In addition to a
gain in significance, the optical observations may allow to identify the transient neutrino source, be it a
SN, GRB or any other transient phenomenon producing an optical signal. Hence it enables us to test the
plausible hypothesis of a soft relativistic SN jet and
sheds light on the connection between GRBs, SNe and
relativistic jets.
While up to now the triggered search is performed
offline on an entire dataset (∼ 1 year of data) with
time consuming reconstructions on a large computer
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3. Triggered Offline Analysis
The offline analysis is triggered by satellite detections. It looks for neutrinos coincident in space and
time with the observed γ-radiation.

3.1. The GRB sample
During the IC59 data taking period, 105 GRBs were
observed in the northern sky and reported via the
GRB Coordinates Network (GCN1 ). Of those GRBs
9 had to be removed, because IceCube was not taking physics data. The GRB localization is taken from
the satellite that has the smallest reported error. The
start (Tstart ) and stop (Tstop ) times are taken by
finding the earliest and latest time reported for γemission. The fluence, and γ-ray spectral parameters

1 http://gcn.gsfc.nasa.gov
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The IceCube neutrino telescope [Achterberg et al.
2006] has been under construction at the geographic
South Pole since 2004 and was completed in the
Antarctic summer of 2010/11. It is capable of detecting high energy neutrinos with energies of O(100)GeV
and is most sensitive to muon neutrinos with energies
in the TeV range and above. High-energy muon neutrinos undergoing charged current interactions in the
ice or the underlying rock produce muons in neutrinonucleon interactions. The muon travels in a direction
close to that of the neutrino and emits Cherenkov
light. The deep ultra clear Antarctic ice is instrumented with light sensors thus forming a Cherenkov
particle detector. After its completion it comprises
a volume of 1 km3 with 5160 digital optical modules (DOMs) attached to 86 vertical strings at a
depth of 1450 m to 2450 m. Each DOM consists of
a 25 cm diameter Hamamatsu photomultiplier tube
(PMT) and supporting hardware inside a glass pressure sphere. Here we present the offline analysis of
data taken with the 40-string detector configuration
(2008/04/05 to 2009/05/20) and the 59-string configuration (2009/05/20 to 2010/05/25) as well as the
online analysis of the data taken from the start of the
follow-up program on 2008/12/16 to 2009/12/31. In
the following the deployment stages will be referred
to as IC40 and IC59.





E

2. The IceCube Detector

]

cluster, the optical telescopes have to be triggered in
real time and thus require an online analysis of the
neutrino data.
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Figure 1: Neutrino spectra of the GRBs used in the
triggered offline analysis. The thin lines represent the
individual bursts while the solid thick line represents the
sum of all bursts. Finally, the dashed line shows the
Waxman [2003] prediction normalized to the number of
GRBs observed.

are taken preferentially from Fermi (GBM), KonusWind, Suzaku WAM, and Swift in this order. The
γ-ray spectra reported by the satellites were used to
calculate the neutrino spectra and flux as outlined in
Appendix A of Guetta et al. [2004]. GCN does not
always report values for all of the parameters used in
the neutrino spectrum calculation. In that case average values from Abbasi et al. [2011b] are used for the
parameters not measured by the satellites.

3.2. Offline Event Selection
The analysis presented here was designed to be
sensitive to neutrino production from pγ interactions in the prompt phase of the fireball. To separate signal from background a Boosted Decision
Tree [Hoecker et al. 2007] was trained. The analysis
was then optimized for discovery with respect to the
Boosted Decision Tree score. The optimized value resulted in a final data sample of 85% atmospheric neutrinos and 15% miss-reconstructed cosmic ray muons
in the off time data sample (any events not within
±2 hours of a GRB). An unbinned maximum likelihood search [Abbasi et al. 2010] was performed and
each event passing the boosted decision tree cut was
assigned a probability of being a signal event from a
GRB or a background event.

3.3. Results from triggered offline
analysis
No events were found in the on-time data to be
on-source (within 10◦ of a GRB) and on time with
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4.1. Online Event Selection

Figure 2: The combined limit of the IC40+59 analysis is
shown in addition to the flux predictions from
Guetta et al. [2004] and Waxman [2003].

a GRB in the IC59 data set. In total 24 background events (not necessarily on source) were expected to be in the total time window and 21 were
observed (none on-source). From the Guetta et al.
[2004] model 5.8 signal events were predicted and a
final upper limit of 0.46 times the predicted flux can
be set. This limit includes a 6% systematic uncertainty. The corresponding model dependent result
presented in a previous analysis [Abbasi et al. 2011b]
sets a limit of 0.82 of the model flux. Combining both
results in a limit of 0.22 times the flux calculated according to Guetta et al. [2004]. This result implies
that the model in question is strongly disfavored. The
caveat is that certain parameters in the model, such
as the bulk Lorentz factor Γ, are not (or only rarely)
measured and therefore theoretically calculated values
with large uncertainties are used. A lower limit on the
Lorentz factor is established by pair production arguments [Guetta et al. 2004], but the upper limit is less
clear. Recent papers [Bregeon et al. 2011, Liang et al.
2010, Soderberg and Ramirez-Ruiz 2003] suggest that
Γ can take values of up to 1000 (316 was used in this
analysis), but it is questionable whether this is valid
for a large fraction of GRBs. Whether the uncertainties on other parameters can account for the strict
upper limit is currently being investigated.

4. Online Analysis - Optical Follow-Up
Program

The online analysis triggers a network of optical
telescopes by the detection of neutrino bursts (at least
two neutrinos in a 100 s time window and an angular difference between their reconstructed directions
of less than 4◦ ).

In order to rapidly trigger optical telescopes the first
online analysis of high-energy neutrinos detected by
IceCube was developed and implemented. The online analysis presented here was designed to be sensitive to neutrino production in soft relativistic SN
jets. Straight cuts are applied in order to separate
signal from background events. Restricting the search
to the Northern hemisphere and imposing requirements on the event reconstruction quality (e.g. the
number of hits with small time residual or the likelihood of the reconstruction) allows a suppression of
the mis-reconstructed muon background. To suppress
the background of atmospheric neutrinos, which we
cannot distinguish from the soft SN neutrino spectrum, we require the detection of at least two events
within 100 s and an angular difference between their
two reconstructed directions of ∆Ψ ≤ 4◦ . The choice
of the time window size is motivated by the observed
γ-ray emission from long GRBs (typically 50 s), which
roughly corresponds to the time for a highly relativistic jet to penetrate the stellar envelope. The angular
window ∆Ψ is determined by the angular resolution
of IceCube and was optimized along with the other selection parameters. The final set of selection cuts has
been optimized in order to reach a multiplet rate of
∼ 25 per year corresponding to the maximal number
of alerts accepted by ROTSE. The final data stream
consists of 37% (70%) atmospheric neutrinos for IC40
(IC59). Combining the neutrino measurement with
the optical measurement allows the cuts to be relaxed
yielding a larger background contamination and at the
same time a higher signal passing rate. A doublet is
not significant by itself, but may become significant
when the optical information is added. The resolution of the doublet direction is ∼ 0.8◦ .

4.2. Search for Optical Counterparts
The IceCube multiplet alerts are forwarded to the
robotic optical transient search experiment (ROTSE),
which consists of four identical telescopes each with
a 45 cm mirrow located in Australia, Texas, Namibia
and Turkey [Akerlof et al. 2003]. The telescopes stand
out because of their large field of view of 1.85◦ × 1.85◦
and a rapid response. Once an IceCube alert is received by one of the telescopes, the corresponding region of the night sky will be observed within seconds.
Follow-up observations are performed regularly for 3
weeks. In the initial phase with IC40 and IC59, the
online processing latency of several hours made the
search for an optical GRB afterglow unfeasible. We
therefore focus on the SN light curve detection in the
ROTSE data.
Image subtraction followed by a detection algorithm
to identify transient source candidates are applied to
find an optical counterpart.
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Figure 3: Limits on the choked jet SN model
[Ando and Beacom 2005] for different boost Lorentz
factors Γ as a function of the rate of SNe with jets ρ and
the jet energy Ejet (colored regions are excluded at 90%
CL). Horizontal dashed lines indicate a fraction of SNe
with jets of 100%, 10% or 1%.

boost Lorentz factors Γ = 6, 8, 10 as a function of the
rate of SNe with jets ρ and the jet energy Ejet . Systematic errors related to the simulated neutrino sensitivity and the SN sensitivity are included in the limit
calculation. The 90% confidence regions for each Γvalue are displayed in the Ejet -ρ-plane in Fig. 3. The
most stringent limit can be set for high Γ-factors. A
sub-population fo SN with typical values of Γ = 10
and Ejet = 3 · 1051 erg does not exceed 4.2% (at 90%
confidence). This is the first limit on CCSN jets using
neutrino information.
Because of the successful operation of the optical
follow-up program with ROTSE, the program was extended in August 2010 to the Palomar Transient Factory [Rau et al. 2009], which will provide deeper images and a fast processing pipeline including a spectroscopic follow-up of interesting SN candidates. Furthermore, an X-ray follow-up by the Swift satellite of
the most significant multiplets has been set up and
started operations in February 2011.

4.3. Results of the Optical Follow-up
Program
Here the results from the analysis of data taking
in the period of 2008/12/16 to 2009/12/31 are presented. Table I shows the number of detected and
expected doublets and triplets for the IC40 and the
IC59 datasets as well as the number of detected and
expected optical SN counterparts. The IceCube expectation based on a background only hypothesis was
obtained from scrambled datasets. The number of
doublets shows a small excess, which corresponds to
a 2.1 σ effect and is thus not statistically significant.
The expected number of randomly coincident SN debg
tections, NSN
= 0.074, is based on an assumed corecollapse SN rate of 1 per year within a sphere of radius 10 Mpc, i.e. 2.4 · 10−4 y−1 Mpc−3 , and a Gaussian absolute magnitude distribution with mean of
−18 mag and standard deviation of 1 mag for CCSN
[Richardson et al. 2006]. No optical SN counterpart
was found in the data.
We obtain the confidence level for different combinations of SN model parameters [Ando and Beacom
2005] by using a pre-defined test statistic based on a
likelihood function. The limit is calculated for the jet

Table I Measured and Expected Multiplets
SN

Doublets
Triplets
IC40 IC59 IC40 IC59
measured 0
15
19
0
0
expected 0.074 8.55 15.66 0.0028 0.0040
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Employing the 12 NaI detectors in the Fermi GBM, the Earth Occultation Technique (EOT) can
be used to measure the fluxes of x-ray and gamma-ray sources. Each time a source passes behind the
Earth (or emerges from behind the Earth), a step-like feature is produced in the detector count rate.
With a predefined catalog of source positions, the times of the occultation steps can be calculated,
the individual steps fit, and the fluxes derived. However, in order to find new sources and generate a
complete catalog, a method is needed for generating an image of the sky. An imaging algorithm has
been developed to generate all-sky images using the GBM data. Here we present imaging results
from ∼ 2.5 years of data in the 12-25 keV and 100-300 keV energy bands.

I.

INTRODUCTION

The hard x-ray/soft gamma-ray sky is extremely
variable, and so the ability to continually monitor the
sky at these energies is important. Especially above
∼200 keV, imaging with the wide-field coded aperture
technique is difficult [1] so other detection techniques
are required. With these two considerations in mind,
the Earth Occultation Technique (EOT) [2, 3] applied
12 NaI detectors from the Gamma-ray Burst Monitor
(GBM) onboard Fermi is used to provide a the large
field of view for continuous observations of the sky
at energies 12-1000 keV. EOT has been used successfully to study sources over this range of energies with
the Burst and Transient Source Experiment (BATSE)
on the Compton Gamma Ray Observatory (CGRO)
[2, 3] and with GBM [4–6]. Because EOT requires an
input catalog of source positions to monitor sources, a
new imaging approach is employed to discover sources
not in the catalog. The imaging algorithm that has
been developed is a tomographic method that uses
projections of the sky over the course of the orbital
precession period of the satellite ( ∼ 53 days) to generate an image. Results presented here include all-sky
images for ∼ 2.5 years of GBM data for the 12-25 keV
and 100-300 keV broad CTIME energy bands and a
table of sources that have been added to the EOT
input catalog based on the imaging results.
II.

EARTH OCCULTATION TECHNIQUE

As demonstrated with BATSE, monitoring known
hard x-ray/soft gamma-ray sources is possible with

simple non-imaging detectors with EOT. The count
rate in a detector viewing the source decreases like a
step function every time a source is occulted by the
Earth. A similar feature, but with opposite polarity,
occurs in the detector count rates when the source
comes out of occultation. Occultation times can be
predicted using the coordinates of the source and the
spacecraft positions. The occultation time is defined
to be the time at which the transmission through the
atmosphere is 50% at 100 keV. In calculating a flux for
the source of interest, a 4-minute window of 0.256-sec
CTIME count-rate data, centered on the calculated
occultation time, is fit to a quadratic background plus
a source model for each source that occults during
the window. The source model is constructed from
combining an assumed source spectrum with an atmospheric transmission model convolved with the detector response. For each energy channel, a scale factor
is derived from the fit to the data and averaged over
the detectors viewing the source. The weighted average scale factor for the source of interest is multiplied
by the model flux to determine the final flux [4, 6].

III.

EARTH OCCULTATION IMAGING

Since EOT requires an input catalog with predetermined source positions, another method is needed to
search for sources absent from the input catalog. An
imaging method conceptually similar to x-ray computed tomography used in medical imaging has been
developed. When a source occults, the Earth’s limb
can be projected onto the sky resulting in a “slice”
on the sky over which counts are integrated. During
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the orbital precession of the spacecraft (∼ 53 days
for Fermi ), the angle between the source position and
the plane of the satellite orbit changes. Thus over the
course of an orbital precession period a range of projections are sampled. The projections from rising and
setting occultation steps can be combined to generate
an image of the sky and localize a source. The angular
resolution of this method is limited by the finite time
required to go from full transmission to full attenuation for a source. The duration of a step for a source
occulting in the plane of the satellite’s orbit is ∼ 8
seconds. As the angle between the orbital plane and
the source increases, the duration of the occultation
step increases by ∼ 1/ cos(β), where β is the elevation
angle between the source and the orbital plane of the
satellite. The angular resolution is 360◦ ×∆t/P , where
∆t is the occultation duration and P is the satellite’s
orbital period ( ∼ 96 minutes). The angular resolution
ranges from ∼ 0.5◦ at β = 0◦ to ∼ 1.25◦ at β = 66◦ .
When β > 66◦ , occultation no longer occur.
Instead of a catalog of known source positions, our
imaging technique starts with a catalog of virtual
sources covering te sky with spacing of ∼ 0.25◦ , resulting in a catalog of ∼ 660,000 positions on the sky.
With these virtual source positions and the spacecraft
position history, occultation times can be predicted.
A 4-minute window of GBM CTIME counts data centered on each occultation time is selected for the detectors that view the step at less that 75◦ from the
detector normal. A first-order response correction is
applied to the data from these detectors. To be able to
sum rise and set steps together, occultation windows
for rise steps are converted to set steps by rotating
the data about the occultation time at the center of
the window. A weighted average of all the windows
for a virtual source is calculated for an orbital precession period. The averaged window is rebinned from
the standard CTIME resolution of 0.256 seconds to
2.048-second resolution, then passed through a differential filter of the form
Pj=i+fa +fb
oi =

j=i+fa

rj −
fb

Pj=i−fa −fb
j=i−fa

rj

,

where rj is the number of counts in bin j, fa is the
inner boundary of the filter, and fb is the outer boundary [7]. The values of fa and fb used here are 3 bins
and 8 bins, respectively. The differential filter generates a dip at the occultation time while smoothing
background features, where the amplitude of the dip
is related to the intensity of the source. To calculate
the amplitude, the window is fit in two sections. Bins
within ±(2fa + fb ) of the occultation time are fit to a
polynomial. The outer portions of the window are fit
with a spline function and joined by a straight line.
The amplitude of the virtual source is found by taking
the difference between the two fits at the occultation
time.

FIG. 1: Top: Averaged window for 1 day for Sco X-1.
Bottom: The filtered data with the central portion fit to a
polynomial (green), and the outer background portion fit
to a spline function (red).

The top panel in Figure 1 shows the averaged occultation window for one day for a point at the location
of Sco X-1. The bottom panel shows the filtered window with the polynomial fit in green and the spline
fit in red. The dashed lines are the boundaries for the
polynomial fit.
A.

Systematic Effects

Four systematic effects are explicitly taken into account in the processing: 1) high-spin rate data, 2)
South Atlantic Analomy (SAA) passes, 3) source confusion with bright sources, and 4) virtual sources in
which the rise and set steps of a bright source dominate the spline background fit. The first two effects
are removed by making cuts on the data to remove
times when those issues are present. High spin rate
effects occur when the spacecraft slews, which leads
to a rapidly varying background during the 4-minute
window. The SAA pass effect comes from activation
in the detectors during passes through the SAA and
results in large spikes in the data, which again leads
to a rapidly varying background.
The last two systematic effects are caused by bright
sources. The issue of source confusion arises from the
ambiguity of where along the Earth’s limb the measured flux originates. Since the GBM detectors have
no direct imaging capability, the flux for an occultation time can be attributed to anywhere on the sky
along the Earth’s limb. Consequently, bright sources
(e.g. Crab, Cyg X-1, Sco X-1) cause “X” patterns
that can extend for tens of degrees. These “arms”
make it difficult to determine the presence of fainter
sources as they overwhelm any flux that comes from
possible faint sources. To mitigate the effects of source
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confusion, an algorithm has been developed to ignore
occultation windows for virtual sources when bright
sources occult close in time ( < 11 seconds) but far
away on the sky.
The final systematic effect involves virtual sources
at roughly the same declination of a bright source and
a few degrees away in right ascension. The results
of the fits are large negative amplitudes for virtual
sources. The virtual source is close enough on the
sky to the bright source so that both rise and set occultation steps for the bright source occur inside the
4-minute window, but the two sources are far enough
away such that when the window is filtered, the rise
steps and the set steps of the bright source remain separated. Consequently, the steps from the bright source
are treated as the background level, which causes the
calculated amplitude of the virtual source to be extremely negative as the background level is larger then
the source at the occultation time. To reduce this issue the fit boundaries are shifted towards the occultation time at the center of the window and reduce the
effect of the bright source on the background fit.
Figure 2 demonstrates this problem by using a
source close to the Crab (α = 83.63◦ , δ = 22.02◦ )
at α = 80.75◦ , δ = 22.0◦ for a precession period. The
top panel in Figure 2 shows the rise and set occultation steps for the Crab, roughly at bin 35 and bin 75.
The bottom panel shows how the filtered Crab steps
misrepresent the background and thus the calculated
amplitude of the virtual source.

IV.

3
RESULTS

This imaging algorithm has been applied to 17 precession periods of data, ∼ 2.5 years, to generate allTABLE I: Sources found with Earth Occultation Imaging
Source Name
Flux (mCrab) Significance
3A 1822-371
38.7
26.1
3C 273
16.0
16.8
LMC X-3
16.5
14.0
NGC 3227
11.1
13.4
NGC 5506
12.0
12.7
IC 4329A
9.8
10.9
IGR J21247+5058
13.1
10.7
NGC 5252
9.8
10.7
Coma Cluster
9.6
10.7

sky images in the 12-25 keV and 100-300 keV energy
bands. The data cover August 12, 2008 to February 12, 2011. Figure 3 and Figure 4 show the 12-25
keV and 100-300 keV images, respectively. These are
significance maps with green contours at 3.3, 5, 10,
and 20σ. The sources in red denote sources previously in the GBM EOT input catalog, while those in
blue denote sources added to the input catalog based
on the imaging analysis. These sources were identified through cross-correlating features in the maps
with sources in the Swift/BAT, INTEGRAL/SPI, and
Fermi /LAT catalogs, which were then analyzed with
EOT. A source is added to the input catalog if the 1250 keV significance from EOT is at least 10σ. Table
1 lists the sources found, their flux in the 12-50 keV
band, and their statistical significance.

Acknowledgments

FIG. 2: Top: Averaged window for 1 day for the Crab.
Bottom: The filtered data with the central portion fit to a
polynomial (green), and the outer background portion fit
to a spline function (red).
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FIG. 3: All-sky image in the 12-25 keV band for August 12, 2008 to February 12, 2011

FIG. 4: All-sky image in the 100-300 keV band for August 12, 2008 to February 12, 2011
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The Fermi Large Area Telescope (LAT) has made the first definitive GeV detections of the binaries LS I +61◦ 303
and LS 5039 in the first year after its launch in August 2008. These detections were unambiguous because,
apart from a reduced positional uncertainty, the γ-ray emission in each case was orbitally modulated with the
corresponding orbital period. The LAT results posed new questions about the nature of these objects, after the
unexpected observation of an exponential cutoff in the GeV γ-ray spectra of both LS I +61◦ 303 and LS 5039,
at least along part of their orbital motion. We present here the analysis of new data from the LAT, comprising
2.5 years of observations through which LS I +61◦ 303 continues to provide some surprises. We find a sudden
increase in flux in March 2009 and a steady decrease in the flux fraction modulation. The LAT now detects
emission up to 30 GeV, where prior datasets led to upper limits only. At the same time, contemporaneous TeV
observations either no longer detected the source, or found it -at least in some orbits- close to periastron, far
from the usual phases in which the source usually appeared at TeV energies. The on-source exposure of LS 5039
has also drastically increased along the last years, and whilst our analysis shows no new behavior in comparison
with our earlier report, the higher statistics of the current dataset allows for a deeper investigation of its orbital
and spectral evolution.

1. Introduction
To date there are only five X-ray binaries that
have been detected at high (HE; 0.1-100 GeV) or
very high-energies (VHE; >100 GeV): LS I +61◦ 303
[1, 2, 3]; LS 5039 [4, 5], PSR B1259-63 [6], Cyg X3 [7], and Cyg X-1 [8, 9]. Of these sources, only
LS I +61◦303 and LS 5039 exhibit a non-transient behavior at high-energies and consequently, have been
detected as persistent, albeit variable, sources of γ-ray
emission. They also share the property of being (together with PSR B1259-63, see [10]) sources detected
at both GeV and TeV energies. The other systems
mentioned have been unambiguously detected only in
one band, either at GeV or at TeV.
The early LAT reports of GeV emission from
LS 5039 and LS I +61◦ 303 were based upon 6–9
months of survey observations [3, 5]. Both sources
were detected at high significance and were unambiguously identified with the binaries by their flux modulation at the corresponding orbital periods, 26.4960 for
LS I +61◦303 [11] and 3.90603 days for LS 5039 [12].
The modulation patterns were consistent with expectations from inverse Compton scattering models, and
were anti-correlated in phase with pre-existing TeV
measurements (e.g., [13, 14]). The anti-correlation of
GeV–TeV fluxes is in fact a generic feature embedded
in inverse Compton models describing the TeV fluxes,
where the GeV emission is enhanced (reduced) when
the highly relativistic electrons seen by the observer
encounter the seed photons head-on (rear-on); (e.g.,
[15, 16]). Fermi measurements provided a generic confirmation for these inverse Compton models.
Both sources presented exponential cutoffs in their
high-energy spectra, at least along part of the orbit.

To be precise, an exponential cutoff was a better fit
to the SED –as compared with a pure power-law– in
phases surrounding the inferior conjunction (INFC)
of LS 5039, and when taking into account the average spectrum of LS I +61◦ 303 along its whole orbit.
Statistical limitations with the used amount of data
prevented the determination or the ruling out of an exponential cutoff in any orbital cut of LS I +61◦303 or
in the superior conjunction (SUPC) of LS 5039. The
spectral energy distributions with the exponential cutoffs that were reported were reminiscent of the many
pulsars the LAT has discovered since launch [17], although this was far from a proof of an LS 5039 or
LS I +61◦ 303 pulsar nature. No pulsations has been
found at GeV energies.
In this work we present the results of the analysis of 2.5 years of LAT survey observations of both
LS I +61◦ 303 and LS 5039. We investigate any longterm flux variations of the sources and explore too the
possible spectral variability for both systems. We expect that our analysis will constrain future theoretical
studies on these interesting objects.

2. Observations and data reduction
The Fermi Gamma-ray Space Telescope, launched
on 2008 June 11, carries onboard the Large Area
Telescope (LAT). The LAT is an electron-positron
pair production telescope, featuring solid state silicon trackers and cesium iodide calorimeters, sensitive
to photons from ∼20 MeV to >300 GeV [18]. It has
a large field of view with ∼2.4 sr (at 1 GeV) and an
effective area of ∼8000 cm2 for >1 GeV.
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The Fermi survey mode operations began on 2008
August 4. The full dataset used for this analysis spans 2008 August 4, through 2010 December
4. The data were reduced and analyzed using the
Fermi Science Tools v9r20 package.1 The standard
onboard filtering, event reconstruction, and classification were applied to the data [18]. The highquality “diffuse” event class was used. Throughout
the analysis the “Pass 6 v3 Diffuse” instrument response functions (IRFs) were applied. Where required in the analysis, models for the Galactic diffuse
emission (gll iem v02.fit ) and isotropic backgrounds
(isotropic iem v02.txt ) were used.2
The binned maximum-likelihood method of gtlike,
which is part of the ScienceTools, was applied to determine the intensities and spectral parameters presented in this paper. We used all photons with energy
>100 MeV in a circular region of interest (ROI) of 10◦
radius centered at the position of LS I +61◦303 and
LS 5039, respectively. For source modeling, the 1FGL
catalog [19], derived from 11 months of survey data,
was taken.

3. LS 5039 Results
LS 5039 is located in a complicated region toward
the inner Galaxy with high Galactic diffuse emission
and many gamma-ray sources. In an earlier publication about this source [5] we derived that a power
law plus an exponential cutoff describes best the data.
The photon index was Γ = 1.9 ± 0.1stat ± 0.3syst ;
the 100 –300 GeV flux was (4.9 ± 0.5stat ± 1.8syst ) ×
10−7 ph cm−2 s−1 and the cutoff energy was found to
be 2.1 ± 0.3stat ± 1.1syst GeV.
Firstly, we analyzed the orbitally-averaged data of
LS 5039. As spectral models for LS 5039, we used a
power law as well as a power law with an exponential cutoff, and compared likelihood obtained to test
the significance of a spectral cutoff. The likelihood ratio between the power-law and cutoff power-law cases
clearly indicates that the power-law assumption is rejected.
Spectral points at each energy band were obtained
by dividing the data set into each energy bin and performing maximum likelihood fits for each of them. Resulting spectral energy distribution (SED) is plotted
in Figure 1.
Following the H.E.S.S. analysis by [14] and our previous analysis, the whole data set was divided into

1 See
the Fermi Space
Science
Centre
(FSSC)
website
for
details
of
the
Science
Tools:
http://fermi.gsfc.nasa.gov/ssc/data/analysis/
2 Descriptions of the models are available from the FSSC:
http://fermi.gsfc.nasa.gov/ssc

two orbital intervals: superior conjunction (SUPC;
φ < 0.45 and 0.9 < φ) and inferior conjunction (INFC;
0.45 < φ < 0.9). The SUPC and INFC data were analyzed in the same way as the orbitally averaged data.
Being consistent with our previous paper, the powerlaw assumption for the SUPC spectrum is rejected.
Although a single power law was not rejected for INFC
in our previous analysis using 10-month data, a cutoff
power law is preferred also for INFC with the present
data set. The corresponding SED is shown in Figure 1.

4. LS I +61◦ 303 Results
LS I +61◦ 303 is one of the brightest sources in the
γ-ray sky and towers above other emitters in its neighborhood. This has allowed us to clearly detect, in
March 2009, a ∼30% increase on the average flux. We
graphically show the flux change in Figure 2, by plotting the folded lightcurves before and after the found
transition in March 2009. Before the transition, the
modulation was clearly seen and is compatible with
the already published phasogram, whereas afterwards,
the modulation gets fainter. Note that the datasets
corresponding to the reported results [3] and what we
here referred to as before the flux change span almost
exactly the same time range, with the consequence of
our current analysis essentially reproducing the one
previously published[3]. The spectra derived before
and after this flux change are also shown in Figure 2,
where the increase in flux is obvious.

4.1. The multi-wavelength context
LS I +61◦ 303 has also been monitored with the
RXTE–Proportional Counter Array (PCA) and folded
lightcurves were produced. In the left panel of Figure
3, we show a direct comparison between the phasograms in X-ray and in γ-rays, with simultaneously
taken data. We divide the whole LAT dataset into
4 periods of 6 months each and compare them with
correspondingly obtained PCA X-ray data. The division in periods of 6-months is justified in order to
have enough statistics in γ-rays for each individual
time bin, and such that orbit-to-orbit X-ray variability does not dominate the flux fraction changes. It
is apparent that the X-ray modulation is always visible in each of these five panels, albeit with variable
amplitude of flux modulation. Instead, at GeV energies, the LAT data indicates that the modulation fades
away until the variability along the orbit is barely visible in the last 6 months of our data. In Figure 4 we
show the average γ- and X-ray fluxes fitted in each of
the periods considered. The X-ray flux is increasing,
whereas the γ-ray flux seems to decrease again after
the flux change in March 2009.
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Figure 1: Left: The overall spectrum of LS 5039 over 2.5 years of data are shown in red. Also, very high-energy data
points from H.E.S.S. are plotted, but one has to keep in mind that they are not simultaneous. The gray filled points
correspond to inferior conjunction of the system and the open ones to superior conjunction. Right: Spectra for inferior
(red) and superior (blue) conjunction of the system. Note that all plots are preliminary.
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Figure 2: Left: Folded lightcurve of LS I +61◦ 303 before the flux change (blue), when the modulation is still clearly
visible. Middle: Folded lightcurve after the flux change in March 2009 (red) when the modulation becomes less
pronounced. The modulation gets fainter. Right: Comparison of the spectra derived before (blue) and after (red) the
flux change in March 2009. Note that all plots are preliminary.

5. Summary
After two years of continuous data taking of the
two binary systems LS 5039 and LS I +61◦ 303 we confirm that their energy spectra are best described by
a power law function with an exponential cutoff. For
LS 5039 , in comparison with earlier publications of
this source, with larger data set at hand we can extend the observed spectrum to higher energies. No
significant emission of LS I +61◦ 303 above 30 GeV
has been detected with the F ermi-LAT yet. Furthermore, in the case of LS I +61◦ 303 variable modulation

in the folded light curves was observed. Before a flux
change in March 2009, the modulation was clearly visible, whereas afterward it faints away. This behavior
was not predicted by any theoretical model so far and
has to be investigated further.
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Figure 3: Comparison between the γ-ray (blue) and the
X-ray (gray) data of LS I +61◦ 303 . For each of the 4
separate 6-months periods, the 3-10 keV (gray) and the
100 MeV-300 GeV (blue) folded lightcurves are shown.
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We have searched for millisecond pulsars (MSPs) in two globular clusters detected by the Fermi Large Area
Telescope. These clusters contained no known MSPs prior to their detections in γ-rays. The discovery of γ-ray
emission from many MSPs and the prevalence of MSPs in globular clusters points to a population of MSPs as
the likely source of the detected GeV emission, directing our search for new cluster MSPs. We observed NGC
6652 and NGC 6388 at 2 GHz with the Green Bank Ultimate Pulsar Processing Instrument pulsar backend at
the Green Bank Telescope using the coherent dedispersion mode. We have discovered one MSP in the γ-ray
error circle of NGC 6652. This pulsar is interesting because, while positionally coincident with the GC, it has
a much lower dispersion measure than expected from the NE2001 galactic free electron density model. It is
unclear whether the MSP is a foreground pulsar or a cluster member, and whether the pulsar, cluster, or both,
is responsible for the γ-ray emission. Timing the MSP will give the pulsar position and a solid identification of
the pulsar as a cluster member if it is within a few core radii of the cluster center, as well as the opportunity to
search for γ-ray pulsations and determine the origin of the GeV emission.

1. INTRODUCTION
Globular clusters (GCs) contain orders of magnitude more low-mass X-ray binaries (LMXBs) and recycled millisecond pulsars (MSPs) per unit mass than
the Galactic disk [7]. The high stellar densities in
GCs lead to high probabilities for stellar interactions
in these systems, through which binaries form and
subsequently evolve. GCs are the most likely hosts
of exotic binary systems, like MSP-main sequence binaries, highly eccentric binaries [17], and MSP-black
hole binaries, which would not form via normal stellar evolution in the disk. Additionally, one can learn
about cluster dynamics and gas content, as well as
MSP formation and evolution (due to the high statistics), through the study of cluster pulsars.
The Fermi Gamma-ray Space Telescope Large Area
Telescope (LAT) [6] has detected 18 previously known
field MSPs at energies > 100 MeV. Like normal pulsars [4], all display a spectrum consistent with an
exponentially cutoff power law, with cutoff energy
Ec ∼ few GeV [2]. Radio searches of unidentified
Fermi sources with pulsar-like spectra have led to recent discoveries of 35 new MSPs (e.g. [18]).
While individual γ-ray MSPs would only be detectable in nearby GCs or under special circumstances, a whole population of MSPs is detectable at
typical GC distances by the LAT [20]. Fifteen GCs
have been detected by the LAT thus far [12] [3] [19] [5],
and those with the largest number of known MSPs, 47
Tucanae [1] and Terzan 5, are the brightest of all clusters detected at GeV energies. About half the GCs
have spectra consistent with that of an ensemble of
MSPs [20].

Nine of the LAT-detected GCs contain no known
MSPs. As the LAT has provided targets to search for
MSPs in the field, we expect it is pointing us to clusters that host MSPs but have remained undetected.
Many of these clusters are quite distant, of order 10
kpc away, and/or are located farther south than is
accessible by the Green Bank and Arecibo telescopes,
whose sensitivities are required to detect MSPs at such
distances. We chose to search for MSPs in two clusters, NGC 6388 and NGC 6652, with the Green Bank
Ultimate Pulsar Processing Instrument (GUPPI) pulsar backend at the Green Bank Telescope (GBT).
GUPPI is ∼ twice as sensitive as SPIGOT, the previous pulsar backend at the GBT, so may provide the
extra sensitivity needed to detect pulsars that were
not detectable in past searches.

2. TARGETED CLUSTERS
The clusters we searched, NGC 6388 and NGC
6652, were chosen primarily because of their high significance at GeV energies. They are very distant, at
∼ 11.6 and 9 kpc respectively [3]. The dispersion measures (DM) of NGC 6388 and NGC 6652 are respectively DM ∼ 345 and 196 cm−3 pc, according to the
NE2001 model of galactic free electrons [8]. Typical
predicted errors on the NE2001 DM estimates are up
to ∼ 50% for individual sources, though in some cases
the error can be larger (up to >
∼ 100%). At such large
DMs, scattering is significant, and searching at a moderately high frequency with coherent de-dispersion is
the best recipe to reduce scattering.
The GeV emission coincident with NGC 6388 has
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a hard power law spectrum (Γ ∼ 1.1) with a clear
cutoff at ∼ 1.8 GeV [3], consistent with the combined
spectrum from an ensemble of γ-ray MSPs [20]. This
cluster is the most compact GC known [10], and therefore has the highest stellar encounter rate. Chandra
observations show ∼ 60 sources within its half-mass
radius, many of which are LMXBs [14]. It is therefore
expected that many MSPs reside in this cluster, and
only its distance has prevented their detection.
NGC 6652 is firmly detected by the LAT, but no
spectral cutoff was measured by [3]. Its power law
spectrum is hard, with a photon index ∼ 1. While
this cluster is not very compact, it contains 3 faint Xray sources and a LMXB [11], suggesting that MSPs
likely exist in this cluster.

3. OBSERVATIONS AND SEARCHES

We observed both GCs at S-band (2 GHz) with
the GUPPI backend on the GBT between 2010 Oct
19 and 2011 May 6. The data have 800 MHz bandwidth and 40.96 µs time resolution. The observations
were performed in coherent search mode (e.g. [13]), in
which the incoming data are dedispersed in real time
at a pre-determined DM to minimize pulse broadening. Each of the 2048 frequency channels across the
800 MHz of bandwidth were coherently dedispersed at
the predicted DMs for the clusters. The channels were
then combined in a standard incoherent summation
over a wide variety of search DMs. As the coherent
dedispersion search mode on GUPPI has only been
available for the past few years, these are some of the
first coherent searches that have been attempted.
These clusters are located at low declinations, and
between observatory scheduling constraints and the
physical constraints of the telescope, it was possible to
observe them for only ≤ 3 hr. NGC 6388 was observed
8 times, with individual observations lasting between
1.5 and 2.5 hr. NGC 6652 was observed 6 times for 2–
3 hr each. The integration times limit our sensitivity
to ∼ 20 µJy for NGC 6388 and ∼ 18 µJy for NGC
6652, for the longest observations.
All datasets, except one short observation of each
cluster, have been searched at the time of writing.
The full data sets were processed with PRESTO [15],
which we used to dedisperse the time series at ∼ 5000
DMs between 0 and 800 cm−3 pc and to perform acceleration searches [16] required to detect most MSPs in
binary orbits. We searched the full integrations with
the acceleration search parameter zmax = 200. Additional searches of shorter integration times and higher
zmax values are underway.

4. DISCOVERY OF A MSP COINCIDENT
WITH NGC 6652
Out of these searches has come the discovery of one
new MSP thus far, PSR J1839−3259. The discovery
plot of this new pulsar is shown in Figure 1. The
pulsar period is ∼ 3.89 ms, and is clearly accelerated;
initial timing efforts suggest an orbital period of 1–
2 days. Out of 6 observations, in only one is it not
detected, perhaps due to an eclipse.
This pulsar’s DM is 63.35 cm−3 pc, much lower than
the 196 cm−3 pc predicted in NE2001 [8]. This leads
us to question its association with NGC 6652. Judging from a SkyView1 image, the cluster’s angular diameter appears to be ∼ 2.2 arcmin. The GBT beam
at S-band is ∼ 6 arcmin. A chance coincidence between the cluster field and pulsar location is therefore
possible. The NE2001 model can be very inaccurate,
especially in the direction of the galactic center where
the cluster is located, so it is also possible that the
expected DM is very different from the true value. A
discovery of a second pulsar at the same DM would
clinch the MSP as lying inside the cluster, but searches
at and around this DM for other pulsars have so far
been unsuccessful. Timing the MSP will reveal its true
location, as the phase-connected timing solution will
include a very accurate position that can be compared
with the coordinates of the cluster core. In addition,
if it is in the cluster, there is a ∼ 50% chance that
it will have a negative period derivative due to the
cluster potential.
The new radio MSP may also be a new γ-ray pulsar. The LAT 95% error radius of NGC 6652 is 7.2
arcmin, larger than the angular size of the cluster and
the S-band beam, so if the MSP is not in NGC 6652,
it could be a few arminutes from the cluster and still
be coincident with the cluster location at GeV energies. Upcoming observations will allow us to obtain
a timing solution, with which we will fold the LAT
photons to search for γ-ray pulsations. If found, we
will look in the off-peak phases to determine if any
emission from NGC 6652 remains. If there is no remaining emission from NGC 6652, then the pulsar is
either in the foreground and the origin of the γ-rays,
or it is a cluster member but solely responsible for the
emission seen by the LAT, as in [9].

5. CONCLUSIONS
The Fermi LAT has led the way to the discoveries of
many new radio MSPs through pointed observations
of unidentified γ-ray sources. Following this lead, we

1 http://skyview.gsfc.nasa.gov
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Figure 1: The PRESTO discovery plot of PSR J1839−3259. Two cycles of the pulse profile integrated over time and
frequency are shown in the upper left. The bottom left plot shows the persistence of the pulsar in time, while the
middle plot shows the same across the bandwidth. The pulse signal-to-noise peaks in DM at 63.35 cm−3 pc, shown in
the bottom middle plot. The peak in χ2 at the pulsar spin period and period derivative are shown in the plots on the
right. The period derivative measured here is not the intrinsic Ṗ of the pulsar, but rather reflects the orbital
acceleration of the pulsar during the observation.

searched for MSPs in two LAT-detected globular clusters with the Green Bank Telescope, with the expectation that each hosts a population of recycled pulsars.
We have discovered a new MSP coincident with the
location of NGC 6652. PSR J1839−3259 has a low
DM of 63.35 cm−3 pc, much lower than the NE2001
expectation of nearly 200 cm−3 pc, calling into question its true association with NGC 6652. A timing
campaign of this pulsar will reveal whether or not it
is a cluster member, and also if it is a γ-ray pulsar or
if the γ-rays are primarily from the GC.
No cluster MSPs have conclusively been discovered
from these observations thus far. While we have found
many pulsar candidates near the expected DM values
for the two GCs we searched, none repeat from one
observation to the next, which is essential for confirming a pulsar detection. Scintillation is not an issue at
such large distances and does not explain the lack of
detections. The scattering timescale for NGC 6652
is τscatt ∼ 0.7µs, and τscatt ∼ 3µs for NGC 6388 [8].
These numbers change very little when the DM is dou-

bled to account for potential errors in the NE2001
model, so scattering probably does not play a role in
our findings. It is most likely that the distances to the
clusters, combined with the relatively short integration times due to their low declinations, are limiting
our sensitivity to the MSPs that undoubtedly reside
in these systems. Further observations and reprocessing of the data with higher acceleration searches may
still yield detections of MSPs from these clusters. Additionally, several more clusters with no known MSPs
have recently been detected by the LAT [19]. We will
continue our search for cluster MSPs with the GBT
in these newly γ-ray-detected globular clusters.
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PSR B1259-63/SS2883 is a binary system which consists of a 48-ms radio pulsar and a massive star
in a highly eccentric orbit with a period of about 3.4 years. Non-pulsed and non-thermal emissions
from this binary have been reported in the radio, X-ray and TeV gamma-ray energy ranges. Light
curves in the radio and X-ray bands showed characteristic double-peaked features which can be
attibuted to the interactions of the pulsar wind and the Be disk during the crossings by the pulsar.
The TeV light curves around periastron differ between 2004 and 2007 observations, and the feature
is not conclusive. We report a detection of GeV gamma-ray emission around the periastron passage
in December 2010 with Fermi-LAT.
I.

INTRODUCTION

The PSR B1259-63/SS2883 system is one of a few
binary systems detected in TeV gamma-ray energies.
Gamma-rays should be emitted via interaction of
high-speed wind from the 48-ms pulsar with the Be
star wind and disk. The elliptic orbit with long (3.4yr) period offers a unique experimental field of wind
interaction with varying distance between the pulsar
and the Be star [1, 2]. In 2004 and 2007, H.E.S.S. detected TeV gamma-rays as a marginal pre-periastron
peak and a clear post-periastron peak [4, 5]. We studied the 2010 periastron (December 14) passage in GeV
gamma-rays using the Fermi-LAT data and compared
the result with SPH simulation [2].

II.

a TS value of 58 (7σ level).
III.

LIGHT CURVES

Light curves in 30-day bins and 5-day bins (assuming E −2 spectrum) are calculated with the help of
Tools as shown in Figures 4 (30-day bin) and 5 (5-day
bin). We detected gamma-ray signal between 30 days
and 65 days after the periastron, although there is a
hint of emission 20 days and 5 days before the periastron. We can compare the light curve with a predicted
curve shown in red lines in Figure 5 (arbitrary scaled)
which is calculated by SPH simulation of interaction

FERMI-LAT OBSERVATION

Fermi-LAT data were obtained via Fermi Science
Support Center and analyzed using the Fermi Science
Tools (v9r17p0) with P6 V3 DIFFUSE instrument response function by the standard pipeline [3]. Examples of countmaps are shown in Figures 1 to 3. For
the whole observation period (August 4, 2008 – February 9, 2011) the gamma-ray signal from PSR 125963/SS2883 is not signifincant (Figure 1). Howerver,
in the month after the periastron passage (December
22, 2010 – January 21, 2011) there is a hint of signal
(Figure 2) with a TS (test statistic) value of 5 (which
means it is significant at 2σ level) and in the following month (January 21, 2011 – February 9, 2011) the
gamma-ray signal is highly significant (Figure 3) with

FIG. 1: Fermi-LAT countmap (200 MeV–10 GeV, Aug.
4, 2008 – Feb. 9, 2011). Gamma-ray signal from PSR
1259-63/SS2883 is not significant.
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pleted, we found similar results from Fermi-LAT data
have been reported [7, 8].

FIG. 2: Fermi-LAT countmap (200 MeV–10 GeV, Dec.
22, 2010 – Jan. 21, 2011). There is a hint of gamma-ray
signal from PSR 1259-63/SS2883 with TS=5.
FIG. 4: 30-day-bin light curve. Positive detection is observed only after the periastron. Open circles are fluxes
with marginal significance (∼ 3σ).

FIG. 3: Fermi-LAT countmap (200 MeV–10 GeV, Jan.
21, 2011 – Feb. 9, 2011). Gamma-ray signal from PSR
1259-63/SS2883 is significant with TS=58.

between the pulsar and the Be star [6]. The general
tendency of the observed light curve is not inconsitent
with prediction.
IV.

DISCUSSION

We found a significant GeV gamma-ray signal from
this system between 30 days and 65 days after the
periastron. Emission in this epoch should be related
to the time-varying geometry of this system. We will
compare the gamma-ray light curves and spectra with
simulation [6] to understand the emission from this
binary system.
After the analysis presented here has been com-

[1] Kawachi, A., Naito, T., Patterson, J.R. et al., ApJ,
607, 949 (2004)

FIG. 5: Close-up of light curve in 5-day bins around periastron. Points are plotted including marginal detections
(9 <TS< 25). TS values of each point is shown by numbers. Also shown by red lines are the preliminary light
curves calculated by SPH simulation of interaction between the pulsar and the Be star assuming realistic parameters of the system [6] scaled arbitrary.
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The synergy between the Fermi -LAT and ground-based Cherenkov telescope arrays gives us the
opportunity for the first time to characterize the high energy emission (100 MeV – 10 TeV) from
more than 30 blazars. In this study we performed a Fermi -LAT spectral analysis for all TeV-detected
blazars and combined it with archival TeV spectra. Our results for low synchrotron-peaked BL Lacs
(LBL) show hints of absorption features in the GeV band that could be interpreted as internal
opacity at the source. We note that simple or broken power laws cannot describe all the observed
GeV-TeV spectra and more complex spectral shapes seem required.

I.

INTRODUCTION

Active Galactic Nuclei (AGN) are extreme extragalactic objects with an observed luminosity outshining their host galaxy. Their non-thermal continuum
emission extending from radio band to X rays or γ
rays suggest underlying relativistic emission mechanisms. AGN have been subject to comprehensive
studies since their discovery, leading to classification
and unification schemes based on multiwavelength observations and polarization measurements [1]. In this
frame, AGN are classified as either radio-quiet or
radio-loud, and blazars constitute a subclass of the
latter, with their jet axis oriented close to the observer’s line of sight. This particular orientation combined with relativistic beaming gives rise to prominent
observational features in blazars, such as anisotropic
radiation, rapid variability, high polarization and superluminal motion. Blazars are divided into two subclasses, flat spectrum radio quasars (FSRQ) and BL
Lacertae objects (BL Lac). FSRQs are characterized
by a broad line emission region, depicted with strong
lines in their optical spectra, that are not present in
BL Lacs.
The broadband spectral energy distribution (SED)
of blazars exhibit a two-component structure, with a
low-energy component peaking around IR to UV band
and a high-energy one around X-ray to γ-ray energies.
The underlying emission mechanism reponsible for
low-energy component is believed to be synchrotron
emission from relativistic electrons in the blazar jets.
On the other hand, the high-energy component could
either have leptonic [2, 3] or hadronic [4, 5] origin.
Instrumental selection effects brought up two distinct
classes for BL Lacs as radio-selected (RBL) or X-ray-

selected (XBL). This instrumental classification was
later replaced with a more physical one based on radio to optical and optical to X-ray spectral indices, introducing the terminology of high- and low-frequencycutoff BL Lac objects (HBLs and LBLs) [6]. Another approach based on the peak frequency of the
synchrotron component of the SED is also used to define the same classification (high- and low-frequencypeaked BL Lacs as HBLs and LBLs). Detection of
intermediate objects (IBLs) between these two observationally distinct groups has made it more plausible
that BL Lac objects constitute a continuum rather
than a discrete sequence (e.g.,[7]).
Mkn 421 was the first blazar and extragalactic
object detected as a very high-energy (VHE; E >
100 GeV) γ-ray emitter with the Whipple telescope
in 1992 [8]. Since then, different candidate selection
methods have been applied to radio, X-ray or highenergy (HE; E > 100 MeV) γ-ray blazar data in the
aim of finding new TeV blazars [9–11]. To date, 40
blazars have been detected in the TeV sky[25], with a
census consisting of 29 HBLs, 4 IBLs, 4 LBLs and 3
FSRQs.

II.

SOURCE SAMPLE

Our blazar sample contains all blazars with a published VHE spectrum before February 2011, with a total of 26 sources (see Table I). This includes 19 HBLs,
3 IBLs, 2 LBLs and 2 FSRQs. Seven of these blazars
were detected with EGRET and 23 of them are in the
Fermi 2-year catalog. More than half of the sample
have been detected multiple times in the VHE band.
These multiple detections extending over several years
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Name

SED type

z

Fermi state

RGB J0152+017
3C 66A
1ES 0229+200
1ES 0347-121
PKS 0548-322
RGB J0710+591
S5 0716+714
1ES 0806+524
1ES 1011+496
1ES 1101-232
Markarian 421
Markarian 180
1ES 1218+304
W Comae
4C +21.35
3C 279
PKS 1424+240
H 1426+428
PG 1553+113
Markarian 501
1ES 1959+650
PKS 2005-489
PKS 2155-304
BL Lacertae
1ES 2344+514
H 2356-309

HBL
IBL
HBL
HBL
HBL
HBL
LBL
HBL
HBL
HBL
HBL
HBL
HBL
IBL
FSRQ
FSRQ
IBL
HBL
HBL
HBL
HBL
HBL
HBL
LBL
HBL
HBL

0.080
0.444?
0.140
0.188
0.069
0.125
0.300
0.138
0.212
0.186
0.031
0.046
0.182
0.102
0.432
0.536
0.260?
0.129
0.4?
0.034
0.048
0.071
0.117
0.069
0.044
0.167

average
simultaneous
average
average
average
simultaneous
high
average
high
average
average
average
simultaneous
high
simultaneous
high
high
average
high
low
low
average
simultaneous
high
average
average

TABLE I: VHE blazar sample. No secure redshift is available for 3C 66A, PKS 1424+240 and PG 1553+113. The
Fermi states ”low” and ”high” are as described in the text.
In some cases simultaneous data were available, and in the
remaining cases 27-month time-averaged Fermi data were
used.

The first 27 month of Fermi data and archival VHE
spectra published before February 2011 were used to
construct combined GeV-TeV SEDs. These include
six data sets where VHE data overlaps with the Fermi
era (RGB J0710+591, 1ES 1218+304, PKS 1424+240,
PKS 2155-304 and two different measurements for 3C
66A). The remainder of the VHE data were taken before the Fermi mission. All VHE spectra were corrected for the extragalactic background light absorption using [15].

III.

FERMI ANALYSIS

The fact that most of the GeV and TeV data are
not contemporaneous introduces caveats for the interpretation of the combined spectra. Moreover, Fermi
data represents an average state over a fairly long period, whereas the VHE spectra consist of day-scale
“snapshots”, mostly taken during flares. As a solution to this problem, for bright-enough sources, the
Fermi data were split into “low” and “high” states
as described below. Thus, non-contemporaneous GeV
and TeV measurements were matched in a more realistic way than directly using all the time-averaged
Fermi data.
Diffuse class events with energy between 300 MeV–
100 GeV from the first 27-month of Fermi data (from
4 August 2008 to 4 November 2010) were used for
the analysis. For blazars that were observed during
the Fermi era, only the time periods of a few months
that cover the corresponding VHE observations were
selected.
First, a 27-month light-curve analysis was performed for each source using an aperture photometry
technique. Events from a region of 1◦ radius from the
target location were selected and counts were plotted as a function of time, each time bin containing
49 counts. For sources with high statistics, low- and
high- flux states were identified and separated using
the average count rate as a threshold (see Figure 1
and Table I).
F (E > 300 MeV) [cm-2 s-1]

and obtained mostly with different instruments suggest that spectral variability in the VHE band is a
common property for VHE blazars. Even though no
general pattern has been established for VHE variability, several sources have been observed to have a
flux increase up to a few times their baseline emission [12–14], occasionally accompanied by a change
in spectral index [13] and minute-scale flux doubling
times [13, 14].

×10-9
60
50
40
30
20
54800

55000

55200

55400
t (MJD)

FIG. 1: Aperture photometry light curve of the HBL
Mrk 501. The solid line represents the average count rate,
that is used as a reference point to split the data into lowand high-flux states.

Next, a spectral analysis was done for each data set.
Events from a region of interest of 8◦ were selected and
analyzed with Fermi Science Tools v9r18p6[26], using instrument response functions P3 V6 DIFFUSE.
Sources from the 1FGL catalog [16], bright spots
with test statistics > 25 and standard galactic and
isotropic diffuse emission background components[27]
within the region of interest were included in the
source model files. Spectral points were calculated
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using an unbinned maximum-likelihood analysis technique [17, 18]. Figure 2 shows the combined SED for
the HBL Mrk 501.
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FIG. 2: Combined GeV-TeV SED of the HBL Mrk 501
(black circles). The VHE spectrum belongs to a low flux
state [19]. Therefore, the low-state Fermi spectrum was
selected for the combined GeV-TeV SED. A broken power
law yields a better fit than a simple power law.
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FIG. 3: Distribution of peak frequency bands.

• He II line (54.4 eV)
IV.

IC COMPONENT

The peak frequency of the inverse-Compton (IC)
component is a salient parameter for describing blazar
non-thermal continua and studying population trends.
Systematic studies for measuring the IC peak frequency mostly suffer from the lack of statistics and
simultaneous data [20]. In this work, we focus on
finding the IC “peak frequency band” rather than
the “peak frequency”, using a model independent approach. For each blazar SED, we identify the energy decade in which the largest amount of power is
emitted. Figure 3 shows the distribution of peak frequency bands. We observe that the low-synchrotronpeaked objects (LSPs) have the maximum of their
emission mostly below 1 GeV. On the other hand,
high-synchrotron-peaked objects (HSPs) tend to peak
in the TeV range.
V.

• H I & He II combined
• Full BLR spectrum
In all the cases, absorption from the He II complex seems to be dominant. A double-absorption scenario does not provide an improved fit over the He
II single-line absorption. On the other hand, the full
BLR absorption underproduces the TeV emission (see
Figure 4). We also modeled a full BLR absorption
combined with cascade emission from the γ-γ absorption [22]. No significant contribution from cascading
effects in the Fermi band is expected (see Figure 5).

INTERNAL ABSORPTION

A power-law function often fails to describe the
combined SEDs successfully. For most blazars, the
fits are significantly improved with a broken power
law (see Figure 2) or an absorbed power law. Particularly, some LBL objects display absorption-like features in the 10-100 GeV range. To investigate this
feature, we considered the following absorption scenarios from the broad line region (BLR) [21] for the
blazars S5 0716+714 (LBL), W Comae (IBL) and BL
Lacertae (LBL):

FIG. 4: Fermi high-state + MAGIC [23] spectrum for the
LBL S5 0617+714. The red curve represents H I + He II
absorption only and the blue one the full BLR absorption.
The power-law fit is shown with the dashed line.

• H I line (13.6 eV)
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months of Fermi data and combined it with archival
TeV data. We see absorption-like features mostly in
LBL spectra, these features are best described as BLR
absorption from the He II complex. In addition, we
observe that the peak frequency in the GeV-TeV region follows the synchrotron peak frequency trend.
Complete results will be discussed in a forthcoming
paper.

FIG. 5: Fermi high-state + VERITAS [24] spectrum for
the LBL W Comae, with absorption of a pure power law
(blue) and a power law with exponential cut-off (red), by
the full BLR emission, with cascading effects taken into
account.

VI.

SUMMARY
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In this paper we give some results from our ongoing
GeV-TeV blazar population studies. We analyzed 27
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Blazars are jet-dominated extragalactic objects characterized by the emission of strongly variable
non-thermal radiation across the entire electromagnetic spectrum. Therefore, the study of blazars
(and in general of radio loud AGN) through the use of multi-frequency simultaneous data is essential
in order to understand the physical processes that take place in these objects. With Planck, Fermi
and Swift simultaneously on orbit, complemented with other space and ground-based observatories,
it is possible to assemble high-quality multi-frequency simultaneous broad-band spectra of large and
statistically well-defined samples of radio-loud AGN. In particular, four samples of sources have
been selected. The first three samples are flux limited in the high energy part of the electromagnetic
spectrum: the soft X-ray (0.1 ÷ 2 keV) sample includes 43 sources from the Rosat All Sky Survey
Bright Source Catalog, the hard X-ray (15 ÷ 150 keV) sample includes 34 sources from the SwiftBAT 54 months source catalog and the gamma-ray sample includes 50 sources from the Fermi-LAT
3 months Bright AGN Source List. The fourth sample is radio flux limited, including 104 bright
northern and equatorial radio-loud AGN (most of which have been monitored at Metsahovi Radio
Observatory for many years) with average radio flux density at 37 GHz greater than 1 Jy. We present
the methods applied and the results of the analysis performed using Fermi-LAT data for all sources
in the four different samples of AGN.

I.

INTRODUCTION

Blazars are well-known jet-dominated extragalactic
objects characterized by the emission of strongly variable and polarized non-thermal radiation across the
entire electromagnetic spectrum, from radio to high
energy γ-rays. The strong emission of blazars at all
wavelengths makes them the dominant type of extragalactic sources in the radio, µ-wave, and γ-ray bands
where the accretion and other thermal emission processes do not produce significant amounts of radiation.
For these reasons blazars are hard to find at optical
and X-ray frequencies, while dominating the µ-wave
and γ-ray high Galactic latitude sky. The advent of
the Fermi [1] and, more recently, of the Planck satellite
[2], capable of probing deeply these two last observing
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author, E-mail: claudia.monte@ba.infn.it

windows, combined with the versatility of the Swift
observatory [3], and the observations by a number of
ground based observatories, is giving us the unprecedented opportunity to collect multi-frequency data for
very large samples of blazars in order to assemble simultaneous or quasi-simultaneous broad-band spectra.

II.

THE SAMPLES

In order to explore the blazars’ parameters space
from different viewpoints we have adopted different
criteria to select the list of blazars to be observed simultaneously by Planck, Swift and Fermi.
The first three samples of blazars are flux limited in
the high energy part of the electromagnetic spectrum
[7]. The soft X-ray flux limited sample, including 43
sources, was defined starting from the Rosat All-Sky
Survey Bright Source Catalog (1RXS [4]), selecting all
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the blazars with count rate larger than 0.3 counts/s in
the 0.1 ÷ 2.4 keV energy band, and radio flux density
S5GHz > 200 mJy. The hard X-ray flux limited sample, including 34 sources, was defined starting from
the Swif t-BAT 54 month source catalog [5], selecting all blazars with X-ray flux > 10−11 erg cm−2 s−1
in the 15 ÷ 150 keV energy band and radio flux density S5GHz > 100 mJy. The γ-ray flux limited sample, including 50 sources, was created starting from
the F ermi-LAT Bright Source List [6], selecting all
the high galactic (| b |>10◦ ) blazars detected with
high significance (T S > 100), with a flux cut F (E >
100 MeV) > 8 × 10−8 ph cm−2 s−1 and radio flux density S5GHz > 1 Jy.
The last sample [8], including 104 sources, is the
radio flux density limited sample [4]: it includes all
northern and equatorial radio-loud AGN with declination ≥ −10◦ that have a measured average radio
flux density S37GHz > 1 Jy.
III.

FERMI-LAT DATA ANALYSIS

F ermi-LAT data taken from August 4, 2008 to
November 4, 2010 have been analyzed selecting for
each source in the previously defined samples [7] [8],
only photons above 100 MeV, belonging to the diffuse
class [1] which have a low probability of background
contamination, within a 15◦ Region of Interest (RoI)
centered around the source itself. The data were analyzed with a binned maximum likelihood technique [9]
using the analysis software (gtlike) developed by the
LAT team. A model accounting for the diffuse emission as well as for the nearby γ-ray sources is included
in the fit.
For the evaluation of the γ-ray SEDs, the whole energy range from 100 MeV to 300 GeV has been divided
into 2 equal logarithmically spaced bins per decade. In
each energy bin the standard gtlike binned analysis
has been applied assuming a power law spectrum for
all the point sources in the model, with photon index
fixed to 2. The flux of the source in all selected energy
bins has been evaluated, requiring in each bin a Test
Statistics (TS) greater than 10 and the ratio between
the flux and its error greater than 0.5. If these conditions were not satisfied, an upper limit (UL) has been
evaluated in that energy bin. For each source in the
four samples, three different integration periods have
been considered:
• simultaneous observations (data accumulated
during the period of Planck observation of the
source);
• quasi-simultaneous observations (data integrated over a period of two months centered on
the Planck observing period of the source);
• 27 month Fermi integration (data integrated

over a period of 27 months from August 4, 2008
to November 4, 2010).
IV.

SPECTRAL ENERGY DISTRIBUTIONS

The plot of radio to γ-ray flux distributions in the
Logν − LogνFν , widely known as a Spectral Energy
Distribution (SED), is a powerful method of studying
the physics of blazars. The SEDs of PKS 1124-186
(from the soft X-ray sample), PKS B1830-210 (from
the hard X-ray sample), PKS 1502+106 (from the γray sample) and PKS 1510-089 (from the radio sample) have been reported respectively in Fig. 1, Fig. 2,
Fig. 3, Fig. 4. In all plots, red filled points (or UL)
show simultaneous multi-frequency data, green points
(or UL) show γ-ray data integrated over a period of
2 months centered on the Planck observing period,
or ground-based data taken quasi-simultaneously and
blue points (or UL) show F ermi-LAT data integrated
over 27 months; literature or archival data are shown
in light gray.
V.

CONCLUSIONS

We have collected Planck, Swift, Fermi and ground
based simultaneous multi-frequency data for a great
number of blazars included in four statistically well
defined samples.
The acquisition of this unprecedented multifrequency multi-satellite data set was used to build well
sampled simultaneous SEDs. The SEDs of these
sources clearly show the typical two-bump signature
usually attributed to Synchrotron and inverse Compton emission.
The comparison between our simultaneous data
with literature archival measurements shows that
SEDs built with non-simultaneous data suffer from
uncertainties in the µ-wave region that are relatively
modest and generally limited to about a factor 2 while
the high energy part of the spectrum is much more affected with uncertainties due to flux variations of up
to a factor of ten or more.
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FIG. 1: SED of PKS 1124-186 from the soft X-ray sample [7]. Red filled points: simultaneous multi-frequency data;
green points: γ-ray data integrated over a period of 2 months centered on the Planck observing period, or ground-based
data taken quasi-simultaneously; blue points: F ermi-LAT data integrated over 27 months; light gray points: literature
or archival data.

FIG. 2: SED of PKS B1830-210 from the hard X-ray sample [7]. Red filled points: simultaneous multi-frequency data;
green points: γ-ray data integrated over a period of 2 months centered on the Planck observing period, or ground-based
data taken quasi-simultaneously; blue points: F ermi-LAT data integrated over 27 months; light gray points: literature
or archival data.

eConf C110509

283

5

2011 Fermi Symposium, Roma., May. 9-12

FIG. 3: SED of PKS 1502+106 from the γ-ray sample [7]. Red filled points: simultaneous multi-frequency data; green
points: γ-ray data integrated over a period of 2 months centered on the Planck observing period, or ground-based data
taken quasi-simultaneously; blue points: F ermi-LAT data integrated over 27 months; light gray points: literature or
archival data.

FIG. 4: SED of PKS 1510-089 from the radio sample [8]. Red filled points: simultaneous multi-frequency data; green
points: γ-ray data integrated over a period of 2 months centered on the Planck observing period, or ground-based data
taken quasi-simultaneously; blue points: F ermi-LAT data integrated over 27 months; light gray points: literature or
archival data.
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Cygnus X-1 is a high-mass x-ray binary with a black hole compact object. It is normally extremely
bright in hard x-rays and low energy gamma rays and resides in the canonical hard spectral state.
Recently, however, Cyg X-1 made a transition to the canonical soft state, with a rise in the soft
x-ray flux and a decrease in the flux in the hard x-ray and low energy gamma-ray energy bands.
We have been using the Gamma-Ray Burst Monitor on Fermi to monitor the fluxes of a number
of sources in the 8–1000 keV energy range, including Cyg X-1. We present light curves of Cyg X-1
showing the flux decrease in hard x-ray and low energy gamma-ray energy bands during the state
transition as well as the several long flares observed in these higher energies during the soft state.
We also present preliminary spectra from GBM for the pre-transition state, showing the spectral
evolution to the soft state, and the post-transition state.

I.

INTRODUCTION

Cygnus X-1 is a high-mass x-ray binary system
and was the first system in which the compact object was thought to be a black hole. It is a microquasar, as confimed by the detection of relativistic
jets [1], and displays variability on time scales from
minutes to months. Cyg X-1 spends most of its time
in the so-called hard state, characterized spectrally by
a hard power law with an exponential cutoff at > 100
keV. The hard state can also be modeled by thermal
Componization of cool seed photons in a hot electron
plasma with kT ≥ 40 keV. The soft x-ray blackbody
emission is weak in this state.
Occasionally, Cyg X-1 transitions into a thermal
dominant, or soft, state. This state is characterized by
a strong thermal component arising from a geometrically thin but optically thick accretion disk. The hard
x-ray component is very weak and spectrally steep in
the soft state. Cyg X-1 does not remain in the soft
state for long (typically < 100 days) before returning
to the hard state. Additionally, there are other black
hole spectral states, such as the intermediate state and
steep power law state (see ref [2]), in which Cyg X-1
has been observed to reside.
Monitoring Cyg X-1 in hard x-rays, particularly
above 100 keV, is important as it allows contraints
to be made on the spectral cutoff energy and Comptonization temperature as the system transitions from
the hard to the soft state. These measurements can
then help constrain models of the physical emission
mechanisms, including the contribution of the jets.
The Gamma-ray Burst Monitor (GBM) [3] is the

secondary instrument onboard the Fermi satellite. It
consists of 12 NaI detectors 500 in diameter by 0.500
thick mounted on the corners of the spacecraft and
oriented such that they view the entire sky not occulted by the Earth. GBM also contains 2 BGO detectors 500 in diameter by 500 thick located on opposite
sides of the spacecraft. None of the GBM detectors
have direct imaging capability.
Known sources of gamma-ray emission can be monitored with non-imaging detectors using the Earth occultation technique, as was successfully demonstrated
with BATSE [4, 5]. When a source of gamma rays
is occulted by the Earth, the count rate measured by
the detector will drop, producing a step-like feature.
When the source reappears from behind the Earths
limb, the count rate will increase, producing another
step. These steps are fit to a model incorporating the
atmospheric attenuation and the changing instrument
response, along with a quadratic background, to determine the detector count rate due to a particular
source. Up to 31 steps are possible for a given source
in a day, and these steps are summed to get a single
daily average flux. The Earth occultation technique
requires an input catalog of sources and their positions, and these sources can then be monitored by
GBM. The technique and initial results are given in
references [6] and [7].
The light curves are generated using the GBM
CTIME data, with its 8 broad energy channels. The
spectra are produced using the GBM CSPEC data,
with its 128 energy channels, binned up into 16 energy bands from 10–400 keV. Because our occultation
fitting code currently is limited to 8 energy channels
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FIG. 1: GBM (blue diamonds) 12–50 keV and MAXI/GSC
(red triangles) 1.5–4.0 keV light curves showing the typical
anti-correlation between the soft and hard x-rays as the
system transitioned from the hard state to the soft state
and back again. The data are binned 3 days per data
point.

at a time, the 16 bins are broken into 2 pieces with
separate PHA files generated for the low energy and
high energy sections. Both the low energy and high
energy data sets are then fit jointly in XSPEC.

II.

LIGHT CURVES

Cygnus X-1 has been monitored by the GBM Earth
Occultation Team since Fermi science operations began on 2008 August 12 (MJD 54690). During this
time, Cyg X-1 was in the canonical hard state until
a hard-to-soft state transition began at the beginning
of 2010 July. On MJD 55374, MAXI detected a rapid
rise in the soft 2–4 keV band [8], which combined with
the decrease in the low energy gamma-ray flux [9] indicated a transition to a thermally-dominated soft state.
Figure 1 shows the MAXI/GSC 1.5–4 keV light curve,
binned 3 days per data point, overlaid on the GBM
12–50 keV broad band light curve showing the typical
anti-correlation between the soft and hard x-rays.
Figure 2 shows the light curves for GBM occultation
data in 5 broad energy bands from 12–500 keV starting about 150 days before the hard-to-soft transition.
The hard-to-soft transition in the 100–300 keV band
appears to begin about 20 days earlier than in the 12–
25 keV band. The initial decline is much steeper in the
100–300 keV band, dropping by a factor of ∼ 8 from
1100 mCrab on MJD 55355 to less than 200 mCrab by
MJD 54000, while the decline in the 12–25 keV band
is about a factor of ∼ 2, from about 650 mCrab on
MJD 55378 to about 300 mCrab on MJD 55405.
Note that there is significant, though variable, emis-

FIG. 2: GBM light curves in 5 of the broad CTIME energy bands for Cyg X-1. The data points represent 3-day
averages for the 12–25, 25–50, 50–100, and 100–300 keV
bands, and 10-day averages for the 300–500 keV band.
The regions from which spectra were obtained are marked
by the veritcal lines (see Figures 3-5).

sion above 300 keV up until about MJD 55372. After the hard-to-soft transition, the observations above
300 keV were consistent with no detection up until at
least MJD 55550. From MJD 55553 to 55659, the flux
detected in the 300–500 keV band is marginally significant at 348±104 mCrab. After the transition back
to the hard state, the measurements in the 300–500
keV band are consistent with a non-detection.
After the initial decline, Cyg X-1 rebrightened as
part of a broad “flare” lasting ∼ 45 days. The 12–25
keV flux peaked at about 500 mCrab before dropping
back to about 200 mCrab. This broad flare was seen in
the 100-300 keV band as well, though it peaked at less
than 400 mCrab before dropping to undetectable levels. Several other broad flares are evident in the lower
energy bands while Cyg X-1 was in the soft state.
Cyg X-1 remained in the soft state for nearly 300
days before making the transition back to the hard
state in the middle of 2011 April [10]. Unfortunately,
Cyg X-1 was not visible to MAXI during the beginning of this transition, and once Cyg X-1 became visible again, the 1.5–4 keV flux had nearly reached its
canonical hard state level.
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TABLE I: Spectral parameters
Hard 1
kT (keV) 52.1 ± 2.9
τ
1.37 ± 0.07
Ω/2π 0.35 ± 0.04
χ2ν (ν) 1.58(3580)

Flare

Soft

Hard 2
40.7 ± 3.5
1.37 ± 0.07
0.35 ± 0.04
1.34(2860)

α
1.21 ± 0.02 1.41 ± 0.08 1.80 ± 0.11 1.23 ± 0.03
Ec (keV) 113 ± 5
48 ± 6
56 ± 11
77 ± 4
χ2ν (ν) 1.58(3581) 1.31(1389) 1.25(4509) 1.34(2861)

Once Cyg X-1 completed the transition back to the
hard state (hereafter referred to as hard 2), it did
not recover fully to the hard state flux levels before
the state changes (hereafter referred to as hard 1).
The flux in the 12–25 keV band reached ∼ 80% of
its pre-transition hard 1 level, while 100–300 keV flux
only reached ∼ 50% of the pre-transition hard 1 level.
This indicates that while Cyg X-1 was back in the
hard state, the hard 2 spectrum is softer than it was
for the ∼ 100 days before the hard-to-soft transition.

III.

FIG. 3: GBM spectrum of Cyg X-1 in the pre-transition
(hard 1) hard state.

SPECTRA

The GBM CSPEC data have been used to generate the count rates for Cyg X-1 in 16 energy bins
from 10–400 keV, from which preliminary spectra have
been extracted. The average spectrum for the hard 1
state is obtained from the sum of the data from MJD
55255–55356 and is plotted in Fig. 3. Only the five detectors with the largest exposure and detector angles
< 60◦ are plotted. Following reference [12], the data
are fit to an absorbed Comptonization model with
reflection (wabs (reflect * compTT) in XSPEC notation). As in reference [12], the column density is
frozen at NH = 0.6 × 1022 cm−2 , kT0 is frozen at 0.2
keV, and the inclination angle is fixed at 45◦ . The fit
results are shown in Table I. The temperature of the
Compton cloud and optical depth are slightly lower
than, and the reflection component similar to, that
reported by INTEGRAL for observations from 2002–
2004 [12]. Fitting the GBM data to an absorbed cutoff
power law gives essentially the same χ2ν , with a hard
power law index of 1.21 ± 0.02 and and a rather high
cutoff energy of 113 ± 5 keV.
The average spectrum in the soft state (MJD
55520–55663) is shown in Fig. 5. All five of the detectors that viewed Cyg X-1 with a detector angle < 40◦
are shown. There are not enough counts in the high
energy bins to constrain the Comptonization model,
so an absorbed cutoff power law model was used. The
fit results are shown in Table I. As would be expected,
the power law index is steeper and the cut off energy
lower than in either of the hard 1 or hard 2 states.

FIG. 4: GBM spectrum of Cyg X-1 in the flare state.

After the initial decline in the light curve, there
was a broad flare lasting ∼ 45 days. The average
spectrum over the time period MJD 55420–55465 is
shown in Fig. 4. Only the four detectors with the
largest exposure and detector angles < 40◦ are shown.
As with the soft state, the Comptonization model is
not well constrained, so the spectrum is again fit to
an absorbed cutoff power law model. As can be seen
in Table I, the photon index is flatter than that of the
soft state, while the cutoff energy is nearly the same
as in the soft state, suggesting that the system was in
a state intermediate between the hard and soft state.
The average spectrum for the hard 2 state (MJD
55679-55772) is shown in Fig 6. Only the four detectors with the largest exposure and detector angles
< 40◦ are shown. Again following reference [12], the
data are fit to an absorbed Comptonization model
with reflection, with the fit values given in Table I. Fit-
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state between 2006 and 2010 [11].

IV.

FIG. 5: GBM spectrum of Cyg X-1 in the soft state.

CONCLUSION

GBM has been monitoring Cyg X-1 for the last ∼ 3
years using the Earth Occultation Technique. Cyg
X-1 had been in the canonical hard state until July
2010, when it underwent a transition to the soft state.
The GBM light curves suggest that the decline in the
higher energies led the decline in the lower energies
by several days, and that the declines were steeper in
the higher energy bands, consistent with the expected
softening of the spectrum.
Preliminary spectra have been generated using the
GBM CSPEC data. The initial hard state spectrum
(hard 1) is similar to that measured during previous
Cyg X-1 hard states. The spectrum around the peak
of the first broad “flare” after the transition suggests
that Cyg X-1 was in an intermediate state before dropping back into the soft state. Cyg X-1 made the transition back to the hard state (hard 2) beginning in April
2011. The spectra for the hard 2 state was softer than
the hard 1 state. This is consistent with the fact that
Cyg X-1 was in an unusually hard state between 2006
and 2010 [11].
More recently, Cyg X-1 has once again made the
transition back to the soft state [13–15]. This is unusual, as this source has not made transitions to the
soft state so close together in time in at least the last
20 years. We will continue to monitor Cyg X-1, as
well as other black hole candidates, for future outbursts and/or state transitions.

FIG. 6: GBM spectrum of Cyg X-1 in the post-transition
(hard 2) hard state.
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Since 2007, the blazar 3C 454.3 has become the most active and the brightest γ-ray source of the sky, deserving
the nickname of Crazy Diamond. The short-term variability in the γ-ray energy band and the extremely high
peak fluxes reached during intense flaring episodes make 3C 454.3 one of the best targets to investigate the blazar
jet properties. We review almost four years of observational properties of this remarkable source, discussing
both short- and long-term multi-wavelength campaigns, with particular emphasis on the recent flaring episode
which occurred on 2010 November 20, when 3C 454.3 reached on a daily time-scale a γ-ray flux (E > 100 MeV)
higher than 6.5 × 10−5 photons cm−2 s−1 , about six times the flux of the brightest γ-ray steady source, the Vela
Pulsar.

1. INTRODUCTION
Among the FSRQs detected at energies above
100 MeV, 3C 454.3 (PKS 2251+158; z = 0.859)
is certainly one of the most active at high energy.
In the EGRET era, it was detected in 1992 during
an intense γ-ray flaring episode [1, 2] when its flux
FE>100MeV was observed to vary within the range
(0.4 − 1.4)× 10−6 photons cm−2 s−1 . In 1995, a 2-week
campaign detected a γ-ray flux < 1/5 of its historical
maximum [3].
In 2005, 3C 454.3 underwent a major flaring activity in almost all energy bands [4]. In the optical, it reached R = 12.0 mag [5] and it was detected by INTEGRAL at a flux1 level of ∼ 3 ×
10−2 photons cm−2 s−1 in the 3–200 keV energy band
[6]. Since the detection of the exceptional 2005
outburst, several monitoring campaigns were carried out to follow the source multifrequency behavior
[5, 7, 8, 9, 10]. During the last of these campaigns,
3C 454.3 underwent a new optical brightening in mid
July 2007, which triggered observations at all frequencies.
During 2007 – 2010, AGILE detected and investigated several γ-ray flares [11, 12, 13, 14, 15, 16, 17].
These observations allowed us to establish a possible
correlation between the γ-ray (0.1 –10 GeV) and the
optical (R band) flux variations with no time delay,
or with a lag of the former with respect to the latter
of about half a day. Moreover, the detailed physical
modeling of the spectral energy distributions (SEDs)
when 3C 454.3 was at different flux levels provided an
interpretation of the emission mechanism responsible
for the radiation emitted in the γ-ray energy band,
assumed to be inverse Compton scattering of photons
from the broad line region (BLR) clouds off the relativistic electrons in the jet, with bulk Lorentz factor
Γ ∼ 20.

1 Assuming

a Crab-like spectrum.

In this Paper, we review the main results of both
long- and short-term observations, with particular emphasis on the recent flaring episode which occurred on
2010 November 20.

2. LONG-TERM MONITORING
AGILE detected 3C 454.3 since the very beginning of its operation, during the Science Verification
Phase. Figure 1 shows the γ-ray light-curve accumulated during the period 2007 July 15 – 2010 December
15, with particular emphasis on the γ-ray super-flares
which occurred on 2009 December and 2010 November
(blue points), when 3C 454.3 reached a γ-ray flux of
Fγ2009 = (2.0 ± 0.4) × 10−5 photons cm−2 s−1 [16] and
Fγ2010 = (6.8 ± 1.0) × 10−5 photons cm−2 s−1 [17], respectively. We clearly note that the dynamic range in
the γ-ray flux is of the order of a factor on 100, assuming as a low state the flux value during the Fall/Winter
2008 and as the maximum flux level the super-flare on
2010 November 20. We note that during the 2007 2008 campaign (see the inset for a more detailed view)
the γ-ray flux level was, for most of the time, higher
than the maximum flux detected by EGRET (dotted gray line). The fast AGILE data analysis system
[18] allowed us to perform several multi-wavelength
campaigns almost simultaneous with respect to the
γ-ray flares, involving both space- (e.g., Swift, INTEGRAL, RXTE, Spitzer) and ground-based observatories (GASP–WEBT).
Figure 2 shows the 18-months coverage in the optical (R-band), millimeter (230 GHz), and γ-ray (E >
100 MeV) energy bands. The different variability behavior at different wavelengths can support the hypothesis of a change in orientation of a curved jet,
yielding different alignment configurations within the
jet itself. In particular, during 2007 the inner portion
of the jet seems to be the more beamed one, because
of the co-ordinated optical and γ-ray variability. On
the contrary, during 2008, the more extended region of
the jet seems to be more aligned with respect to the
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Figure 1: Historical (2007 - 2008, black symbols and inset; data from [11, 12, 13, 14]) and super-flares (2009 - 2010,
blue symbols; data from [16] and [17], respectively) AGILE γ-ray light-curves for E > 100 MeV in units of
10−6 photons cm−2 s−1 . During the 2007 - 2008 campaign the γ-ray flux level was for most of the time higher than the
maximum flux detected by EGRET (dotted gray line).

line of sight, as suggested by the enhanced millimeter variability and by the optical and γ-ray dimming
trend. Recently, a detailed model supporting this interpretation has been presented in [19].
Moreover, the long-term optical and γ-ray coverage
allowed us to investigate possible time-lags between
the two energy bands. We obtain (see [12, 13, 14])
that the emission in the optical band appears to be
(weakly) correlated with that at γ-ray energies above
100 MeV, with a lag (if present) of the γ-ray flux with
respect to the optical one of less than 1 day.
Another remarkable result obtained by investigating all the available X-ray data accumulated during the time-span 2007–2010 is shown in Figure 3.
During the 18-months AGILE campaign, [14] found
a clear trend, in particular for fluxes above (1–
2)×10−11 erg cm−2 s−1 . We can describe the harderwhen-brighter trend in terms of a dominant contri-

bution of the external Compton (EC) off the disk
seed photons, EC(Disk), over the synchrotron selfCompton (SSC) component, probably due to an increase of the accretion rate. The constant X-ray photon index during the extreme γ-ray flares in 2009 and
2010 can be interpreted in terms of a balance of the
SSC contribution with respect to the EC(Disk), due
to the possible increase of γb during the super-flares
with respect to the value during the less energetic γray flares [17]. The net result is a roughly achromatic
increase of the X-ray emission.

3. SHORT-TERM MONITORING
Detailed multi-wavelength campaigns were carried
out during γ-ray flares in order to investigate the jet
properties and to shed light on the radiation mech-
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Figure 2: R-band, 230 GHz, and γ-ray light-curves (top,
middle and bottom panel, respectively) covering the
period 2007 July – 2009 January. The AGILE light-curve
has a time-bin of 1-week. Adapted from [14].

Figure 3: Swift/XRT photon index as a function of the
2–10 keV flux. Open circles and squares refer to photon
counting and windowed data, respectively. Black, green
and red symbols represent data accumulated during the
2007–2009 monitoring campaign [14], the 2009 December
super-flare [15], and the 2010 November super-flare [17],
respectively.

anisms responsible for the emission at the different
wavelengths. Figure 4 shows the spectral energy distributions (SEDs) during the 2010 November superflare (color points and lines) compared with the SED
during a low γ-ray state in 2008 Fall (black points and
line). As noted in Section 2, the dynamic range in the
γ-ray energy band spans about two orders of magni-

1015
1020
Frequency [Hz]

1025

Figure 4: SEDs accumulated during the 2010 November
flare (in colors, [17]) compared with a SED accumulated
during a particularly low γ-ray state in Fall 2008 (in
black, [14]).

tude, while the SSC peak dynamic range is about one
order of magnitude. The super-flare SEDs modeling
have to take into account also the flux variability at
different wavelengths. About 10 days prior to this
super-flare, we detected a so-called “γ-ray-orphan”
optical-UV flare, as shown in Figure 5. A possible
explanation of this complex behavior is as follows: 1)
an energetic particle ignition causes the first optical
flare at MJD 55510. 2) Subsequently, the blob moves
away by (c t δ)/(1 + z) ≈ 3.4 × 1017 cm (t = 7 d), toward a region with a denser external photon field in
which a doubling in the optical flux can be followed
by a stronger EC counterpart, as observed during the
γ-ray enhanced emission at MJD 55517. 3) Since the
blob is moving in a region with enhanced density of
external seed photons, the optical and γ-ray flux variations have similar dynamic range (as observed at
MJD 55520), until the blob leaves this denser region.
4) Subsequently, as observed in the post-flare SED,
the γ-ray emission decreases because of both the radiative cooling and the decrease of the external photon
field due to the blob escaping the enhanced density region. In our modeling, the γ-ray dissipation region lies
within the broad-line region (BLR).

4. CONCLUSIONS
The extreme γ-ray variability (see e.g., [20]) of
3C 454.3 is still to be fully understood, and different models with respect to the one presented here can
be invoked to explain the observed SEDs (see e.g.,
[21, 22]). An intriguing possibility to explain such an
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Figure 5: From top to bottom: γ-ray (E > 100 MeV),
X-ray (2–10 keV), UV (w1, m2, w2), and optical (R)
light-curves collected before, during, and after the 2010
November 20 (MJD 55520) γ-ray super-flare. The
“γ-ray-orphan” optical-UV flare is visible at MJD 55510.

extreme behavior is to invoke the presence of a supermassive binary black-hole, as suggested in [23]. This
hypothesis is one of the possible challenges for future
long-term projects.
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We present the most recent results from our investigation on Supergiant Fast X-ray Transients, a class of
High-Mass X-ray Binaries, with a possible counterpart in the gamma-ray energy band. Since 2007 Swift has
contributed to this new field by detecting outbursts from these fast transients with the BAT and by following
them for days with the XRT. Thus, we demonstrated that while the brightest phase of the outburst only lasts a
few hours, further activity is observed at lower fluxes for a remarkably longer time, up to weeks. Furthermore,
we have performed several campaigns of intense monitoring with the XRT, assessing the fraction of the time
these sources spend in each phase, and their duty cycle of inactivity.

1. INTRODUCTION
High mass X-ray binaries (HMXBs) are stellar systems composed of a compact object (CO) and an
early-type massive star which are traditionally divided
in two subclasses, depending on the nature of the high
mass primary and the different mass-transfer and accretion mechanisms involved. The Be-HMXBs, are
transient systems with main sequence Be primaries,
in generally wide (Porb >
∼ 10 d) eccentric (e ∼ 0.3–0.5)
orbits; in such systems the primaries are not filling
their Roche lobes, and accretion onto the compact object occurs from the equatorial region of the rapidly
rotating Be star. The X-ray emission from such systems is highly variable and mostly transient (with a
dynamic range of several orders of magnitude), often
with recurrent outbursts caused by an enhanced accretion rate when the compact star is close to periastron. OB supergiant HMXBs (sg-HMXBs), on the
other hand, are systems with an evolved OB supergiant primary with with smaller (Porb <
∼ 10 d), more
circular orbits than in Be-HMXBs. They are powered either by a geometrically thin accretion disc or
by the strong radiation-driven stellar winds, depending on whether the primary fills its Roche lobe or not,
and their X-ray emission is bright and persistent.
Recently, a third class of HMXBs was added, the supergiant fast X-ray transients (SFXTs), which share
characteristics with both of the above classes. SFXTs
are associated with an O or B supergiant, but are
are not persistent sources, as they display outbursts
characterized by bright flares lasting a few hours (as

seen by INTEGRAL) with peak luminosities of 1036 –
1037 erg s−1 [1; 2; 3], and a dynamic range of 3–5
orders of magnitude. These flares are significantly
shorter than those of typical Be-HMXBs. Their hard
X-ray spectra resemble those of HMXBs hosting X-ray
pulsars, a hard power law below 10 keV, with a high
energy cut-off at ∼ 15–30 keV, sometimes strongly
absorbed at soft energies [4]. Hence, it is generally assumed that all members of this class are HMXBs hosting a neutron star (NS), although pulse periods are
measured only for half the sample, currently consisting of 10 confirmed members. About 20 more candidates are known which showed short transient flaring,
but which have no confirmed association with an OB
supergiant companion. Given the current interest in
this class of sources, this number is bound to increase
rapidly. The actual causes of the bright outbursts are
still being investigated, and they are probably related
to either the properties of the wind from the supergiant companion [5; 6; 7; 8] or to the presence of a
centrifugal or magnetic barrier [9; 10]. The appeal of
SFXTs originates from the properties they share with
both classes in which HMXBs are traditionally divided, as they may represent an evolutionary connection between them. Recently, [11; 12] proposed that
the hard X-ray counterparts of a few MeV unidentified EGRET, AGILE and Fermi transient sources
lasting only a few days, 3EG J1837−0423/HESS
J1841−055, and EGR J1122−5946, AGL J2022+3622
may be associated with the SFXTs (or candidate)
sources AX J1841.0−0536, IGR J11215−5952, and
IGR J20188+3647, respectively.
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Figure 1: Swift/XRT light curves of the 2007 Feb 9 outbursts (light grey filled circles), 2007 July 24 (dark grey empty
diamonds), 2008 June 16 (orange empty squares), 2009 November 23 (cyan filled circles), and 2011 March 1 (blue empty
triangle) folded with a period of 164.6 days, relative to the peak of the first outburst. Data from [8; 13; 14; 15; 16].
Name
IGR J16479–4514
XTE J1739–302
IGR J17544–2619
AX J1841.0–0536
Total

Campaign Dates
2007-10-26
2007-10-27
2007-10-28
2007-10-26

2009-11-01
2009-11-01
2009-11-03
2008-11-15

Obs. Expo.
(ks)
144 161
184 206
142 143
88
96
558 606

∆TΣ Pshort
(ks) (%)
29.7
3
71.5 10
69.3 10
26.6
3

IDC
Rate∆TΣ
(%) (10−3 counts s−1 )
19
3.1 ± 0.5
39
4.0 ± 0.3
55
2.2 ± 0.2
28
2.4 ± 0.4

Table I The Swift long-term monitoring campaign (Figure 3a–d). ∆TΣ is sum of the exposures accumulated in all
observations (exposure > 900 s) where only a 3-σ upper limit was achieved; Pshort is the percentage of time lost to short
observations; IDC is the duty cycle of inactivity, i.e., the time each source spends undetected down to a flux limit of
(1–3)×10−12 erg cm−2 s−1 ; Rate∆TΣ is the cumulative count rate (0.2–10 keV). Adapted from [19; 20].

2. IGR J11215−5952
The hard X–ray transient source IGR J11215−5952
was discovered in April 2005 with INTEGRAL and is
a confirmed SFXT. In 2007, archival INTEGRAL and
RXTE observations had shown that the outbursts occurred with a periodicity of ∼330 days [17], thus making IGR J11215−5952 the first SFXT displaying periodic outbursts, probably related to the orbital period.
Taking advantage of this unprecedented property, we
performed a target of opportunity (TOO) observation
with Swift/XRT [18] to monitor the source around the
time of the next predicted outburst, on 2007 Feb 9.
We observed the source twice a day (2ks/day) from
2007 Feb 4 until Feb 9, and then for ∼ 5 ks a day
afterwards, during a monitoring campaign that lasted
23 days for a total on-source exposure of ∼ 73 ks. Figure 1 shows how we could follow the source for three
orders of magnitude in flux, from non-detection up
to the peak of the outburst at 1036 erg s−1 , and back
down until it went below our detection limits. It also
shows that the X-ray light curve is composed of several bright flares so that, while the bright outburst
does last only a few hours, further significant activity
(hence accretion onto the compact object) is seen at
lower fluxes for a considerably longer (weeks) time.

The brightest part of the outburst lasted less than a
day, on Feb 9, and would have been the only flaring
activity seen with less sensitive instruments. Furthermore, Swift allowed the determination of the orbital
period of ∼ 164.6 d [8; 14], a rare instance, as orbital
periods are generally found from all-sky monitor data.

3. SWIFT’S SYSTEMATIC
INVESTIGATION OF SFXTS
Since 2007, we have dedicated considerable Swift
time to throughly and systematically investigate the
properties of SFXTs, with a strategy that combines
monitoring programs with outburst follow-up observations. The most outstanding manifestation of the
SFXT activity is indeed their outbursts, which Swift
can catch and study broad band (0.3–150 keV) in their
early stages, thanks to its fast slewing and panchromatic capabilities. Furthermore, thanks to the flexible scheduling and low overheads, that make monitoring efforts cost-effective, we could give the first
non-serendipitous attention to these objects with a
high sensitivity X-ray telescope, thus assessing spectroscopic and timing properties of SFXTs.
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Figure 2: Spectra of one representative outburst (black) of each of the four SFXTs monitored by Swift, fit with an
absorbed power-law model with a high energy cut-off: filled circles and empty circles denote XRT and BAT data,
respectively (see Table II, Sec. 3.1). Data from [20; 22; 24; 25]. Intensity-selected spectra of out-of-outburst emission,
fit with simple absorbed power-law models: Filled blue circles, green empty circles, and red filled triangles mark high,
medium, and low states, respectively (see Table II, Sec. 3.1). Data from [19; 20].

The four
targets we chose to monitor,
IGR
J16479−4514,
XTE
J1739–302,
IGR J17544−2619, and AX J1841.0−0536, are
all confirmed SFXTs, and include a source that had
already triggered the BAT once, the two prototypes of
the SFXT class, and a pulsar, respectively. Starting
from 2007 October 26, we obtained 2–3 observations
week−1 object−1 , each 1 ks long (see Table I), with
XRT in AUTO mode, to best exploit XRT automatic
mode switching [21] in response to changes in the
observed fluxes.

accumulated events when the source was not in outburst and a detection was achieved [19; 20]. We
considered several intensity levels (‘high’, ‘medium’,
‘low’). We also extracted spectra from the event lists
accumulated from all observations for which no detections were obtained as single exposures (‘very low’).
We performed fits in the 0.3–10 keV energy band with
simple models such as an absorbed power law or a
blackbody as more complex models were not required
by the data (Table II, ‘high’, ‘medium’, ‘low’, and
‘very low’ spectra; see Figure 2).

3.1. SPECTROSCOPIC PROPERTIES

3.2. TIMING PROPERTIES

Outbursts. Since 2008, simultaneous observations
with XRT and BAT allowed us to perform broad band
spectroscopy of SFXT outbursts [20; 22; 24; 25; 26].
Given the shape of the SFXT spectrum (power law
with an exponential cut-off at 15–30 keV), the large
(0.3–150 keV) Swift energy range allows us to both
constrain the hard-X spectral properties to compare
with popular accreting neutron star models and to obtain a measure of the absorption. Figure 2 shows the
spectrum of one outburst of each of the four SFXTs
monitored, while Table II reports homogenized values
of the spectral parameters (‘outburst’ spectra).
Out of outburst. To characterize the out-ofoutburst spectral properties, in each observation we

Outbursts. Our systematic investigation with
Swift (see Figure 3f–l for the best examples of XRT
outburst lightcurves) has shown that the common
X–ray characteristics of this class include outburst
lengths well in excess of hours, with a multiple-peaked
structure, and a dynamic range (including bright outbursts) up to ∼ 3 orders of magnitude.
Out of outburst. Our monitoring campaigns with
Swift (Figure 3a–d) have investigated all phases of the
SFXT life by assessing long each source spends in each
state using a systematic monitoring with a sensitive
instrument. The overall dynamic range reaches then
∼ 4 orders of magnitude [19; 20]. We discovered that
X-ray emission from SFXTs is still present outside the
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Figure 3: Left (a–d): Swift/XRT 0.2–10 keV light curves of our sample for a long-term monitoring program
(Table I, 2007 October 26 to 2009 November 3). Each point refers to the average flux observed during each observation
performed with XRT, except for outbursts where the data were binned to include at least 20 counts bin−1 to best
represent the dynamical range. Downward-pointing arrows are 3-σ upper limits, upward pointing arrows mark either
outbursts that XRT could not observe because the source was Sun-constrained, or BAT Transient Monitor bright
flares. AX J1841.0−0536 was only observed during the first year. Data from [19; 20].
left: (e) Swift/XRT 0.2–10 keV light curve of IGR J18483−0311 during our monitoring program along one orbital
period (2009 June 11 to 2009 July 9) at a binning of at least 20 counts bin−1 . Data from [27].
Right: Swift/XRT light curves of the most representative outbursts of SFXTs followed by Swift/XRT, referred to
their respective BAT triggers (IGR J11215−5952 did not trigger the BAT, so it is referred to MJD 54139.94). Points
denote detections (binning of at least 20 counts bin−1 ), triangles 3σ upper limits. Vertical dashed lines mark time
intervals equal to 1 day, up to a week. References: (f) IGR J08408–4503 (2008-07-05, [28]); (g) IGR J11215−5952
(2007-02-09, [13]); (h) IGR J16479−4514 (2005-08-30, [29]); (i) XTE J1739−302 (2008-08-13, [26]); (j)
IGR J17544−2619 (2010-03-04, [24]); (k) SAX J1818.6−1703 (2009-05-06, [30]); (l) AX J1841.0−0536 (2010-06-05,
[24]). Adapted from [24].

bright outbursts [29, see Figure 3a–d], that only account for 3–5 % of the total lifetime [20]. Figure 4
reports the histograms of the XRT count rates, peaking at about 0.1 counts s−1 , which implies that the
most probable X-ray flux is F2−10 keV ∼ (1–2) × 10−11
erg cm−2 s−1 (unabsorbed), corresponding to luminosities in the order of a few 1033 –1034 erg s−1 , ∼ 100
times lower than the bright outbursts [20]. Finally, we
calculated that the duty-cycle of inactivity is in the
range ∼ 19–55 % [Table I; 19; 20], so that true quiescence is a relatively rare state, at variance with what
previously estimated using less sensitive instruments.
Swift data thus demonstrated that these transients accrete matter through all their life.
Further monitoring programs involved follow-

ing SFXTs with known orbital period. In 2009 we
performed the first complete monitoring of the X-ray
activity along an entire orbital period (Porb ∼ 18.5 d)
of the SFXT IGR J18483−0311 [27] with a sensitive
instrument (23 daily observations, ∼ 2 ks each, spread
over 28 d for a total of 44 ks, see Fig 3e). This unique
dataset allowed us to constrain the different mechanisms proposed to explain the SFXT nature. In particular, we applied the clumpy wind model for blue
supergiants [31] to the observed X-ray light curve. By
assuming an eccentricity of e = 0.4, we could explain
the X-ray emission in terms of the accretion from
a spherically symmetric clumpy wind, composed of
clumps with different masses, ranging from 1018 to
×1021 g.
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5

Figure 4: Distribution of the count rates when the XRT light curves are binned at 100 s, for the three sources
monitored for two years. The vertical lines correspond to the background. The hashed histograms are points which are
consistent with a zero count rate. The insets show the subset of WT data only, binned at 20 s.
Name

Spectrum Date/Rate
NH
(count s−1 ) (1022 cm−2 )
IGR J16479−4514 outburst 2008-03-19
6.2+0.6
−0.5
high
>0.55
8.2+0.8
−0.7
medium [0.22–0.55[
8.6+0.8
−0.8
low
[0.06–0.22[
7.1+0.6
−0.6
very lowc <0.06
3.3+0.4
−0.0
XTE J1739−302 outburst 2008-08-13
4.8+1.3
−0.6
high
>0.405
3.7+0.5
−0.4
medium [0.07–0.405[
3.8+0.4
−0.4
very lowc <0.07
1.7+0.1
−0.0
IGR J17544−2619 outburst 2009-06-06
1.0+0.2
−0.3
high
>0.25
1.9+0.3
−0.2
medium [0.07–0.25[
2.3+0.3
−0.3
very lowc <0.07
1.1+0.1
−0.0
AX J1841.0−0536 outburst 2010-06-05
1.9+1.7
−1.0
high
>0.4
2.5+0.3
−0.3
medium [0.18–0.4[
3.5+0.5
−0.5
low
[0.05–0.18[
3.5+0.5
−0.5
very lowc <0.05
0.3+0.3
−0.3

Γ
1.2+0.2
−0.1
1.1+0.2
−0.2
1.3+0.2
−0.2
1.4+0.2
−0.1
1.8+0.3
−0.2
0.8+0.4
−0.2
0.8+0.2
−0.1
1.4+0.1
−0.1
1.4+0.2
−0.2
0.6+0.2
−0.4
1.3+0.1
−0.1
1.7+0.2
−0.2
2.1+0.2
−0.2
0.2+0.4
−0.5
1.1+0.1
−0.1
1.3+0.2
−0.2
1.5+0.2
−0.2
0.6+0.4
−0.4

Ecut Efold
Fluxa Luminosityb
Reference
(keV) (keV) (2–10 keV) (2–10 keV)
6+1
15+3
600
240 [22, This work]
−1
−2
12
5
[20]
5.3
2
[20]
1.7
0.7
[20]
0.13
0.04
[20]
+8
5+2
12
170
18
[23,
This
work]
−1
−3
12
1
[20]
1.8
0.2
[20]
0.05
0.004
[20]
+4
3+1
8
83
14
[20,
This
work]
−1
−3
4.6
0.8
[20]
1.4
0.3
[20]
0.02
0.003
[20]
+10
4+12
16
60
18
[24]
−4
−9
8
3
[19]
3.4
1
[19]
1.1
0.4
[19]
0.06
0.02
[19]

Table II Spectral parameters of (i) the outbursts shown in Figure 2 (fit with an absorbed power-law model with a high
energy cut-off) and (ii) of the out of outburst states (fit with a simple absorbed power-law model).
a

Average observed 2–10 keV fluxes in units of 10−11 erg cm−2 s−1 .

b

Average 2–10 keV luminosities in units of 1035 erg s−1 .

c

Fit performed with constrained column density.

4. CONCLUSIONS
Thanks to Swift, we have investigated the properties of SFTXs on timescales ranging from minutes to
years and in several intensity states (bright flares, intermediate intensity states, and down to almost quiescence). We also performed broad-band spectroscopy
of outbursts, and intensity selected spectroscopy outside outbursts. In light of their possible emission in
the Fermi energy bands SFXTs are certainly worthy
of attention at the high energies, especially now that
Fermi has a accumulated a long baseline of data and

has an improved model of the Galactic diffuse emission. The spectroscopic and, most importantly, timing properties of SFXTs we have uncovered with Swift
could therefore serve as a guide in search for the high
energy emission from these enigmatic objects.
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Recent studies have shown that gamma-ray pulsar light curves are very sensitive to the geometry of the pulsar
magnetic field. Pulsar magnetic field geometries, such as the retarded vacuum dipole and force-free magnetospheres have distorted polar caps that are offset from the magnetic axis in the direction opposite to rotation.
Since this effect is due to the sweepback of field lines near the light cylinder, offset polar caps are a generic
property of pulsar magnetospheres and their effects should be included in gamma-ray pulsar light curve modeling. In slot gap models (having two-pole caustic geometry), the offset polar caps cause a strong azimuthal
asymmetry of the particle acceleration around the magnetic axis. We have studied the effect of the offset polar
caps in both retarded vacuum dipole and force-free geometry on the model high-energy pulse profiles. We find
that, compared to the profiles derived from symmetric caps, the flux in the pulse peaks, which are caustics
formed along the trailing magnetic field lines, increases significantly relative to the off-peak emission, formed
along leading field lines. The enhanced contrast produces improved slot gap model fits to Fermi pulsar light
curves like Vela, with vacuum dipole fits being more favorable.

1. INTRODUCTION

2. PULSAR MAGNETOSPHERE MODELS

The Fermi Gamma-Ray Space Telescope has had
a major impact on pulsar physics with the discovery of over 100 gamma-ray pulsars comprising three
populations: young radio-loud pulsars, young radioquiet pulsars and millisecond pulsars [22]. The wide
variety of light curve types, viewing geometry and
spin-down luminosity encompassed by this large group
of sources provides an unprecedented opportunity to
explore and constrain pulsar emission and magnetic
field geometry. There have also been significant advances recently in numerical simulation of pulsar magnetosphere models [23][4][15][16] that define the highaltitude magnetic field structure critical to the emission gap models. Since the radiation in the outer magnetosphere high-energy emission models, such as outer
gap [20] and slot gap [18], occurs along the boundary of the open field region, the predicted gamma-ray
light curves are sensitive to the magnetic field structure [21]. In particular, the sweepback of the magnetic
field lines near the light cylinder, due to retardation
and currents, causes an offset of the polar cap in the
direction opposite to the rotation. In the slot gap
(SG) model, the polar cap offset produces two main
effects on the emission and the resulting light curves:
an azimuthal asymmetry in the SG emission, and a
change in the phase lag between the first gamma-ray
peak and the radio peak. We present a study of SG
model light curves for the two extreme cases of vacuum dipole and force-free pulsar magnetospheres to
examine such effects.

The global structure of a pulsar magnetosphere is
a presently unsolved problem. An analytic expression
exists only for the structure of the magnetosphere of
the vacuum rotator (the Deutsch solution, [7]), but
real pulsars are certainly not in vacuum since electrons
and positrons are copiously produced due to the high
surface electric fields induced by rotation. The other
extreme, known as force-free models [5][23][24] that
specify the configuration of fields, charge and currents
that solve Maxwell’s Equations in the approximation
of ideal-MHD (E · B = 0) neglecting plasma inertia,
is also well determined. Models with finite conductivity that bridge these two extremes have been studied
very recently [15][16]. These simulations show that
there is a range of magnetic field structures, current
distributions and spin-down power that lie between
the vacuum dipole, with maximum accelerating electric field but no charges, and the force-free solutions,
with charges and current but no acceleration.
One property that all these solutions have in common is sweepback of the magnetic field lines near the
light cylinder opposite to the direction of rotation,
as the poloidal dipole field transitions into the pulsar
wind (or electromagnetic wave in the vacuum case).
The magnetospheres of all these solutions divide into
open field lines, those which cross the light cylinder,
and closed field lines, those that close within the light
cylinder. Tracing the bundle of open field lines to
their footpoints on the neutron star surface defines
the polar cap (PC). Due to the sweepback, the PCs
are asymmetric with their centers shifted backward
in phase relative to the dipole axis [1][10]. Examples
of such offset PCs are shown in Figure 1 for the retarded vacuum and force-free models. One can see
that the PC rims in both models are shifted toward
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Figure 1: Shape of polar caps for retarded vacuum dipole (blue) and force-free (red) magnetospheres for different
pulsar inclination angles α.

the trailing side, the amount of shift being a function
of inclination angle, with the force-free model PCs
shifted significantly more than the those of the vacuum model (see also [3]). In addition, the force-free
PCs are larger than those of the vacuum, especially
for small inclination, because the volume of open field
is larger. The notches that appear in vacuum PC rims
for the higher inclination angles largely disappear in
the force-free model PCs.

3. MODEL LIGHT CURVES FOR OFFSET
POLAR CAPS
To explore how the magnetic field structure and offset PCs influence gamma-ray pulsar light curves, we
have generated model light curves using a geometrical
version of the SG, often referred to as the two-pole
caustic (TPC) model [8]. The physical SG has its origin in polar cap pair cascades that screen the accelerating parallel electric field Ek above a pair formation
front (PFF) [2][11]. Approaching the last open field
line, assumed to be a perfectly conducting boundary
where Ek vanishes, the PFF moves to higher altitude
as particles must accelerate over a longer distance to
radiate pair-producing photons. A narrow gap of unscreened Ek forms along this boundary, encompassing
field lines along which the potential drop necessary for
pair production is never achieved. The electrons in the
SG keep accelerating to high altitude, radiating curvature and possibly synchrotron and inverse Compton
emission[18][12].

3.1. Asymmetric Slot Gap Emission
The original SG model Ek [2] had azimuthal asymmetry because field lines curved toward the rotation axis Ω (‘favorably curved’) accelerate one sign
of charge (electrons in the Ω · B > 0 case) and field
lines curved away from the rotation axis (‘unfavorably
curved’) accelerate the other sign of charge. Inclusion of frame-dragging [17] introduced a larger favorable Ek contribution that significantly reduced this
azimuthal asymmetry. Both of these Ek solutions
assumed centered dipole PCs. Recently Harding &
Muslimov [13][14] presented a solution for Ek in nondipolar magnetic fields having PCs with offsets of arbitrary degree and direction.


B0
1
B ≈ 3 r̂ cos[θ(1 + a)] + θ̂ sin[θ(1 + a)] , (1)
η
2
where B0 is the surface magnetic field strength at the
magnetic pole, η = r/R is the dimensionless radial
coordinate in units of stellar radius, R, a = ε cos(φ −
φ0 ) is the parameter characterizing the distortion of
polar field lines, and φ0 is the magnetic azimuthal
angle defining the meridional plane of the offset PC.
In this magnetic field, the PC angle has an azimuthal
dependence,
 1

1
θ0 ≈
(2)
sin−1 x 2 (1+a) ,
1+a
respectively, where x = r/RLC is the radial distance
in units of the light cylinder radius, RLC = c/Ω. Since
the Ek has a dependence on the PC angle, its value is
significantly larger on the offset side of the PC, producing a strong azimuthal asymmetry.
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Figure 2: Simulated gamma-ray light curves for different combinations of pulsar inclination angle α and viewing angle
ζ with respect to the rotation axis, in a retarded vacuum dipole magnetosphere for symmetric (black) and asymmetric
(blue) slot gap geometry. The assumed slot gap width is 0.05 of the open field lines and the maximum emission radius
is 1.2RLC . The phase of closest approach to the magnetic pole is at 0.

If we assume that Ω is along the z-axis and that the
magnetic axis lies in the x-z plane, then the PC offsets
due to magnetic field sweepback are in the y-z plane
(φ0 = π/2), so that a = ε sin φ. In this case, the Ek
of the SG will have an approximate dependence [14]

Ek (a) ≈

θ02a
Ek (0)
(1 + a)2

(3)

where Ek (0) is the value for the case of a pure dipole
field. We can quantify the offset parameter ε in different magnetosphere models by the relation

θ0−ε ≈

Rtr
,
RPC

(4)

where Rtr is the radius of the trailing side of the PC
and RPC ∼ R(ΩR/c)1/2 is the radius of a centered
PC. We find that for the retarded vacuum dipole, ε ∼
0.05 − 0.1 and for the force-free model, ε ∼ 0.1 −
0.2, with minimum and maximum corresponding to
inclination angles of 0◦ and 90◦ respectively.

3.2. Light Curves in Vacuum and Ideal
Force-Free Magnetospheres
To simulate SG light curves in magnetospheres with
offset PCs, we need to know how the asymmetry in Ek
is related to a corresponding asymmetry in the photon
emission rate. The Lorentz factors of electrons accelerating in the SG are limited by curvature radiation
reaction [18] and reach a steady-state

γCR =

3 ρ2c Ek
2 e

1/4
(5)

where ρc is the local field line radius of curvature. If
the main emission from electrons accelerating in the
SG comes from curvature radiation, then the photon
emission rate is equal to the electron energy loss rate
4
of γ̇ ∝ γCR
∝ Ek . Thus we can assume that the
asymmetry in the Ek from Eqn (3) produces a similarly asymmetric emission pattern of SG radiation.
Figure 2 shows an atlas of SG model light curves for
centered and offset PCs of the vacuum dipole, and different values of pulsar inclination α and viewing angle
ζ with respect to the rotation axis. The light curve
calculations follow that of [9], except that here we
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Figure 3: Comparison of simulated gamma-ray light curves in retarded vacuum dipole (blue) and force-free (red)
magnetospheres for asymmetric slot gap geometry. The model parameters are the same as in Figure 2.

modulate the emission in azimuth according to Equation (3). For these calculations we assume a slot gap
width of w = 0.05 and uniform emission along field
lines in the corotating frame from the neutron star
surface to maximum radius of rmax = 1.2RLC , limited
max
by a maximum cylindrical radius of rcyl
= 0.95RLC .
The combined phase shifts from aberration and timeof-flight, of photons radiated tangent to a magnetic
dipole field from the polar cap to the light cylinder, nearly cancel those due to field line curvature
on the trailing edge of the open-field region. Radiation along such trailing field lines bunches in phase,
forming sharp emission peaks or caustics in the pulse
profile. For large α, the caustics from both magnetic
poles are visible and form two sharp peaks in the light
curves, whose separation depends on viewing angle
ζ. On the leading side, these phase shifts add up
to spread photons emitted at various altitudes over a
large range of phases, forming the bridge and off-peak
emission. From Figure 2, one can see that the light
curves for centered PCs have high levels of off-peak
emission, higher than that seen in most Fermi pulsar
light curves. However, the light curves for asymmetric SG emission resulting from offset PCs have a much
lower level of off-peak emission, since emission is minimum on the leading edge and maximum on the trailing
edge of the open field volume. As a result, the peak

level and the peak-to-off-peak ratio is enhanced, but
does not change the phase lag of the first peak with
phase 0 (left-hand plot boundary).
Figure 3 shows the α − ζ atlas comparing asymmetric SG light curves for offset PC in the vacuum and
force-free models for the same model parameters as
Figure 2. The light curve morphology in the force-free
magnetosphere is similar to that of the vacuum dipole,
but the peaks are shifted in phase. The first peak
of the force-free light curves occurs at later phases
relative to the magnetic pole crossing, 0.05 - 0.15 depending on inclination angle, compared to the vacuum
light curves. Force-free model light curves, computed
max
by [3] for the classic TPC model (rcyl
= 0.75RLC ),
and by [4] for outer magnetosphere curvature radiation, show similar delayed phase lags of the first peaks.
The larger phase lags of the force-free model gammaray peaks result from two effects: the PCs are larger
than the vacuum PCs, and the field lines are more
swept back than in the vacuum dipole magnetosphere.
Both effects cause a larger offset toward the trailing
side of the PC, delaying the caustics forming the main
peaks to later phase (see Figure 1). The radio peak,
thought to come from cone beam emission centered
on the magnetic pole at altitudes of several hundred
km above the neutron star surface, would likely occur
at earlier phase than that of the magnetic pole due
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Figure 4: Observed (black) and best-fit model (red) light curves for the Vela pulsar for retarded vacuum dipole (top
panels) and force-free (bottom panels) magnetospheres. The radio peak is at phase 0 and the vertical blue dotted lines
mark the phase of the magnetic pole crossing.

3.3. Test Case: the Vela Pulsar

lag ∆φ. Our resolution is 1◦ in α and ζ for the vacuum
case and 15◦ in α (each a separate numerical solution)
and 1◦ in ζ for the force-free case. The resolution in
gap width 0 < w < 0.3 is 0.01 in fraction of the open
volume, and resolution in maximum emission radius
0.7RLC < rmax < 2.0RLC is 0.1RLC .

The different shapes and radio phase lags of the
gamma-ray light curves for the vacuum dipole and
force-free models provide a potentially useful diagnostic for pulsar magnetosphere structure. As an illustration, we have fit the Vela pulsar light curve with
our vacuum dipole and force-free model light curves
for both symmetric and asymmetric SGs (see also [6]).
We use 30 months of sky survey data, choosing diffuse
class photons within max[1.6 − 3 log10 (EGeV ), 1.3] degrees of the Vela radio position between 0.1 and 300
GeV. The light curve is obtained by phase-folding,
using the Fermi ephemeris, and then displayed in 140
phase bins of 3000 counts each. We use a Markov
Chain Monte Carlo maximum likelihood technique
[25] to determine the best fit α, ζ, gap width w, maximum emission radius rmax and magnetic pole phase

The fit results are shown in Figure 4, with the best
fit model light curves, those with the lowest reduced
χ2ν = χ2 /135, in red and the observed Fermi light
curves in back. The best-fit (α, ζ, w, rmax , ∆φ, χ2ν )
values are (52◦ , 71.5◦ , 0, 1.0, 0◦ , 1964) and (64◦ , 65.5◦ ,
0.1, 1.2, 18◦ , 1169) for symmetric and asymmetric vacuum dipole and (30◦ , 67.5◦ , 0, 1.5, 332◦ , 1145) and
(30◦ , 64◦ 0, 1.2, 334◦ , 1515) for force-free symmetric
and asymmetric models. In the vacuum dipole model,
the best fit (α, ζ) are different for the symmetric and
asymmetric cases since their different levels of off-peak
emission produce a maximum likelihood in an alternate location in parameter space. In this case, the
asymmetric SG model is significantly favored and has
a smaller β = ζ − α and ∆φ, allowing for some aberration of the radio peak position, which adds to the

to aberration and retardation, so the total phase lag
of the first gamma-ray peak to the radio peak will be
even larger.
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radio phase lag. The ζ = 65◦ in this case also agrees
with the viewing angle inferred from the X-ray torus
fit [19]. In the force-free model, the best fit (α, ζ, w,
∆φ) are the same for the symmetric and asymmetric cases, but the rmax is smaller for the asymmetric
case. In both force-free fits, the magnetic pole phase
lags are much larger than those of the vacuum dipole
models, requiring the radio peak, at phase 0 in the
plot, to arrive at phase 0.08 later than the magnetic
pole phase. This would not be expected for a standard cone beam unless there was emission from only
the trailing part of the cone. Additionally, β = 37.5◦
in the force-free best-fit models which is much larger
than the expected width of the radio cone beam so it
is not likely that the radio emission would be visible
for this geometry.

or cone beam. Although the force-free magnetosphere
is a limiting case, these fits may indicate that the real
pulsar magnetosphere solution is closer to the vacuum
dipole in field geometry. Such light curve fitting that
constrains the viewing geometry and radio phase lag
will be an important tool in determining the geometry
of the pulsar magnetosphere.

4. CONCLUSIONS
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We have explored the gamma-ray light curves in
pulsar magnetosphere geometries at the two extremes,
vacuum dipole and force-free, which both have offset polar caps. In the slot gap emission model, the
offset of the polar caps causes two major effects: a
larger phase lag of the gamma-ray peaks with the magnetic pole, and a larger ratio of peak-to-off-peak emission level due to asymmetry in the slot gap emission.
The sweepback of field lines of the force-free magnetosphere is larger than for the vacuum dipole, producing
a larger polar cap offset. The force-free model gammaray light curves thus show a larger radio phase lag. We
fit simulated gamma-ray light curves using slot gap
emission model geometry that include these effects to
the observed Vela pulsar 30 month light curves. We
find that the asymmetric slot gap in the vacuum dipole
case produces a significantly better fit to the observed
light curve since the higher accelerating electric field
on the trailing field lines produces a lower level of
off-peak emission. The viewing angle of ζ = 65◦ for
this fit also better matches the ζ from the X-ray torus
fit. We find that the force-free model light curve fit is
not as favorable as that of the vacuum dipole in several respects. While the symmetric SG in force-free
geometry has the lowest χ2ν , the asymmetric SG fit
which takes into account the offset PC is significantly
worse. The first gamma-ray peak has a phase lag of
∼ 0.2 with the magnetic pole, which is already larger
than the observed Vela radio phase lag of 0.14, requiring emission on only the trailing part of a radio cone.
However, the phase of the trailing edge of a cone beam
would be frequency dependent and the observed Vela
phase lag is not. By contrast, the gamma-ray phase
lag of the vacuum dipole light curves are smaller and
are consistent with viewing the radio core beam or
the edge of a cone beam. Furthermore, at the impact
angle β = 37.5◦ of the force-free model fits, one would
not expect to intercept the bright part of a radio core
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Recently, a new method to constrain the distances of blazars with unknown redshift using combined observations in the GeV and TeV regimes has been developed. The underlying assumption
is that the Very High Energy (VHE, E > 100 GeV) spectrum corrected for the absorption of TeV
photons by the Extragalactic Background Light (EBL) via photon-photon interaction should still be
softer than the gamma-ray spectrum observed by Fermi/LAT. The constraints found are related to
the real redshifts by a simple linear relation, that has been used to infer the unknown or uncertain
distance of blazars. The sample is revised with the up-to-date spectra in both TeV and GeV bands
and the method applied to the unknown distance blazar PKS 1424+240 detected at VHE.

I.

INTRODUCTION
A.

TeV Blazars

The large majority of extragalactic TeV photons
emitters belongs to the class of blazars: radio-loud
Active Galactic Nuclei (AGN) with a relativistic jet
closely oriented towards the Earth [12].
The typical spectrum emitted by a blazar is non
thermal and covers the entire electromagnetic spectrum, as sketched in Fig 1. It is composed by two
bumps: at low energies the emission is synchrotron
radiation by relativistic electrons, while at higher energies the origin of the radiation is more uncertain.
The most credited models, referred as leptonic models, involve the inverse Compton scattering mechanism to explain the high energy emission. However,
alternative models taking into account the presence of
a hadronic component in the emission are not ruled
out.
At GeV and TeV regimes, the photon energy flux
emitted by a blazar is usually well approximated with
a power law[13] of the form dN/dE = f0 (E/E0 )−Γ .

B.

EBL absorption

An important effect involving VHE photons emitted
by blazars is the production of electron-positron pairs
(γγ → e+ e− ), caused by the interaction with the EBL
[11]. EBL is composed of stellar light emitted and
partially reprocessed by dust throughout the entire
history of cosmic evolution.
Due to the lack of direct EBL knowledge, many
models have been elaborated in the last years [5–7, 10],
but the uncertainties remains quite large.
Quantitatively, the effect of the interaction of VHE
photons with EBL is an exponential attenuation of the
flux by a factor τ (E, z), where τ is the optical depth,
function of both photon energy and source redshift.

FIG. 1: Simplified SED of a blazar. The observed synchrotron peak (yellow) and high energy peak (blue) are
represented. The effect of EBL absorption at VHE is also
represented.

This is represented in Fig. 1, where, due to the absorption, the observed TeV spectrum (continuous line) differs significantly from the emitted spectrum (dashed
line). The observed differential energy spectrum from
a blazar is related to the emitted one according to
Fobs (E) = e−τ (E,z) Fem (E).
In principle it is possible to derive the emitted (or
intrinsic) spectrum by deabsorbing the observed spectrum. This procedure depends on the absorption coefficient τ and the redshift z of the source. Vice versa, if
the intrinsic source spectrum is known, given the absorption coefficient τ , the redshift z can be estimated
comparing the absorbed spectrum with the observed
one. Here, we use the second approach.

II.

THE METHOD

In a recent paper, we have proposed a method to
derive an estimate on the distance of a blazar [8]. The
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Source Name

ztrue

Mkn 421
Mkn 501
1ES 2344+514
Mkn 180
1ES 1959+650
BL Lacertae
PKS 2005−489
W Comae
PKS 2155−304
RGB J0710+591
1ES 0806+524
H 2356−309
1ES 1218+304
1ES 1101−232
1ES 1011+496
S5 0716+714
PG 1553+113
3C 66A

0.030
0.034
0.044
0.045
0.047
0.069
0.071
0.102
0.116
0.125
0.138
0.165
0.182
0.186
0.212
0.310a
0.400
0.444a

ΓLAT
1.81
1.85
1.57
1.86
2.09
2.37
1.90
2.06
1.91
1.28
2.09
2.10
1.70
1.36
1.93
2.15
1.66
1.92

±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±

0.02
0.04
0.17
0.11
0.05
0.04
0.06
0.04
0.02
0.21
0.10
0.17
0.08
0.58
0.04
0.03
0.03
0.02

z∗
0.07
0.08
0.19
0.21
0.07
0.27
0.18
0.24
0.22
0.21
0.23
0.16
0.21
0.23
0.60
0.23
0.75
0.39

±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±

zrec
0.02
0.02
0.03
0.11
0.03
0.14
0.03
0.05
0.01
0.06
0.15
0.07
0.08
0.11
0.18
0.10
0.07
0.05

0.02
0.03
0.09
0.11
0.02
0.14
0.09
0.13
0.11
0.11
0.12
0.08
0.11
0.12
0.35
0.12
0.45
0.22

±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±

0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05

TABLE I: – List of TeV blazars used in this study. Source name (first column), ΓLAT reported in the first year catalogue
(second column), z ∗ and zrec values obtained with the Franceschini EBL model (fourth and fifth columns). a : uncertain.

method is based on the comparison between the spectral index at GeV energies as measured by LAT after
5.5 months of data taking, basically unaffected by the
cosmological absorption, and the TeV spectrum corrected for the absorption. In that work, it is shown
that according to present observations, the spectral
slope measured by LAT, ΓLAT , in the energy range
0.2 – 300 GeV, can be considered as a limiting slope
for the emitted spectrum at TeV energies (i.e. corrected for EBL absorption). This maximum hardness
hypothesis was successfully tested on a sample of 14
well–known distance sources. Consequently, the redshift, z ∗ , at which the deabsorbed TeV slope equals
ΓLAT , can be used as an upper limit on the source
distance.
An empirical relation between the upper limit, z ∗ ,
and the true redshift of a blazar was then found. A
simple linear relation fits well the z ∗ – ztrue distribution, for three different EBL models. The relation is
associated to the linear expression, found in [9], for the
steepening of the observed TeV slopes due to EBL absorption. Hence, z ∗ and ztrue are related by a linear
function of the form z ∗ = A + Bztrue . This relation
can be used to give an estimate on the source distance.
In this paper we present an update of that work,
based on a more recent LAT catalogue [1]. We test
the validity of the maximum hardness hypothesis and
that of the linear relation between z ∗ and ztrue . A
cosmological scenario with h = 0.72, ΩM = 0.3 and
ΩΛ = 0.7 is assumed.

III.

ANALYSIS AND RESULTS

The sample presented in this study is composed by
all the extragalactic TeV emitters located at redshift
larger than z = 0.01 and detected by LAT after the
first year of data taking [1]. In total, there are 16
sources with well known redshift and two additional
sources with uncertain redshift, namely 3C 66A and
S5 0716+714. In the first column of Table I we list the
sources used in the study. The second column represents the slope measured by LAT after the first year of
data taking, in the energy range 0.1 –100 GeV. Three
new sources are added to the sample considered in the
original study, namely: RGB J0710+591, H 2356−309
and 1ES 1101−232, located at redshifts 0.125, 0.165
and 0.186, respectively. The last two sources were not
detected by LAT in the first 5.5 months, while the
spectrum of RGB J0710+591 has only recently been
published by the VERITAS collaboration [4]. With
respect to the 5.5 months catalogue, the new LAT determination of the spectral slopes is characterized by
smaller errors, due to the increased statistics.
With this enlarged data set, we estimate the quantity z ∗ , redshift at which the deabsorbed TeV spectrum exhibits the same slope measured by LAT at
lower energies. We adopt the energy density EBL
model [6], hereafter Franceschini model[14]. The z ∗
values obtained are listed in the fourth column of Table I.
Figure 2 represents the distribution ztrue − z ∗ ob-
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10-1

10-1

ztrue

A

B

0.036 ± 0.014 1.60 ± 0.14
TABLE II: – Parameters of the linear fitting curve
(z ∗ = A + Bztrue ).

#

FIG. 2: z ∗ versus true redshift derived with the procedure described in the text. The open symbols represent the two
sources with uncertain redshift, 3C 66A and S5 0716+714, not used in the fit. The dashed line is the bisector, while the
continuous line is the linear fit to the data.

8
7
6
5
4

tained. All the z ∗ values distribute above or on the bisector. This confirms that z ∗ can be considered an upper limit on the source redshift, hence the maximum
hardness hypothesis is confirmed also in this study.
The linear curve drawn represents the fit of the data.
The linear trend of the distribution is less evident here
than in the previous study. The probability of the fit
is, in fact, ∼6%, well below the previous value (58%).
The reason for this behaviour can be related to the
new sources introduced, but also to the new LAT determination of the slopes. In order to investigate such
alternatives, we have fitted the distribution excluding
the three new sources. The new fit returns a probability of 9%, close to the value obtained with the full
sample. This result suggests that the low probability
found is mainly due to the smaller error bars characterizing the determination of the new slopes in the
GeV band with respect to previous estimates. The
parameters obtained are listed in Table II.
Following the first study, we investigate the distribution ∆z, difference between the values zrec , listed in
the last column of Table I, obtained by inverting the
linear formula zrec = (z ∗ − A)/B, and the true redshifts, ztrue . The histogram obtained, Figure 3, is well
fitted by a Gaussian of σ = 0.05, which can be as-

3
2
1
0

-0.3

-0.2

-0.1

0

0.1

0.2

0.3

∆z

FIG. 3: Dispersion ∆z (ztrue − zrec ). The shaded
area represents the two sources with uncertain redshift
(S5 0716+714 and 3C 66A), not used in the Gaussian fit.

sumed as the error on the reconstructed redshift, zrec ,
estimated with this method. In the histogram, the
two sources with uncertain redshift, not used for the
Gaussian fit, lie outside the expected interval. This result confirms that the behaviour of S5 0716+714 and
3C 66A is different from that found for other sources
and suggests that or these sources are peculiar, or
their redshift is incorrect.
In conclusion, we can say that with an enlarged data
set the results previously found are confirmed. However, the linearity of the z ∗ –ztrue relation has a smaller
probability, due to the reduced errors of the new ΓLAT
determinations.
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10-10

10-11
PKS 1424+240
Observed spectrum
Deabsorbed spectrum at z = 0.26
Deabsorbed spectrum at z = 0.45

10-12
102

Energy [GeV]

FIG. 4: Measured (open circles) and deabsorbed (filled circles and squares) spectra of PKS 1424+240, assuming a redshift
z = 0.45 and z = 0.26, respectively.

IV.

THE REDSHIFT OF PKS 1424+240

As a final application, we use our method on
PKS 1424+240, a blazar of unknown redshift recently
observed in the VHE regime by VERITAS [3]. The
slope measured by Fermi/LAT in the energy range
0.1 – 100 GeV is 1.83 ± 0.03.
The corresponding z ∗ at which the slope of the
deabsorbed TeV spectrum becomes equal to it is
0.45 ± 0.15, filled circles in Fig. 4. This result is
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[3]
[4]
[5]
[6]

Abdo, A. A. et al., ApJ, 715, 2010, 429
Abdo A. A. et al., ApJ, 707, 2009, 1310
Acciari V. A. et al., ApJ, 708, 2010, L100
Acciari V. A. et al., ApJL, 715, 2010, L49
Dominguez A. et al., 2011, MNRAS, 410, 2556
Franceschini A., Rodighiero G. & Vaccari M., A&A,
487, 2008, 837
[7] Kneiske. T. M. Dole H., A&A, accepted (astroph/1001.2132)
[8] Prandini E., Bonnoli G., Maraschi L., Mariotti M. &
Tavecchio F., MNRAS, 405, 2010, L76
[9] Stecker F. W. & Scully S. T., ApJ, 709, 2010, L124

in agreement with the value of 0.5 ± 0.1, reported in
[3], calculated by applying the same procedure but
using only simultaneous LAT data.
Our estimate on the most probable distance for
PKS 1424+240 is 0.26 ± 0.05, where the error is the σ
of the Gaussian fitting the ∆z distribution. The deabsorbed spectrum of PKS 1424+240 assuming this
distance is drawn in Fig 4, filled squares.

[10] Stecker F. W., Malkan M. A., Scully S. T., ApJ, 648,
2006, 774
[11] Stecker F. W., de Jager O. C. & Salamon M.H., ApJ,
390, 1992, L49
[12] Urry C. M. & Padovani P., PASP, 107, 1995, 803
[13] Indeed, this is true at a reasonable distance from the
peak maximum.
[14] The
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here
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from
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WEB
site
http://www.astro.unipd.it/background, and differ
slightly from those used in [8], where an extrapolation
method was used.
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Anomalous X-ray Pulsars (AXPs) are bright X-ray sources. Few AXPs emit highly pulsed emission
in hard X-rays. Using data collected with the Large Area Telescope on board Fermi Gamma-ray
Space Telescope, we explored high-energy gamma-ray emission from the brightest AXP, 4U 0142+61.
We do not detect any significant emission from the source. Here, we present the upper limits to the
persistent and pulsed emission of 4U 0142+61 in the high-energy gamma-ray domain.

I.

INTRODUCTION

Anomalous X-ray Pulsars (AXPs) are bright X-ray
emitters; their luminosities (below 10 keV) range from
1033 to 1036 erg s−1 that exceed their spin-down luminosity. Their spin periods are clustered between 2−12
s and spin-down rates are relatively large, i.e., between
10−10 −10−13 s s−1 (see [1] for a review). Their observational properties are explained either with a fallback
disk [2, 3] or by the decay of their strong magnetic field
(magnetar model) [4].
Until the discovery of hard X-ray emission from
AXPs 1E 1841-045 [5], 4U 0142+61 [6] and
1RXS J170849.0-400910 [7] they were known to be
emitting soft X-rays only (< 10 keV). The origin of
hard X-ray emission is still not well understood. Emission from corona [8], breakdown of fast-modes via
quantum electrodynamics effects [9, 10] and resonant
Compton upscattering of soft photons [11] are proposed to explain the hard-X ray emission.
Construction of spectral behaviors of these sources
in a broad energy band is important for understanding the origin of the hard X-ray emission. Here we
present the upper limits to the persistent and pulsed
high-energy gamma-ray emission from 4U 0142+61 at
the GeV range. We estimated an upper limit to the
spectral break energy by extending the νFν spectrum
of the source to GeV range.

by gtbary to the arrival times at the solar system
barycenter. We used 2−10 keV RXTE observations
and found the spin ephemeris of the source between
2008 August 4 and 2010 April 30 which also covers
the extracted LAT observations.
To search for pulsed high-energy gamma-ray emission from 4U 0142+61, first we obtained the spin
ephemeris of the source using contemporaneous
RXTE/PCA observations in the 2−10 keV range with
a total exposure of 196 ks. A Fourier based epoch folding technique was applied to the data to obtain the
spin ephemeris. We generated the pulse profiles of
the source using three consecutive PCA observations
around the epoch (MJD 54713.5) which are grouped
such as they are separated at least 0.2 days from each
other. We determined the phase shift of each pointing
with respect to the template by cross correlating the
pulse profiles of each group of pointings with the template profile and fitted the phase shifts with a polynomial. In Table 1 we present the best fit spin ephemeris
parameters of 4U 0142+61. We used the precise PCA
spin ephemeris that we obtained to search for pulsed
high-energy gamma-ray emission from 4U 0142+61.
We generated the LAT pulse profiles in the 0.2−1.0
GeV and 1.0−10.0 GeV energy ranges and found that
both LAT profiles are consistent with random fluctuations with respect to its mean.
TABLE I: Spin ephemeris of 4U 0142+61 as determined
using RXTE/PCA observations.

II.

OBSERVATIONS AND DATA ANALYSIS

The LAT observations between 2008 August 4 to
2010 April 29 with an exposure time of ∼31.7 Ms
were used to investigate the persistent emission from
4U 0142+61. We obtained and analyzed the data from
15◦ radius around the source and also, a 2◦ radius
region was selected and analyzed in order to avoid
contamination from nearby bright sources. Spectral
fits and flux calculations were done with the Python
version of gtlike, pyLikelihood, for the 0.2−1.0 and
1.0−10.0 GeV energy bands. See [21] for the details
of LAT data calibration.
To perform timing analysis, all event photon arrival
times were extracted from a 2◦ region and converted

Parameter
Value
Range (MJD)
54682.6 − 55315.1
Epoch (MJD)
54713.5
ν (Hz)
0.1150900026(9)
ν̇ (10−14 Hz s−1 )
−2.745(8)
ν̈ (10−23 Hz s−2 )
3.6(3)

III.

RESULTS

After processing the data as explained in §2, we
fitted a power-law to the data obtained from 15◦
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FIG. 1: A wide band νFν spectrum of 4U 0142+61: INTEGRAL/ISGRI (20-300 keV) in black (stars), INTEGRAL/SPI
(20-1000 keV) in red (open squares) and CGRO/COMPTEL (0.75-30 MeV) 2σ upper limits in black (data obtained
from [12]). Blue diamonds are the Fermi /LAT upper limits in the 0.2−1.0 GeV and 1.0−10.0 GeV obtained using 2◦
extraction region. Red triangles are upper limits for the 15◦ extraction region. Dashed line is the best fit power-law
model to the ISGRI data points [12]. Solid line shows the power-law upper limit trend of the 2◦ Fermi /LAT region.
Figure is from [21]

radius region with an index of 2.5. The fit results a
test statistics (TS) value of ∼0.23 which implies a
detection significance less than 1σ. We calculated 3σ
flux upper limits as 2.32 × 10−6 MeV cm−2 s−1 in the
0.2−1.0 GeV band and 1.28 × 10−6 MeV cm−2 s−1
in the 1.0−10.0 GeV band. For the 2◦ radius region
power-law fit with an index of 3 resulted in a TS
value of ∼3 which implies a detection significance less
than 2σ. The 3σ flux upper limits are 5.72 × 10−6
MeV cm−2 s−1 and 1.29 × 10−6 MeV cm−2 s−1 for
0.2−1.0 GeV and 1.0−10.0 GeV, respectively.
We searched for pulsed high-energy gamma-ray
emission from 4U 0142+61 by folding the Fermi/LAT
data with the precise spin ephemeris obtained using
contemporaneous RXTE/PCA observations. Our
search for emission yields random fluctuations with
respect to its mean (See Figure 2). The 3σ upper
limits to the RMS pulsed amplitude are 1.5% and
2.3% in the 0.2−1.0 GeV and 1.0−10.0 GeV band,
respectively. A search in the lower energy part of
the LAT passband (30−200 MeV) also yields in no
evidence of pulsed emission; the 3σ RMS pulsed
amplitude upper limit is 1.6%.

IV.

DISCUSSION

We used the LAT persistent emission upper limits
to extend the νFν spectrum of 4U 0142+61 presented
in [12] to the 10 GeV. We could place an upper limit to
the very high-energy gamma-ray emission trend (i.e.,
the LAT results obtained using the 2◦ region) which
is a power law with an index of −0.76 (solid line in
Figure 1). INTEGRAL/ISGRI data is fitted with a
power law index of 0.93 ± 0.06 by [12] as shown with
dashed line in Figure 1. The intersection of two curves
suggests an upper limit of ∼1.1 MeV to the spectral
break energy.
The models presented in [8] and [9, 10] estimate a
spectral break energy of about 1 MeV which is consistent with the break energy that we estimated. If
there is a significant excess emission in optical band
as in the 4U 0142+61 [13], quantum electrodynamics
model [9, 10] predicts an increase in the 10 − 200 MeV
range. Excess optical emission can be due to the star
itself [14, 15] or the disk around the star [16, 17]. If
the source of the excess optical emission is the disk,
quantum electrodynamics model is consistent with our
results since the star itself would not be excessive in
optical band. Outer gap model of AXPs within the
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FIG. 2: Pulse Profiles of 4U 0142+61 by folding the Fermi/LAT data with the precise spin ephemeris obtained with
contemporaneous RXTE/PCA observations. Left: in the 30 − 200 MeV band, middle: in the 200 MeV − 1 GeV band,
Right: in the 1 − 10 GeV band.

magnetar interpretation [18] also predicts high-energy
gamma-ray emission from the source. Recently, [19]
and [20] suggested that non-detection is inconsistent
with the outer gap model and fallback interpretation
cannot be eliminated.

(MTKD-CT-2006-042722).
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We present multiwavelength spectral analyses of two Fermi-LAT blazars, OJ 287 and 3C 279,
that are part of the Boston University multiwaveband polarization program. The data have been
compiled from observations with Fermi, Swift, RXTE, the VLBA, and various ground-based optical
and radio telescopes. We simulate the dynamic spectral energy distributions (SEDs) within the
framework of a multi-slice, time-dependent leptonic jet model for blazars, with radiation feedback, in
the internal shock scenario. We use the physical jet parameters obtained from the VLBA monitoring
to guide our modeling eﬀorts. We discuss the role of intrinsic parameters and the interplay between
synchrotron and inverse Compton radiation processes responsible for producing the resultant SEDs.

I.

INTRODUCTION

Blazar jets are highly violent in nature and are
dominated by ultrarelativistic particles. The SED
of blazars consists of two spectral bumps. The lowenergy component is due to synchrotron radiation
emanating from relativistic particles, and the highenergy component (for leptonic jet model) is a result
of Compton upscattering of the seed photon field by
ultrarelativistic particles. The seed photons could either be the synchrotron photons produced in the jet
(synchrotron self Compton, SSC) [9, 10], and/or external disk photons entering the jet directly (external
Compton disk, ECD) [1, 2], and/or the disk photons
getting reprocessed in the broad line region (BLR)
(external Compton cloud, ECC) [5, 11], and/or the
dusty torus [3, 6] and then entering the jet. The spectral variability patterns and SEDs are important tools
used for understanding the acceleration of particles
and the time-dependent interplay of various radiation
mechanisms responsible for the observed emission.
Here, we analyze the multiwaveband SED of two
Fermi-LAT blazars, OJ287 and 3C 279, using the 1D multi-slice time-dependent leptonic jet model, with
radiation feedback scheme of [7] to gain understanding
of the role of various intrinsic parameters and radia-

tion processes in producing the resultant SEDs.
We briefly describe the model of [7] in §II. We discuss our first results from this study in §III. We summarize our results and give a brief description of future
work in §IV.

II.

INTERNAL SHOCK MODEL

The mode of acceleration of plasma electrons (and
positrons) to highly relativistic energies and its location in the jet is still not completely understood. One
way to comprehend the physics of particle acceleration is the internal shock model, in which the central
engine (black hole + accretion disk) spews out shells
of plasma with different velocity, mass, and energy.
The collision between such shells gives rise to internal
shocks (reverse (RS) and forward (FS)), which convert
the ordered bulk kinetic energy of the plasma into the
magnetic field energy and random kinetic energy of
the particles. The highly accelerated particles then
radiate and produce the emission observed from the
jet.
The collision of two plasma shells results in an emission region as shown in Figure 1. The treatment of
shell collision and shock propagation is hydrodynamic
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and relativistic in nature [12].
The evolution of electron and photon population
inside the emission region are governed, respectively,
by,
∂
∂ne (γ, t)
=−
∂t
∂γ

∆ fs

∆ fs

FIG. 1: Schematic of the emission region with RS traveling
into the inner shell of bulk Lorentz factor (BLF) Γi , and
FS moving into the outer shell of BLF with Γo , such that
Γi > Γo . The primed quantities refer to the comoving
frame and unprimed refer to the lab (AGN) frame. The
comoving pressures p′fs and p′rs of the shocked ﬂuids across
the contact discontinuity (CD) are equal. ∆rs and ∆fs are
the widths of the inner and outer shell after the collision
obtained from the shock dynamics [12].



zc




dγ
ne (γ, t)
ne (γ, t) +Qe (γ, t)−
dt loss
te,esc
(1)

and
∂nph (ǫ, t)
nph (ǫ, t)
= ṅph,em (ǫ, t)− ṅph,abs (ǫ, t)−
(2)
∂t
tph,esc
Here, (dγ/dt)loss is the radiative energy loss rate,
due to synchrotron and SSC losses, for the electrons.
Qe (γ, t) is the sum of external injection and intrinsic
γ − γ pair production rate and te,esc is the electron
escape time scale. ṅph,em (ǫ, t) and ṅph,abs (ǫ, t) are
the photon emission and absorption rates corresponding to the electrons’ radiative losses, and tph,esc =
(3/4)Rb /c is the photon escape timescale. The evolution of the electron and photon population is followed
in a time-dependent manner inside the emission region and radiative energy loss rates as well as photon
emissivities are calculated using the time-dependent
radiation transfer code of [7].
The model follows the evolution of the emission
region out to sub-pc scales and simulates only the
early phase of γ-ray production. During this time,
the radiative cooling is strongly dominant over adiabatic cooling and the emission region is highly optically thick out to GHz radio frequencies. Thus, the
simulated radio flux is well below that of the actual
radio data. Also, the phase of the emission region in

FIG. 2: Schematic of the radiative transfer in between
the slices using the appropriate photon escape probability
function. The unprimed nph,∼fwd/back values represent the
photon densities in the forward and backward direction,
respectively, in the comoving frame of the emission region.
The rest of the unprimed quantities refer to the lab frame.

which it gradually becomes transparent to radio frequencies is not simulated, as that would require the
introduction of several additional, poorly constrained
parameters.
A.

Multi-slice Radiation Transfer Scheme

A cylindrical emission region is considered to calculate the resultant spectrum in a time-dependent manner. The inhomogeneity in the photon and particle
density throughout the emission region is realized by
dividing the region into multiple slices, as shown in
Figure 2.
The photon density of a zone and the probability of
escape for a photon from that zone in a particular direction (forward, backward, or sideways), P, are used
to calculate photon escape rates in that direction, according to
dnph,fwd/back/side(ǫ, Ω)
nph (ǫ, Ω)
=
Pfwd/back/side
dt
tph,esc
(3)
where tph,esc is the photon escape timescale for a cylindrical region.
We use the scheme presented in equation 3 to calculate the radiation transfer within each slice and in
between the slices [7].
III.

FIRST RESULTS

The time-dependent model, calculating synchrotron
and SSC radiation processes, developed in [7] has been
used to reproduce the observed SED of two FermiLAT blazars, OJ287 and 3C 279 that are part of
the Boston University multiwaveband monitoring program. We have collected the data from observations
with Fermi, Swift, RXTE, the VLBA, and various
ground-based optical and radio telescopes to construct
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δ ≈ 16.5
R ≈ 3.5 × 1015 cm
2/7
B ≈ 0.52 ǫB G
γmin ≈ 1.1 × 103
γmax ≈ 3.0 × 104
q ≈ 4.2
θobs ≈ 3.2o

(4)

Here, δ is the Doppler boosting factor assumed to
be equal to the BLF of the emission region (as estimated from VLBA observations). The symbols R &
B represent the values of comoving radius and magnetic field in the emission region and ǫB , which is not
a part of the model of [7], is the ratio of magnetic field
and electron energy density assumed to be equal to 1
here. The γmin & γmax refer to the low and high energy cutoffs of the electron energy distribution. The
spectral index of the electron population is given by
q and θobs is the observing angle inferred from VLBA
observations.
The initial set of parameters was modified to reproduce the state of OJ287 as observed on 10/28/2008.
Table I lists the parameters used for obtaining the resultant SED of the source shown in Fig. 3. These
parameters result in a Γsh ≈ 16.4 for the entire
emission region, B ≈ 5.0 G and γmax ≈ 1.5 × 105
for both forward and reverse emission regions, and
γmin, fs ≈ 5.6 × 102 & γmin, rs ≈ 1.0 × 103 for forward
and reverse emission regions, respectively.
As can be seen from the figure, the lower-energy
bump of the time-integrated simulated SED passes
very close to the IR, optical, and UV data points, indicating that the synchrotron component is responsible
for this part of the jet emission. The spectral upturn
takes place in the soft X-rays at ≥ 0.14 keV due to the
presence of the SSC component in the simulation and
the lower-energy part of the SSC component passes
close to the X-ray data implying the dominance of
SSC component in producing this part of the highenergy bump. The model (SSC+ECD), at this point,

underpredicts the γ-ray photon flux suggesting that
the contribution from the BLR might play a dominant role in reproducing this emission.
1e+13
75

1e+13

ν Fν [Jy Hz]

1e+12
ν Fν [Jy Hz]

the multiwaveband SEDs of OJ287, and 3C 279, the
latter of which corresponds to the quasar’s optical
high state as observed on 15 January 2006.
OJ287 is a BL Lac object purported to have a black
hole binary system [15]. The blazar has exhibited
spectral and polarization variability in the past [13].
Here, we apply the model of [7] with the ECD component included (Joshi et al., 2012, in prep.) with 50
slices in the forward and 50 slices in the reverse emission regions to analyse the SED of OJ287 as observed
on 10/28/2008. Figure 3 shows the instantaneous and
time-integrated simulated SED of OJ287 for that day.
The model independent parameters [4] estimated from
the SED, VLBA observations [8], and variability on
1-day timescale were used to develop an initial set of
input parameters:

1e+12

1e+11
1e+11

1e+10

1e+10
1e+10

1e+12

1e+14

1e+16

1e+18
ν [Hz]

1e+20

1e+22

1e+24

1e+26

1e+10

1e+12

1e+14

1e+16

1e+18
ν [Hz]

1e+20

1e+22

1e+24

1e+26

FIG. 3: Simulated instantaneous and time-integrated (averaged over 1 day) SED of OJ287 for 10/28/2008.

The flat-spectrum radio quasar (FSRQ), 3C 279,
was observed in its optical high state on 01/15/2006,
almost a month before it was observed by MAGIC
emitting in the TeV energy regime for the first time
ever [14]. Figure 4 shows the instantaneous and timeintegrated simulated SED of 3C 279 for that day. The
model independent parameters [4] that were estimated
using the SED, VLBA observations [8], and variability
on 1-day timescale were used to develop an initial set
of input parameters:
δ ≈ 15.5
R ≈ 2.5 × 1016 cm
2/7
B ≈ 0.82 ǫB G
γmin ≈ 9.0 × 102
γmax ≈ 2.2 × 104
q ≈ 4.3
θobs ≈ 2.1o

(5)

All symbols refer to the same quantites as explained
above and the entire emission region, as mentioned
above, has been divided into 100 slices to analyze
the observed SED of the source. The initial set of
parameters was modified to reproduce the state of
3C 279 as observed on 01/15/2006. Table I lists the
parameters used for obtaining the resultant SED of
the source shown in Fig. 4. These parameters result in Γsh ≈ 16.6 for the entire emission region,
B ≈ 4.0 G and γmax ≈ 2.2 × 105 for both forward
and reverse emission regions, and γmin, fs ≈ 5.8 × 102
& γmin, rs ≈ 1.3×103 for forward and reverse emission
regions, respectively.
As can be seen from the figure, the observed SED for
01/15/2006 shows a high-energy bump that is indicative of a dominant SSC component and a suppressed
EC component. The time-integrated simulated SED
passes very close to the IR and optical data points, indicating that the synchrotron component responsible
for the lower energy bump of the SED. The spectral
upturn takes place in the soft X-rays at ≥ 0.11 keV
due to the presence of the SSC component in the simulation. The lower-energy part of the SSC component
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reproduces the X-ray data quite well, suggesting the
dominance of SSC component in producing this part
of the high-energy bump.
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FIG. 4: Simulated instantaneous and time-integrated (averaged over 1 day) SED of 3C 279 for 01/15/2006.

TABLE I: Model parameters used to reproduce the state
of OJ287 and 3C 279 as observed on 10/28/2008 &
01/15/2006, respectively.
Source
3C279
OJ287

Lw
Γi Γo q
εe
εB
ζe
[1047 ergs/s]
[10−2 ] [10−3 ] [10−2 ]
5
35 10 4
9
3
2.5
4
25 12 4.2
9
14
1.0

Source

IV.

DISCUSSION AND FUTURE WORK

The time-integrated SEDs of both OJ287 & 3C 279
need further adjustments of parameters that are listed
in Table I in order to obtain a satisfactory fit. The
external Compton component due to photons entering the jet from the BLR and dusty torus needs to be
incorporated in the existing model of [7] to correctly
reproduce the SEDs of blazars, especially for flat spectrum radio quasars (Joshi et al. 2012, in prep.).
Further, we plan to incorporate the effects of magnetic field orientation, as inferred from polarization
monitoring programs, on the resultant spectral variability and SEDs of blazars. This would further aid us
in the study of intrinsic parameter differences between
various blazar subclasses, arising from the orientation
of the magnetic field in the jet.
We plan to study the evolution of SED of blazars
from quiescent to flaring state in the light of the modified time-dependent model of [7] (Joshi et al. 2012, in
prep.). We will then compare the results with multiwaveband data gathered by the Fermi-LAT and other
telescopes.

R

θobs
Ldisk
MBH
ηacc
44
8
[10 cm] [deg] [10 ergs/s] [10 MSol ] [10−2 ]
3C279
3.7
2.5
OJ287
4.0
2.5
2
2
6
Lw : luminosity of the injected electron population in the
blob, Γi,o : BLFs of the inner and outer shells before
collision, q: particle spectral index, εe : ratio of electron
and shock energy density, εB : ratio of magnetic ﬁeld and
shock energy density, ζe : fraction of accelerated
electrons, R: comoving radius, θobs : viewing angle, Ldisk :
accretion disk luminosity, MBH : Mass of the BH, and
ηacc : accretion eﬃciency
16
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Supernova remnants (SNRs) are widely considered the most likely source of cosmic rays below the knee (1015
eV). Studies of GeV and TeV gamma-ray emission in the vicinity of SNRs, in combination with multi-wavelength
observations, can trace and constrain the nature of the charged particle population believed to be accelerated
within SNR shocks. They may also speak to the diffusion and propagation of these energetic particles and to the
nature of the acceleration mechanisms involved. We report here on the discoveries and interpretation of VHE
gamma-ray emission from G120.1+1.4 (Tycho’s SNR) and from the northwest shell of G78.2+2.1 (gamma-ray
source VER J2019+407, which was discovered as a consequence of the VERITAS Cygnus region survey).

1. Introduction
Cosmic rays with energies up to 1015 eV are believed to be accelerated at strong shocks of supernova
remnants (SNRs). Current space-borne (Fermi) and
ground-based (VERITAS, HESS, MAGIC) gammaray telescopes allow us to study cosmic-ray accelerators via secondary gamma-ray production, either via
the inverse Compton process (electrons) or via the decay of neutral pions (π 0 → γγ) produced when highenergy cosmic-ray ions collide inelastically with the
ambient medium. Studies of GeV and TeV gammaray emission in the vicinity of SNRs, in combination
with multi-wavelength observations, can trace and
constrain the nature of the charged particle population believed to be accelerated within SNR shocks.
They may also speak to the diffusion and propagation
of these energetic particles and to the nature of the
acceleration mechanisms involved. We discuss here
recent detections of two TeV gamma-ray sources by
VERITAS, one identified with Tycho’s SNR, the other
potentially identified with SNR G78.2+2.1, that have
the potential to further illuminate this long-standing
question.

2. VERITAS
The VERITAS instrument is an array of four 12-m
imaging atmospheric Cherenkov telescopes located at
the Fred Lawrence Whipple Observatory in southern
Arizona. Each telescope is equipped with a 3.5◦ fieldof-view (FOV). The instrument has good (15-25%) energy resolution over an energy range of 100 GeV - 30
TeV, excellent angular resolution (R68 < 0.1◦ ), and
achieves a sensitivity of 1% of the Crab Nebula flux
in approximately 25 hours. For more details on the
VERITAS instrument and analysis techniques, please
refer to [11, 12].

3. Tycho’s SNR
The SNR, G120.1+1.4, also known as Tycho’s
SNR, is the relic of a Type 1a supernova[14] observed in 1572. Tycho’s SNR is young among Galactic SNRs (438 years). It shows a distinct shell-like
morphology in radio[5] and strong non-thermal Xray emission concentrated in the SNR rim, with filaments that have been taken as evidence for electron
acceleration[4, 9, 13, 28].
VERITAS observations performed between 2008
and 2010 reveal one of the weakest sources yet detected in TeV gamma rays, with an integral flux
above 1 TeV of 1.87 ± 0.51stat × 10−13 cm−2 s−1 , or
∼ 0.9% of the Crab Nebula emission above the same
energy[1]. The TeV photon spectrum can be described
by a power law: dN/dE = C(E/3.42TeV)−Γ , with
Γ = 1.95 ± 0.51stat ± 0.30sys and C = (1.55 ± 0.43stat ±
0.47sys )x10−14 cm−2 s−1 TeV−1 .
The source is well-fit by a simple symmetric Gaussian with width fixed at the instrument point-spread
function (68% containment radius of 0.11◦ ) and is thus
compatible with a point source. The center of the fit,
at 00h 25m 27.0s, +64 10’ 50” (J2000), is offset by
0.04◦ from the center of the remnant, with the statistical and systematic uncertainties in this position
being 0.023◦ and 0.014◦ respectively. Figure 1 shows
that the peak of the gamma-ray emission is slightly
displaced in the direction of a molecular cloud that
is seen by integrating over the velocity range between
∼ 68kms−1 and ∼ 50kms−1 [17] and that may be interacting with the northeast quadrant of the remnant.
While it is tempting to interpret this as indicative of
hadronic emission associated with the cloud itself, not
only is the effect not statistically significant but the
association of the cloud with the remnant has been
recently disputed[23].
Taken together with observations made at other
wavelengths, however, the case for hadronic acceleration within the remnant appears strong. Figure 2
shows a pair of simple model fits, based on scenarios where the TeV emission is dominated by leptonic
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Figure 1: Background-subtracted VERITAS gamma-ray
count map showing the region around Tychos SNR,
smoothed with an 0.06 Gaussian kernel. The centroid of
the VHE gamma-ray emission is indicated with a thick
black cross[1]. Overlaid on the image are X-ray contours
(thin black lines) from a Chandra ACIS observation[9]
and 12CO emission (J=1-0) from the FCRAO Survey
(gray lines)[8]. The VERITAS PSF is shown as a white
circle.

(inverse-Compton) emission and hadronic (pion decay) emission[22] respectively, and generated assuming no influence from the molecular cloud. Particle
spectra of the form dN/dE = AE−α e(−E/Ec ) have
been used, with the spectral index α fixed to a common value for both scenarios. The cutoff energy Ec is
permitted to differ as is expected for loss-dominated
distributions[1]. For the leptonic model the derived
field is ∼ 80µG and the hadronic model has a lower
limit of ∼ 230µG. These values are well above both
the usual ∼ 3µG fields of the interstellar medium and
the values expected from shock-compression of that
field in moderate-density environments[6]. As a consequence, the VERITAS detection of gamma-rays from
Tycho can be considered additional evidence for magnetic field amplification with the remnant.
With the models as shown here (fitted only to
VERITAS, radio, and X-ray data[1], scenarios where
the gamma-ray emission is dominated by leptonic or
hadronic emission are both a reasonable fit, with the
preference for hadrons resting largely on the fact the
field of ∼ 80µG required by the leptonic model is noticeably lower than the values of 200 − 300µG derived
from the thinness of the X-ray synchrotron emission
rim[3]. Along these lines of argument, a more recent paper, incorporating both Fermi-LAT observations of Tycho and the VERITAS spectrum shown
here, claims that the only model consistent with the
Tycho broad-band spectrum in this case is one in
which the Fermi and VERITAS gamma-ray spectrum

Figure 2: Emission models fitted to the broadband SED
(radio, non-thermal X-ray, and VHE gamma-ray
emission) of Tychos SNR. Upper panel and lower panels
show a lepton-dominated and hadron-dominated model,
respectively. The long-dashed curve is the
inverse-Compton (IC) component; the dashed curve the
pion-decay emission. The solid line at high energies is the
sum of these components while at low energies it
corresponds to synchrotron emission.

is produced by hadrons[20, 21]. It should be noted,
however, that regardless of the model used to explain
the gamma-ray emission, the total relativistic particle
energy, which represents a significant fraction of the
total kinetic energy of the SNR, remains dominated
by hadrons[1].

4. SNR G78.2+2.1 and VER J2019+407
SNR G78.2+2.1 is a ∼ 1◦ diameter SNR at ∼
1.7 kpc distance. At ∼ 7000 years [10, 16, 18] it
is considerably older than Tycho, and is thought to
be in an early phase of adiabatic expansion into a
medium of fairly low density [18]. Much of the radio
and X-ray emission lies in distinct northern and southern features [25, 30]. Gosachinskij[7] also identifies a
slowly expanding H i shell immediately surrounding
the radio shell which Lozinskaya et al.[18] suggest was
created by the progenitor stellar wind. A gamma-ray
pulsar PSR J2021+4026 is located at the center of the
remnant. Unlike Tycho, G78.2+2.1’s is large enough
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Figure 3: VERITAS gamma-ray image of SNR G78.2+2.1 showing the detection of VER J2019+407. The SNR is
delineated by CGPS 1420MHz radio contours (white) [26]; the solid black ellipse co-incident with VER J2019+407 is
the 95% confidence ellipse for 1FGL J2020.0+4049; the dashed black circle shows the fitted extent of VER J2019+407.
The star symbol shows the location of the central Fermi pulsar PSR J2021+4026. The white circle (bottom right
corner) indicates the 68% containment size of the VERITAS TeV PSF for this analysis.

to resolve in gamma-rays.
The VERITAS Cygnus Region Survey[29] revealed
possible emission near G78.2+2.1, later confirmed by
∼ 20 hours of follow-up observations. In the follow-up
data alone, a clear signal with 268 ± 34 net counts is
detected at a location overlapping the northern rim
of the remnant, significant at the 7.5 standard deviations after accounting for search trials[2]. Modeling of the source by a two-dimensional Gaussian
convolved with the VERITAS TeV PSF reveals the
source to be extended, with an intrinsic extension
◦
of 0.18◦ ± 0.03◦stat +0.02
−0.01◦ sys and a fitted centroid position of R.A. 20h 20m 00.0s , Decl. +40◦ 49′ 12′′ (J2000)).
However, the apparent source profile (as illustrated in
Figure 3) appears both asymmetric and non-Gaussian.
Figure 3 shows the gamma-ray excess detected by
VERITAS in relationship to the SNR as seen at other
wavelengths. The emission seems to follow an arcshaped structure in the radio continuum contours (as
seen at 1420 MHz). The brightest part of the emission is offset by ∼ 0.5◦ from the Fermi LAT pulsar
PSR J2021+4026 (1FGL J2021.5+4026), but is colocated with the Fermi source 1FGL J2020.0+4049
only 9′′ away. This region of gamma-ray emission does
coincide with enhanced thermal X-ray emission that
is suggestive of shocked H i [25]; curiously, it lies in
a void of CO emission [15]. The TeV emission also
lies near a region of bright [S ii] optical line emission

within the SNR that is identified as shock heated gas
based on the [S ii]/Hα line ratio [19].
The relationship of VER J2019+407 and
1FGL J2020.0+4049 to G78.2+2.1, and the nature of the gamma-ray emission being produced, are
not yet clear. While VER J2019+407 could be a
PWN related to PSR J2021+4026, the significant
angular displacement between the two sources, when
coupled with the total absence of TeV emission at the
position of PSR J2021+4026, makes this less likely.
Likewise, while it is possible that VER J2019+407 is
the PWN of an unknown pulsar in the line-of-sight
towards SNR G78.2+2.1, this would ascribe the location of VER J2019+407 near the [S ii] line emission
and the enhanced thermal X-ray emission to chance
superposition. A more straightforward explanation
of the TeV emission and the features observed in the
X-ray, optical, and radio continuum would be that the
gamma-ray emission arises from particle acceleration
(either hadronic or leptonic) within the SNR shock.
While molecular clouds are frequently invoked as
potential sites of hadronic gamma-ray emission, the
dearth of CO in this region means this is not the
case here; the target material would have to be H
i, for which the H i shell surrounding the remnant
could provide a plausible source. In this scenario, the
pre-shock density estimates of 1 − 10 cm−3 based on
the ratio of [S ii] λ6716 to [S ii] λ6731 line fluxes[19]
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appear consistent with those extrapolated from the
TeV gamma-ray flux.

5. Conclusions
Detection of gamma-ray emission from Tycho’s
SNR and from the vicinity of G78.2+2.1 has added
to the VERITAS catalog a pair of gamma-ray sources
with a strong potential to shed light on cosmicray origin and its relationship to supernova remnants. Although the relationship between the pointlike gamma-ray emission from Tycho’s SNR and a
nearby molecular cloud is not clear, the broad-band
SED from this remnant favors not only a predominance of accelerated ions within the remnant but
a hadronic origin to the gamma-ray emission itself. The extended gamma-ray emission from VER
J2019+407, on the other hand, appears to track part
of G78.2+2.1’s shell, which because of the remnant’s
large size is easily resolved. While the total lack of
CO at this position makes it clear we are not dealing
with a molecular cloud scenario, a hadronic origin to
the gamma-ray emission from VERJ2019+407 is not
ruled out. Preliminary indications are that the density of H i, possibly due to interaction with the wall
of a cavity blown by the progenitor stellar wind, is
sufficient to produce the observed gamma-ray flux in
a hadronic emission scenario.
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Are GeV and TeV spectra connected?
the case of Galactic γ-ray sources
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To understand Galactic objects that emits GeV-TeV emission, a spatial correlation study between
the Fermi bright source catalog [1] and TeV source population was carried out in [2], finding that
a significant number of very high-energy (VHE; E>100 GeV) sources are also emitting at GeV
energies. We extended our previous study utilizing the first Fermi catalog (1FGL) sources [3]. A
cross-correlation comparison of the 1FGL sources was carried out with the VHE γ-ray sources in
the literature as of May 2011. While it is found that a significant number of VHE γ-ray sources
were also detected in the GeV band, the GeV-TeV spectra of some of these spatially coincident
sources cannot be described by a single spectral component. While some of these cases are γray pulsars accompanied by VHE γ-ray emitting nebulae, we present cases where the 100 MeV to
multi-TeV spectra of coincident 1FGL/VHE source pairs do not seem to be well fit by a single
spectral component.

I.

INTRODUCTION

During the last decade, many different kinds of
astrophysical objects in our Galaxy were discovered
at photon energies above 100 MeV: pulsars (PSRs),
pulsar wind nebulae (PWNe), supernova remnants
(SNRs), high-mass X-ray binaries (HMXBs), and
one H II region. They were all made by utilizing
the high-energy (HE; 30 MeV–100 GeV) and very
high-energy (VHE; 100 GeV–100 TeV) γ-ray experiments including current generation of imaging atmospheric Cherenkov telescopes (IACTs) H.E.S.S.,
MAGIC, and VERITAS, and the Large Area Telescope (LAT) aboard the Fermi satellite.
More than 100 sources are now known at VHE γray energies and 1451 sources are listed in the first
Fermi LAT catalog, comparing with ∼10 VHE γray sources and ∼300 HE γ-ray sources around the
turn of the century. Given the large number of
sources, we follow previous studies [2, 4] and compare
the HE and VHE source positions, as an important
step to identify a group of sources emitting both in
the HE and VHE bands.

II.

SPATIAL COINCIDENCE STUDY

We cross-correlated the 1FGL source centroid positions with VHE γ-ray source centroid positions. Only
sources that are not associated with an extragalactic
source were considered. Using the same manner as
described in [2], the VHE source extent and 95% uncertainty in the 1FGL source centroids are taken into
account. All first Fermi/LAT catalog sources are assumed to be point sources as in [3]. Those sources with
an ending ‘c’ should be regarded with caution given

the imperfect knowledge of the diffuse γ-ray background [3]. In total we identified 31 1FGL sources
that are spatially coincident with one VHE source. In
addition, the VHE source in the Westerlund 1 region,
which are ∼0.6◦ extended, is found to be spatially coincident with three 1FGL sources. HESS J1809−193
is coincident with two 1FGL sources. The list of these
1FGL-VHE source pairs are presented in Table I.
Based on pulsar timing information and dedicated
efforts described in the corresponding literature, as
well as spatial coincidences, the 1FGL sources in the
list of coincidences include several classes: 2 HMXBs
(LS I +61◦ 303 and LS 5039), 8 PSRs, 4 SNRs (IC 443,
W28, W49B, W51C), 2 PSR/PWN (Crab and Vela), 6
SNR/PWN candidates, one H II region, and 13 unassiciated sources.

III.

GEV-TEV SPECTRA

The GeV spectral points are taken from the 1FGL
catalog where point source analysis was used, while
the VHE spectra shown are the best-fit power law
taken from the respective literature.
We identify several cases of which the 0.1–100 GeV
spectra and the VHE spectra cannot be described by
a single spectral components, as shown in Figs 1–5.
The flux in the five energy bands in [3] are plotted
together with the best-fit power law in the VHE range.
In several other cases, the GeV emission come from a
γ-ray pulsar, i.e., those 1FGL source identified as a
pulsar, that shows cutoff at several GeV and VHE
emission mostly likely come from the associated VHE
γ-ray emitting PWN. We only present cases where the
1FGL source is not identified as a pulsar.
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IV.

CASES OF SPECTRAL ‘MIS-MATCH’

We found five VHE sources that are spatially
coincident with a 1FGL source but the GeV–TeV
spectra are incompatible with a single spectral component:
HESS J0852−463, HESS J1614−518,
HESS J1702−420,
HESS J1809−193,
and
HESS J1848−018.
The cases presented here
might represent a group of GeV/TeV sources where
the spectral mis-matches indicate different radiations
working at different energies or that radiation comes
from different parts of a γ-ray source. Further studies
of these spectral mis-match GeV/TeV spatially
coincident cases are encouraged.
V.

sessment using the Fermi bright source list [2].
However, the GeV-TeV spectra of some of these spatially coincident sources cannot be described by a single spectral component. While some of these cases
are γ-ray pulsars accompanied by VHE γ-ray emitting nebulae, we highlight five cases where the 100
MeV to multi-TeV spectra of coincident 1FGL/VHE
source pairs do not seem to be well fit by a single
spectral component.
Notes added in proof : The second Fermi catalog has
been released after the conference. We note that one
of the coincidence pairs, 1FGL J1702.4−4147c, does
not have a 2FGL counterpart.

CONCLUSION

In this study, it is found that a significant number
of VHE sources are spatially coincident with a counterpart in the first Fermi/LAT catalog, establishing a
population of sources that emit both in the HE and
VHE energy bands. This confirms our previous as-
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TABLE I: 1FGL sources with spatially coincident VHE counterpart as of May 2011. The class denoted ‘SNR/PWN’ means
SNR/PWN candidates, according to [3].
1FGL source

association

J0240.5+6113

LS I+61 303

J0534.5+2200

Crab

J0617.2+2233

IC 443

J0835.3−4510

Vela

J0854.0−4632

class

VHE γ-ray source

l

b

(◦ )

(◦ )

135.66

1.08

VER J0240+612

PSR/PWN 184.56 −5.76

HESS J0534+220

HMXB
SNR

189.08

3.07 VER J0616.9+2230

association

l

b extension

ref

(◦ )

(◦ )

(◦ )

LS I +61 303

135.70

1.08

pt src

[5]

Crab nebula

184.56 −5.78

pt src

[6]
[7, 8]

IC 443

189.08

2.92

0.16

PSR/PWN 263.56 −2.77

HESS J0835−455

Vela X

263.86 −3.09

0.43

[9]

SNR/PWN 266.64 −1.09

HESS J0852−463

RX J0852.0−4622

266.28 −1.24

1.0

[10]
[11]

J1023.0−5746

PSR J1023−5746

PSR

284.17 −0.41

HESS J1023−575

PSR J1023−5746/Wd 2

284.22 −0.40

0.18

J1418.7−6057

PSR J1418−6058

PSR

313.34

0.11

HESS J1418−609

G313.3+0.1 (Rabbit)

313.25

0.15

0.06

[12]

J1420.1−6048

PSR J1420−6048

PSR

313.50

0.20

HESS J1420−607

PSR J1420−6048

313.56

0.27

0.07

[12]

SNR/PWN 327.30 14.54

327.35 14.48

0.13

[13]

319.62

0.29

0.26

[14]

331.52 −0.58

0.2

[15]

J1501.6−4204

HESS J1502−421

SN 1006 SW

J1503.4−5805c

Unid

319.67

0.42

HESS J1503−582

FVW 319.8+0.3?

J1614.7−5138c

Unid

331.69 −0.49

HESS J1614−518

SNR/PWN 338.29 −0.06

HESS J1640−465

J1640.8−4634c
J1648.4−4609c

PSR J1648-4611

PSR

G338.3−0.0

339.47 −0.79 Westerlund 1 region

338.32 −0.02

0.05

[15]

339.55 −0.40

∼0.9

[16]

J1649.3−4501c

Unid

340.44 −0.18

J1651.5−4602c

Unid

339.91 −1.12

J1702.4−4147c

Unid

344.45

0.00

HESS J1702−420

344.26 −0.22

0.3

[17]

J1707.9−4110c

Unid

345.56 −0.44

HESS J1708−410

345.67 −0.44

0.08

[17]

PSR

343.10 −2.69

HESS J1708−443 PSR B1706−44/G343.1−2.3 343.06 −2.38

0.29

[18]

HESS J1713−397

RX J1713.7−3946

347.28 −0.38

0.25

[19]

349.00 −0.40

HESS J1718−385

PSR J1718−3825?

348.83 −0.49

0.015

[20]

SNR/PWN 359.94 −0.05

HESS J1745−290

Sgr A*/G359.95−0.04

359.94 −0.04

pt src

[21]

J1709.7−4429

PSR B1706−44

J1711.7−3944c
J1718.2−3825

SNR/PWN 347.15 −0.19
PSR J1718−3825

J1745.6−2900c

PSR

same as above
same as above

5.95 −0.37 HESS J1800−240B

PSR J1702−4128

J1800.5−2359c

W28−A2

H II region

W28−A2

5.90 −0.37

0.15

[22, 23]

J1801.3−2322c

W28

SNR

6.57 −0.22

HESS J1801−233

W28

6.66 −0.27

0.17

[22, 23]

J1805.2−2137c

SNR/PWN

8.55 −0.14

HESS J1804−216

W30/PSR J1803−2137?

8.40 −0.03

0.20

[15]

J1808.5−1954c

Unid

10.43

HESS J1809−193

PSR J1809−1917?

0.53

[20]

J1810.9−1905c

Unid

11.42 −0.08

same as above

0.03

0.08

HMXB

16.88 −1.29

HESS J1826−148

16.90 −1.28

pt src

[24]

J1837.5−0659c

Unid

25.13 −0.12

HESS J1837−069

25.18 −0.12

7.2’×3’

[15]

J1844.3−0309c

Unid

29.32

0.13

HESS J1843−033

∼29.08 ∼0.16

∼0.2

[25]

J1848.1−0145c

Unid

30.99 −0.08

HESS J1848−018

30.98 −0.16

0.32

[26]

PSR

40.18 −0.89

HESS J1908+063

MGRO J1908+06

40.39 −0.79

0.34

[27]
[28, 29]

J1826.2−1450

LS 5039

J1907.9+0602

PSR J1907+0602

J1910.9+0906c

W 49B

J1913.7+1007c
J1922.9+1411

W 51C

J2020.0+4049
J2032.2+4127

PSR J2032.2+4127

LS 5039

10.92

SNR

43.25 −0.16

W 49B region

W49B

43.26 −0.19

pt src

Unid

44.48 −0.28

HESS J1912+101

PSR J1913+101

44.36 −0.08

0.27

[30]

SNR

49.12 −0.38

HESS J1923+141

W51

∼0.15

[31, 32]

Unid

78.37

2.53

VER J2019+407

γ Cygni SNR?

PSR

80.22

1.03

TeV J2032+4130
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FIG. 1: The 100 MeV to several tens TeV spectra of four spatially coincident but spectrally ‘mis-match’ 1FGL/VHE
source pairs
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FIG. 2: The 100 MeV to several tens TeV spectra of 1FGL J1848.1-0145c and HESS J1848-018. 1FGL J1848.1-0145c
has a 0FGL counterpart whose best-fit power law is also shown.
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We report on the discovery of gamma-ray emission from several globular clusters (GCs), including
Terzan 5, the second known gamma-ray GCs. By now, more than a dozen GCs are known to emit
gamma-rays of energies above 100 MeV, thus enabling us to carry out the first detailed correlation
study with several cluster properties. We found strong correlations between the observed gammaray luminosities and four cluster parameters: stellar encounter rate, metallicity [Fe/H], and energy
densities of the soft photons at the cluster locations. These “fundamental planes” of gamma-ray
GCs put an intimate relation of the observed gamma-rays to the underlying millisecond pulsar
population and have important implications on the origin of the gamma-ray emission of GCs.

I.

INTRODUCTION

Radio and X-ray observations have revealed about
140 millisecond pulsars (MSPs) in 26 globular clusters [GCs; 1]. However, the presence of much stronger
X-ray emitters can contaminate the X-ray observations of MSPs. Because MSPs are the only known
steady γ-ray sources in GCs [2], γ-ray observations of
GCs serve as an alternative channel in studying the
underlying MSP populations in GCs.
Using the Large Area Telescope (LAT), γ-rays from
8 GCs [3] have been discovered, including 47 Tucanae [4] and Terzan 5 [5].

II.

MODELS OF γ-RAYS FROM GLOBULAR
CLUSTERS

The radiation mechanism of γ-rays is unclear. In
the pulsar magnetosphere model, e.g. [6], γ-rays up
to a few GeV come from the MSPs through curvature radiation. On the other hand, inverse Compton
(IC) processes resulted from energetic particles upscattering low-energy photons, such as starlight and
infrared light, may give rise to γ-rays of MeV to TeV
energies, e.g. [7]. In either model, it is expected that
the γ-ray luminosity of a GC is proportional to the
stellar encounter rate, a measure of the number of
MSPs in a GC.

III.

NEW γ-RAY GLOBULAR CLUSTERS
UNCOVERED

Terzan 5 contains the largest number of known
MSPs among all GCs. It was discovered as the second known γ-ray emitting GC after 47 Tucanae [5]

(see Figure 1). We note that 47 Tucanae was discovered in the bright source list [8], while the discovery
of Terzan 5 in γ-rays was announced [5] before the release of the first Fermi/LAT catalog [9] and the report
of the 8 GCs [3].
Like 47 Tucanae, the γ-ray spectrum of Terzan 5
also shows a cutoff at ∼3 GeV [3, 5]. After the discovery of other six γ-ray emitting GCs [3], we also
identified a group of GCs with high encounter rate.
Using more than two years of data taken from LAT,
we found γ-ray emission from the directions of Liller 1,
NGC 6624, and NGC 6752 [10]. The test-statistic
maps of the regions around these 3 GCs are shown in
Figures 2 and 3. For M80, NGC 6139, and NGC 6541,
the detection is marginal (4 − 5σ) when it was first reported [10].
For the cases where the γ-ray emission is offset from
the core (i.e. Liller 1 and NGC 6624), the γ-ray spectra in the energy range of 200 MeV to 100 GeV are
presented in Figure 4. The photons above ∼20 GeV
are detected at significance levels of 3–4. Once the
existence of these high-energy photons is established,
it will be easier to be reconciled in the IC models than
in the pulsar magnetosphere model. In the latter case,
spectral cut-offs at several GeV are expected.

IV.

THE FUNDAMENTAL PLANES OF
γ-RAY GLOBULAR CLUSTERS

We have investigated the properties of the γray emitting globular clusters [11]. By correlating the
observed γ-ray luminosities with various cluster properties, we probe the origin of the high energy photons
from these GCs. We found that the γ-ray luminosity
is positively correlated with the encounter rate and
the metalicity [Fe/H] which places an intimate link
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FIG. 1: The count maps of the 5◦ × 5◦ region centered on Terzan 5. The insets show the test-statistic maps [5].

FIG. 2: The test-statistics map of Liller 1 [10]

between the γ-ray emission and the MSP population.
We also found that the γ-ray luminosity increases with
the energy densities of the soft photons at the cluster location. When combining two parameters at the
same time, the correlation is even stronger. The edgeon fundamental plane relations of γ-ray GCs are depicted in Figure 5.
This finding strongly suggests that models that incorporate optical or infrared photons should be taken
into considerations in explaining the γ-ray emission
from GCs, e.g. the IC models [7].
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FIG. 3: The test-statistics maps of NGC 6624 (left) and NGC 6752 (right) [10]

FIG. 4: Spectra of Liller 1 (left) and NGC 6624 (right). The solid and dashed lines represent the best-fit power law and
power law with exponential cutoff, respectively [10].
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FIG. 5: The edge-on views of the fundamental plane relations of γ-ray GCs. The straight lines in the plots represent the
projected best-fits [11].
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The evolutionary stage of a powerful radio source originated by an AGN is related to its linear size. In this
context, compact symmetric objects (CSOs), which are powerful and intrinsically small objects, should represent
the young stage in the individual radio source life. However, the fraction of young radio sources in flux densitylimited samples is much higher than what expected from the number counts of large radio sources. This indicates
that a significant fraction of young radio sources does not develop to the classical Fanaroff-Riley radio galaxies,
suggesting an intermittent jet activity. As the radio jets are expanding within the dense and inhomogeneous
interstellar medium, the ambient may play a role in the jet growth, for example slowing down or even disrupting
its expansion when a jet-cloud interaction takes place. Moreover, this environment may provide the thermal
seed photons that scattered by the lobes’ electrons may be responsible for high energy emission, detectable by
Fermi-LAT.

1. Introduction
It is nowadays clear that powerful (L1.4GHz >
1025 W/Hz) radio sources are a small fraction of the
Active Galactic Nuclei (AGN) generally associated
with ellipticals, suggesting that the radio activity is
a transient phase in the life of these systems. The
onset of radio emission is currently thought to be
related to mergers which provide fuel to the central
AGN. The evolutionary stages of a powerful radio
source are related to its linear size. The discovery of
the population of intrinsically compact and powerful
radio sources, known as compact symmetric objects
(CSOs), yielded to an improvement of the models
proposed to link the various evolutionary stages of
the radio emission. CSOs are characterized by linear
sizes up to a few kpc, and a synchrotron spectrum
that turns over between hundreds of MHz and the
GHz regime. Their genuine youth has been proved by
estimate of both kinematic and radiative ages, which
result to be ∼103 -104 years [12, 17]. Their radio
morphology is dominated by mini-lobes/hotspots
resembling a scaled-down version of the classical
edge-brightened Fanaroff-Riley type-II galaxies [6].
Following the evolutionary models [e.g. 7] CSOs
should be the progenitors of the “old” FRII galaxies.
However, the excess of young objects in flux-limited
samples suggests the existence of short-lived objects
unable to become FRII, and additional ingredients,
like the recurrence of the radio emission [5], or the
interplay between the source and the environment,
must be considered. Indeed, the dense and inhomogeneous medium left by the merger that triggered the
radio emission may play a role in the source growth,
for example slowing down or even disrupting the jet
expansion [3].
Given their compact size, CSOs entirely reside within

the innermost region of the host galaxy. In the
most compact radio sources, the radio lobes are only
a few parsecs from the AGN and their relativistic
electrons can scatter the thermal UV/IR seed photons
produced by both the accretion disc and the torus,
up to high energies. For this reason, high energy
γ-ray emission detectable by Fermi-LAT is expected
from these compact objects.

2. The duty-cycle of the radio emission
When the sub-arcsecond morphology of compact
symmetric objects could be investigated by the
advent of high spatial resolution observations, it
resulted to be characterized by the same structures
typical of the classical FRII galaxies, but on much
smaller scale. For this reason, [16] suggested that
CSOs should be objects whose radio emission is
still in a young phase of its evolution. Following
this approach, the fate of CSOs is to evolve into
the FRII. However, the number counts of young
objects is too high with respect to those of the “old”
radio galaxies in flux-limited samples, even when
a luminosity evolution is taking into consideration.
The discovery of kpc-scale low-surface brightness
structures, likely the fossil of an old episode of radio
emission, and connected with young radio galaxies
(i.e. J0111+3906,[4]) suggests that the radio activity
may be a recurrent phenomenon in the lifetime of
a galaxy. Furtheremore, relics of previous activities
have been recently found also on pc-scales close
to newly born objects indicating that the radio
activity may be also short-lived. This implies that
the time elapsed between two subsequent periods
of radio activity can be as short as a few thousand
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Figure 1: Total luminosity (x-axis) vs core luminosity (y-axis) of a sample of FRI (+ signs) and FRII (asterisks) radio
galaxies from [9], blazars (diamonds), and CSOs (x simbols). LBAS blazars are from [10].

years (e.g. J1511+0518, [13]), as also predicted by
the models (e.g. [5]). The radio source J1518+047
represents a clear example of a young (103 yr), but
already fading object [14]. In this radio source,
only electrons with γ < 600 are contributing to the
radio emission, while those with higher energies have
already faded away. This indicates that in young but
fading objects no γ-ray emission is expected.

3. The radio luminosity
In terms of radio luminosity CSOs are comparable
with the powerful FRII galaxies. From Fig. 1 it
is clear that CSOs (x symbols) seem to extend at
higher luminosity the correlation between the core
luminosity Lcore and the total luminosity Ltot found
for FRI (+ signs), and FRII (asterisks) by [9]. Such
high luminosities are expected since CSOs are mainly
found at higher redshift, between 0.4 and 2, with only
a few objects with z ∼ 0.1.
A remarkable aspect pointed out in Fig. 1 is the
presence of 3 CSOs, the radio galaxy OQ 208 and

the radio quasars J0650+6001 and J1415+1320, in
the region occupied by the sources, mainly blazars,
detected by Fermi-LAT during the first three-month
observations (diamonds, [1]), making these CSOs
good candidate for high energy emission. It is worth
noting that another misaligned object, the FRI
3C 120, is in the same LBAS region, and it was
detected by Fermi-LAT in 15-month observations [2].

3.1. The radio galaxy OQ 208
The radio source OQ 208 is associated with a
broad-line radio galaxy at redshift z=0.076. Its radio
luminosity is ∼2×1044 erg/s. It has an asymmetric
triple radio structure of 10 pc in size and it is dominated by the western hotspot (Fig. 2). A multi-epoch
analysis of the changes of the pc-scale structure
has shown that the hotspots are separating with a
velocity of (0.2 ± 0.1)c, which provides a kinematic
age for this source of ∼160±60 yr.
A low-surface brightness feature located about
40 mas from the main structure is detected at low
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Furthermore, the separation between the core component and the southern hotspot seems to contract
with an apparent velocity of (0.37±0.02)c. Such
contraction is interpreted in terms of a mildly relativistic knot in the jet, still embedded in the central
component, that is moving towards the southern
component [15]. This interpretation is supported by
the detection of some variability related to the central
component, as pointed up by the 5-GHz light curve
[15].

Figure 2: VLBA images at 15 GHz of OQ208. Adapted
from [18].

frequencies [11], and it marks the fossil of a previous
radio activity that took place a few thousand years
before the new episode [13] (Fig. 2). The analysis
of the 5 GHz lightcurve from 1987 to 2007 does not
show any significant flux density variability (Fig. 3).

Figure 4: VLBI image at 8.4 GHz of J0650+6001.

Figure 3: The 5-GHz light curve of OQ 208.

3.2. The radio quasar J0650+6001
The radio source J0650+6001 is associated with a
quasar at redshift z=0.455. The source is resolved
into three components and its radio luminosity is
∼1046 erg/s. The central component shows a flat
spectrum, suggesting the presence of the core, while
the two outer regions, with a steeper spectral index,
display a highly asymmetric flux density (Fig. 4).
Multi-epoch analysis of the changes in the pc-scale
structure shows that the outer components are
separating with a velocity of (0.39±0.19)c, which
corresponds to a kinematic age of 360±170 years.

Tot
comp.
CNcomp.

S comp.

Figure 5: The light curve of J0650+6001 at 5 GHz.
Crosses indicate the source flux density from VLA data,
while triangles and squares refer to VLBI flux density of
component C and S, respectively. Adapted from [15].
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4. High energy emission in young radio
sources
Since CSOs completely reside within the host
galaxy, a possible mechanism for producing high energy emission may be the inverse Compton (IC) of
thermal UV/IR photons by the lobes’ relativistic electrons [19]. Under the assumption of equipartition and
assuming that the jet luminosity is Lj = 10×Ltot , and
the luminosity provided by the UV photons is LUV =
1046 erg s−1 , we compute the expected luminosity at
1 GeV for OQ 208 and J0650+6001 using the formula
from [19]:
[εLε ]IC/UV
∼2
1042 erg/s



ηe
ηB



1/2 
−1
Lj
LS
×
1045 erg/s
100 pc


LUV
ε −0.25
1046 erg/s
1 GeV
(1)

or the appropriate IC/UV energy flux:


−2
[εSε ]IC/UV
[εLε ]IC/UV
dL
∼
1.6×
,
10−12 erg/cm2 /s
1042 erg/s
100 Mpc
(2)
where dL is the luminosity distance to the source, LS
is the source linear size, ηe /ηB is the ratio between the
particle energy and the magnetic field energy.
By means of Equations 1 and 2, we can compute
the expected 1-GeV luminosity and flux density for
OQ 208 and J0650+6001, which turn out to be:
• OQ 208: L = 2.8 × 1044 erg s−1 , S = 3.8 ×
10−11 erg cm−2 s−1 ;
• J0650+6001: L = 5 × 1044 erg s−1 , S = 1.2 ×
10−12 erg cm−2 s−1
Assuming standard parameters as above, OQ 208,
that is one of the closest CSOs, should have been detected with the sensitivity obtained in one-year observations by Fermi, i.e. 7×10−12 erg cm−2 s−1 at 5σ
computed assuming a photon index Γ=2.5. The nondetection of the source indicates that the parameters
used in the model are too extreme, setting upper limits
to the jet power and the amount of UV photons. The
high redshift (z > 0.4) typical of the majority of young
radio sources makes these objects even more difficult
to detect. However, in the case of CSOs associated
with steep-spectrum quasars, like J0650+6001, where
also moderate boosting effects should be present, we
can consider an additional contribution of IC made by
relativistic electrons from the jet (e.g. [8]).
As Fermi-LAT continues to collect data and its sensitivity threshold improves, some young radio sources

may be detected, giving us important information on
the physical properties of these objects and the main
mechanism responsible for their high energy emission.
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Discovery and identification of two gamma-ray blazars at low galactic
latitude with VERITAS
M. Errando
Department of Physics & Astronomy, Barnard College, Columbia University, 3009 Broadway, New York,
NY 10027, USA

We report on the discovery of two gamma-ray sources at E > 200 GeV with VERITAS: RX J0648.7+1516 and
VER J0521+211. Both sources are located at low galactic latitudes (|b| < 10◦ ), and were previously classified
as active galactic nuclei of unknown type. The discovery and characterization of gamma-ray emission together
with follow-up optical spectroscopy permitted the identification of RX J0648.7+1516 and VER J0521+211 as
BL Lac-type blazars. In the case of RX J0648.7+1516, a spectroscopic redshift of z = 0.179 was derived.

1. Introduction
Blazars are active galactic nuclei (AGN) hosting supermassive black holes, with relativistic jets pointing
along the line of sight to the observer. The small
viewing angle of the jet makes it possible to observe
strong relativistic effects, such as a boosting of the
emitted power and a shortening of the characteristic
time scales. Blazars are typically identified through
radio and optical surveys, being radio loudness, flat
spectrum and compact morphology in the radio band,
some degree of optical polarization, and fast, large amplitude variability their defining observational char◦
acteristics. Close to the Galactic plane (|b| <
∼ 10 ),
diffuse radio emission and confusion with local radio sources make candidate blazars difficult to select.
Heavy optical extinction due to interstellar dust [1]
further complicates spectroscopical identification of
blazars at low latitudes. These observational challenges give us only a fragmentary knowledge of the
blazar population in the galactic plane a region. Several blazar catalogs directly avoid galactic latitudes in
order not to deal with the inevitable incompleteness
of radio and optical surveys in the region [e.g., 2, 3, 4].
A fraction of blazars are detected in the gamma-ray
band. The second catalog of Fermi-detected AGNs
[2LAC, 5] identifies 861 blazars in the energy band
between 100 MeV and 300 GeV. In the very high
energy range (VHE, E > 100 GeV), ground-based
imaging atmospheric Cherenkov telescopes (IACTs)
have detected 43 blazars so far [6]. Gamma-rays do
not suffer from significant absorption at low galactic latitudes. Even if the gamma-ray diffuse emission is brighter close to the galactic plane, observations in the gamma-ray band have shown to be a
successful tool to identify blazars located behind the
Galactic plane, which are heavily absorbed at other
wavelengths. Two low-latitude blazars were discovered by association with EGRET sources [7, 8, 9].
More recently, associations with unidentified FermiLAT sources have led to the identification of new
blazars located behind the galactic plane [10, 11, 12].

Identifications, blazar counterparts are found for 102
◦
Fermi-LAT sources at |b| <
∼ 10 in 2LAC. In the VHE
band, MAGIC J2001+435 [13] and HESS J1943+213
[14] are recent examples of the capability of groundbased IACTs to reveal new blazars shining through
the galactic plane by their gamma-ray emission.
This proceedings report the VHE detection of two
low-latitude gamma-ray-emitting blazars with VERITAS: RX J0648.7+1516 and VER J0521+211. VERITAS [15] is an array of four imaging atmospheric
Cherenkov telescopes located at the Fred Lawrence
Whipple Observatory (FLWO) in southern Arizona
(31 40 N, 110 57 W, 1.3 km a.s.l.). It combines a large
effective area over a wide range of energies (100 GeV
to 30 TeV) with an energy resolution of 15-25% and an
angular resolution of less that 0.1◦ . The high sensitivity of VERITAS allows the detection of sources with
a flux of 0.01 times that of the Crab Nebula in about
25 hours. The standard VERITAS analysis methods

dN/dE (TeV-1 m-2 s-1)
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Figure 1: The differential photon spectrum of RX
J0648.7+1516 between 200 and 650 GeV measured by
VERITAS between 4 March and 15 April 2010 (MJD
55259-55301). The solid line shows a power-law fit to the
measured flux derived with four equally log-spaced bins
and a final bin boundary at 650 GeV, above which there
are few on-source photons. A 99% confidence upper limit
evaluated between 650 GeV and 5 TeV assuming a
photon index of 4.4 is also shown. The shaded region
shows the systematic uncertainty of the fit, which is
dominated by 20% uncertainty on the energy scale.
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Figure 2: Optical spectrum of RX J0648.7+1516 showing the Ca H+K, G-band, Na I and Mg I spectral features,
indicating a redshift of z = 0.179. The blazar was observed at Lick Observatory using the 3-meter Shane Telescope.

are described in [16, 17]. A more detailed description of the gamma-ray detections of RX J0648.7+1516
and VER J0521+211 together with a complete multi
wavelength characterization can be found in [18, 19,
respectively].

2. RX J0648.7+1516
RX J0648.7+1516 is a ROSAT-detected X-ray
source associated with a compact flat-spectrum radio
source [20], located 6.3◦ off of the galactic plane. Having the typical characteristics of a radio-loud AGN, no
definitive optical identification was found in the literature, with several unsuccessful attempts to find an optical counterpart [21, 22, 23]. Fermi-LAT discovered a
gamma-ray source associated with RX J0648.7+1516
[24]. The source was identified as a promising VHE
candidate by the Fermi-LAT collaboration, and this
information triggered VERITAS observations of the
source.
RX J0648.7+1516 was observed with VERITAS between 4 March and 15 April 2010 (MJD 55259-55301),
for a total exposure of 19.3 hours after rejecting data
taking under poor weather conditions or with hardware problems. After event parameterization and
background rejection, an excess of 283 gamma-ray-like
events from the direction of RX J0648.7+1516 was
found, corresponding to a significance of 5.2σ. Figure 1 shows the differential energy spectrum of the obtained signal, which can be parametrized by a power
law of the form dN/dE = N0 × (E/0.3 TeV)−Γ with
N0 = (2.3 ± 0.5) × 10−11 cm−2 s−1 and Γ = 4.4 ± 0.8.

The excess event distribution of the signal is consistent with a point-like source and compatible within
errors with the radio position of RX J0648.7+1516.
A VHE light curve in 1-day bins does not show significant variability during VERITAS observations.
The detection in the VHE band strongly suggests
the source being a blazar, since most of the VHEdetected AGNs are of the blazar class. To test that
hypothesis, optical spectroscopy measurements were
triggered after the VERITAS detection. Two spectra
were obtained with the KAST double spectrograph on
the 3-meter Shane telescope at the UCO/Lick Observatory (see Figure 2). The optical spectrum shows
Ca H+K, G-band, Na I and Mg I spectral absorption
features, compatible with the source being at a redshift of z = 0.179. These observations also provide
a definitive optical identification of RX J0648.7+1516
as a blazar. The fact that the absorption lines have
equivalent widths < 5Å indicate a blazar of the BL
Lac sub-class.

3. VER J0521+211
After the public release of the 1st year of data accumulated by Fermi, an analysis of the photons with
highest energies collected by Fermi-LAT was carried
out inside the VERITAS collaboration in order to look
for VHE gamma-ray candidates. In particular, photons with E > 50 GeV recorded by Fermi-LAT during
its first year of operations were binned in an all-sky
map (Figure 3). Most of the hotspots in the map
could be associated with known VHE sources, prov-
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Figure 3: All-sky counts map for the 1st year of Fermi-LAT data at energies above 50 GeV. Most of the hotspots in the
map correspond to known TeV sources. VERITAS observations of hotspots not associated with VHE sources led to the
detection of VER J0521+211 (in red).

ing the ability of the technique to select good candidates for VHE observations. One of the few previously undetected hotspots was less than 0.1◦ away
from RGB J0521.8+2112: a radio-loud AGN with significant X-ray emission located 8.7◦ off of the galactic plane. VERITAS observations centered at the
position of RGB J0521.8+2112 were taken between
22 and 24 October 2009 (MJD 55126-55128), leading
to the detection of a new VHE gamma-ray source:
VER J0521+211 [25]. An excess with significance
of 5.5σ was obtained during the first 230 minutes of
exposure. VERITAS continued monitoring the new
gamma-ray source and detected a high flux state in 22
November 2009 (MJD 55157), when VER J0521+211
reached a peak flux > 3 times brighter than the discovery observations [26].
A total exposure of 14.5 hours was selected integrating all the data accumulated between 22 October 2009 and 16 January 2010 (MJD 55126-55212),
after rejecting data taken under poor weather conditions, or with hardware problems. A signal with
significance of 15.6σ was obtained. The excess distribution of VER J0521+211 is consistent with a pointlike source and its location compatible with the radio position of RGB J0521.8+2112. Figure 4 shows
the derived gamma-ray light curve for energies > 200
GeV in 1-day time bins and the energy spectrum obtained between 200 GeV and 1 TeV. The light curve
shows significant variability. The differential energy
spectrum is well described by a power-law function of
the form dN/dE = N0 × (E/0.4 TeV)−Γ with N0 =
(1.99 ± 0.18) × 10−11 cm−2 s−1 and Γ = 3.44 ± 0.20.
There
was
no
obvious
affiliation
for
RGB J0521.8+2112 prior to the VERITAS detection, other than RGB sources being generally
radio-loud AGNs [20]. Gamma-ray loudness in AGNs
is typically interpreted as doppler-boosted emission

from a relativistic jet closely oriented towards the line
of sight to the observer. Therefore, the VHE detection
of VER J0521+211 strongly suggests a blazar-type
AGN. Most VHE-detected AGN are blazars (43
out of 47), with the only exceptions being nearby
FR I radio galaxies. Following the VHE detection,
optical spectroscopy observations where performed
at the 6.5-meter MMT telescope at the FLWO.
The observations revealed a continuum-dominated
spectrum, identifying the optical counterpart as a
BL Lac-type blazar. No spectral absorption lines
could be identified, and therefore the redshift of
VER J0521+211 remains unknown.

4. Discussion and conclusions
VERITAS observed and detected gamma-ray emission from two previously unidentified radio-loud
AGNs: RX J0648.7+1516 and VER J0521+211.
The detection in the VHE band together with
follow-up optical spectroscopy allowed to identify
both newly discovered sources as gamma-ray-emitting
blazars of the BL Lac sub-class. In the case of
RX J0648.7+1516, a redshift of z = 0.179 could be
derived from the optical observations.
Due to their location close to the galactic plane,
these two relatively powerful gamma-ray blazars were
not classified as such before the VERITAS detection,
and where not in the lists of candidate targets for
VHE observations [e.g., 28, 29]. The successful identification of RX J0648.7+1516 and VER J0521+211
through their gamma-ray emission suggests that VHE
observations can be a useful tool to identify blazars at
low galactic latitudes, where classical blazar surveys
conducted in the radio and optical bands suffer from
source confusion and optical extinction.
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Figure 4: Left: Daily gamma-ray light curve of VER J0521+211 at E > 200 GeV as measured by VERITAS.
Significant variability is seen, with a major flare in November 2010. Right: Gamma-ray spectrum of VER J0521+211
as measured with VERITAS between 0.2 and 1 TeV.
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The gamma-ray population of millisecond pulsars (MSPs) detected by the Fermi Large Area Telescope
(LAT) has been steadily increasing. A number of the more recent detections, including PSR J0034−0534,
PSR J1939+2134 (B1937+21; the first MSP ever discovered), PSR J1959+2048 (B1957+20; the first black
widow system), and PSR J2214+3000, exhibit an unusual phenomenon: nearly phase-aligned radio and gammaray light curves (LCs). To account for the phase alignment, we explore geometric models where both the radio
and gamma-ray emission originate either in the outer magnetosphere near the light cylinder (RLC ) or near
the polar caps (PCs). We obtain reasonable fits for the first three of these MSPs in the context of “altitudelimited” outer gap (alOG) and two-pole caustic (alTPC) geometries. The outer magnetosphere phase-aligned
models differ from the standard outer gap (OG) / two-pole caustic (TPC) models in two respects: first, the
radio emission originates in caustics at relatively high altitudes compared to the usual low-altitude conal radio
beams; second, we allow the maximum altitude of the gamma-ray emission region as well as both the minimum
and maximum altitudes of the radio emission region to vary within a limited range. Alternatively, there also
exist phase-aligned LC solutions for emission originating near the stellar surface in a slot gap (SG) scenario
(“low-altitude slot gap” (laSG) models). We find best-fit LCs using a Markov chain Monte Carlo (MCMC) maximum likelihood approach [30]. Our fits imply that the phase-aligned LCs are likely of caustic origin, produced
in the outer magnetosphere, and that the radio emission may come from close to RLC . We lastly constrain
the emission altitudes with typical uncertainties of ∼ 0.3RLC . Our results describe a third gamma-ray MSP
subclass, in addition to the two (with non-aligned LCs) previously found [50]: those with LCs fit by standard
OG / TPC models, and those with LCs fit by pair-starved polar cap (PSPC) models.

1. INTRODUCTION
The first pulsar catalog released by Fermi Large
Area Telescope (LAT) included 46 gamma-ray pulsars
[2], 8 of which were millisecond pulsars (MSPs) [1].
Currently, there are > 20 gamma-ray MSPs [23] and
> 70 gamma-ray pulsars in total [44]. The discovery of PSR J0034−0534 [3] revealed it to be the
first MSP to have (nearly) phase-aligned radio and
gamma-ray light curves (LCs). This rare phenomenon
has only been observed for the Crab pulsar [32].
However, this behavior has now also been observed
for PSR J1939+2134 (B1937+21), PSR J1959+2048
(B1957+20) [24], and PSR J2214+3000 [41], and more
MSPs will be added to this subclass.

1.1. Traditional Emission Models
Two classes of pulsar models have been used to describe high-energy (HE) pulsar emission. In polar cap
(PC) models [12, 13], primary electrons are ejected
from the neutron star (NS) surface and accelerated
along curved magnetic field lines, producing curvature radiation gamma rays. Thermal X-rays may also
be upscattered to gamma-ray energies. Subsequently,

these gamma rays are converted into electron-positron
pairs via magnetic pair production in the intense magnetic fields close to the stellar surface (at radius RNS ).
In addition, a slot gap (SG) [4, 37] may form along the
last open magnetic field lines of the pulsar magnetosphere in the absence of pair creation along those lines.
This corresponds to a two-pole caustic (TPC) geometry [16] which may extend from the stellar surface
up to near the light cylinder (at radius RLC ). Outer
gap (OG) models [10, 43] represent the second model
class. In these models, HE radiation is produced along
the last open field lines above the null charge surface (NCS) where the Goldreich-Julian charge density
changes sign. The narrow gaps in both the OG and
TPC models require screening of the electric field parallel to the local magnetic field, and therefore presupposes copious pair production. Lastly, HE LCs were
also modeled in the context of OG and TPC models
in a force-free magnetic field geometry, proposing a
separatrix layer model close to RLC [7].

1.2. Formation of Caustics
HE photons escaping from the magnetosphere are
subject to two relativistic effects: their traveling direc-
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tion is aberrated due to the large corotation velocity,
while their arrival time at the observer is determined
by their emission height, due to the finite speed of
light. Lastly, it is assumed that these photons are
emitted tangent to the local magnetic field lines in
the co-rotating frame. The combination of these three
effects result in the formation of caustics, i.e., the accumulation of photons in narrow phase bands [36].
These caustics manifest themselves as bright peaks in
the observed pulse profiles.

1.3. MSP Models
Due to their much lower surface dipole magnetic
field strengths, MSPs have been thought to have
pair-starved magnetospheres, where the magnetic pair
multiplicity is not high enough to screen the accelerating electric field in the open volume above the
PC [25, 49]. In this case, primary electrons are accelerated up to very high altitudes above the full PC, while
pair formation is suppressed. This model is called
the pair-starved polar cap (PSPC) model [38, 39], an
extension of the traditional PC model. MSP LCs
and spectra have been modeled using this framework [19, 25, 49]. Alternatively, MSP spectra and
energetics have also been modeled in the context of
an OG model [56, 57]. An annular gap model [15] can
furthermore reproduce the main characteristics of the
gamma-ray LCs of three MSPs, although this model
does not attempt to model the nonzero phase offsets
between the gamma-ray and radio profiles.

of MSPs in the third subclass argues for overlapping
emission regions. These co-located emission regions
may occur at high altitudes, so that the radio emission will be subject to the same relativistic effects as
the gamma-ray emission, as described in Section 1.2.
Discoveries of new gamma-ray MSPs exhibiting phasealigned LCs therefore motivate the investigation of
high-altitude [33] caustic radio emission.
A second argument motivating caustic radio emission comes from investigating the beaming properties
of normal pulsars and MSPs detectable using blind
searches on gamma-ray data as well as radio data [42].
The relative number of gamma-ray to radio pulsars
for each of these ‘gamma-ray-selected’ and ‘radioselected’ samples implies that radio and gamma-ray
beams must have comparable sky coverage of ∼ 4π sr
for pulsars with high spin-down luminosities (Ėrot ),
but radio beams should shrink for pulsars having lower
values of Ėrot . The radio emission for high-Ėrot pulsars should therefore originate in wide beams at a significant fraction of RLC . One should however bear
in mind that LCs resulting from radio and gammaray caustics would generally be nearly phase-aligned
(although small phase differences could result if the
radio and gamma-ray emission regions are at different
altitudes). Caustic radio emission is therefore plausible for young pulsars with nearly aligned LCs. Radio
caustics may however be more common in the case of
the MSPs, as there are many more examples of MSPs
with phase-aligned LCs.

1.6. Modeling Phase-Aligned LCs
1.4. MSP Subclasses
The first 8 Fermi-detected gamma-ray MSPs have
been modeled [50]. Two distinct MSP subclasses were
found: those whose LCs are well fit by a standard
OG or TPC model, and those whose LCs are well
fit by a PSPC model (with these fits being mutually
exclusive). These models yielded the correct radio-togamma phase lags when the radio emission was modeled as a cone beam at lower altitude. Such fits implied that MSPs have screened magnetospheres with
large amounts of pairs available, as these conditions
are needed to set up the gap structure presupposed by
the OG / TPC models. Small distortions of the dipole
magnetic field causing offsets of the PC may provide
a mechanism for enhancing pair creation, even in lowspin-down pulsars [26]. This paper discusses a third
sublcass of MSPs: those having phase-aligned radio
and gamma-ray LCs.

1.5. Motivation for Caustic Radio
Emission
In contrast to the first two MSP sublcasses, the
near phase-alignment of the gamma-ray and radio LCs

We investigate the possibility of reproducing phasealigned radio and gamma-ray LCs using “altitudelimited” OG / TPC models (alOG / alTPC) in which
we limit the extent of the emission regions (Section 3.1) vs. a low-altitude SG (laSG) model (Section 3.2). By modeling the LCs of PSR J0034−0534,
PSR J1939+2134, and PSR J1959+2048, we can infer
values for the magnetic inclination and observer angles
α and ζ (Section 5), and also constrain the emission
altitudes.

2. BACKGROUND ON SELECTED MSPs
WITH PHASE-ALIGNED LCs
2.1. PSR J0034−0534
PSR J0034−0534 was discovered using the Parkes
radio telescope [6]. It follows a circular orbit around
a low-mass companion (Hubble Space Telescope observations revealed an optical white dwarf companion
with a mass of about 0.2M⊙ ; [8]). PSR J0034−0534’s
period of P = 1.87 ms implies a rotational age of τc =
P/2Ṗ ∼ 10 Gyr, dipolar surface field of B0 ∼ 108 G,
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and spin-down power of Ėrot ∼ 2 × 1034 erg s−1 [3],
typical among the radio MSP population. It is also
relatively close, lying at 0.5 kpc [28]. No rotating
vector model (RVM) fits exist for PSR J0034−0534
[46] because there is no detected linear polarization.
A < 3σ detection of an X-ray source 0.2′′ from the
pulsar position by XMM-Newton was reported [55],
while EGRET obtained a 3σ flux upper limit above
100 MeV [18] exceeding the recent Fermi flux measurements [3] by an order of magnitude.

2.2. PSR J1939+2134 (B1937+21)
PSR J1939+2134 is the first MSP ever discovered [5]. It has a period P = 1.558 ms, and remains one of the fastest-spinning MSPs discovered.
This MSP has a very high spin-down luminosity of ≈
1036 erg s−1 , surface magnetic field of B0 ∼ 4 × 108 G,
and characteristic age of τc ∼ 0.2 Gyr [34], and lies at
a distance of d = 7.7 ± 3.8 kpc [24, 52]. RXTE observations [11] revealed a double-peaked X-ray profile
with phase separation of about half a rotation, closely
aligned with the phases of the giant radio pulses [31],
but slightly lagging the radio peaks. The EGRET
3σ upper limit to the unpulsed flux above 100 MeV
was 15.1 × 10−8 cm s−1 [18]. Pulsations with a significance well above 5σ have now been detected from
PSR J1939+2134 by Fermi LAT [24].

2.3. PSR J1959+2048 (B1957+20)
PSR J1959+2048 was the first “black widow” pulsar
discovered. It is in a nearly circular eclipsing binary
orbit, ablating its low-mass tidally-locked companion
star [20, 48]. Lying at a distance of d ∼ 2.5 kpc, its
period P = 1.607 ms and intrinsic Ṗ is ∼ 8×10−21 [24]
lead to a spin-down luminosity of ∼ 7 × 1034 erg s−1 ,
surface magnetic field of B0 ∼ 108 G, and characteristic age of τc ∼ 3 Gyr. XMM-Newton observations
revealed a phase dependence of the X-ray emission
on the binary orbital period [29], although no pulsations were detected at the pulsar spin period P . A
∼ 4σ pulsed X-ray signal have now been observed from
PSR J1959+2048, with the X-ray peaks seemingly in
close alignment with the radio peaks [24]. Significant
pulsed gamma-ray emission has also been detected by
Fermi LAT [24].

3. GEOMETRIC PULSAR MODELS
As in in our previous work [50], we assumed a
retarded vacuum dipole magnetic field as the basic
structure of the pulsar magnetosphere [14, 17]. In
the case of young pulsars, this field may actually be
closer to the force-free solution [45], but it is not clear

Figure 1: Schematic diagram of the emission layers in the
OG (panel a) and TPC (panel b) geometries. The
~
magnetic axis is indicated by ~
µ, and the spin axis by Ω.
The two concentric circles indicate the limiting minimum
and maximum emission radii imposed for the
altitude-limited models.

whether MSPs produce enough pairs to facilitate a
force-free magnetosphere.
We furthermore use a photon emission rate that is
constant along magnetic field lines in the corotating
frame, and treat relativistic effects (i.e., aberration
of photon directions and time-of-flight delays; Section 1.2) consistently to first order in r/RLC (with
r the radial distance from the NS center). We lastly
include the Lorentz transformation (a second-order effect in r/RLC ) of the local magnetic field between lab
and corotating frames [7].

3.1. High-altitude Gamma-ray and Radio
Emission: alOG and alTPC Models
We use the same framework as previously [50],
but the radio emission region is extended in altitude. We free the minimum and maximum radii of
r
r
the radio (Rmin
and Rmax
) and the maximum radius
γ
of the gamma-ray (Rmax
) emission regions, and restrict the emission gaps’ extent to a cylindrical radius
ρmax < 0.95RLC . Importantly, we do not use an axiscentered radio conal model, but investigate radio photons coming from an OG / TPC-like structure. In the
alOG radio models, the minimum radius is actually
r
max {Rmin
, RNCS }, so it is a function of magnetic azr
imuth φ and co-latitude θ when RNCS > Rmin
. Here,
RNCS (θ, φ) is the radius of the NCS. We always set
γ
γ
Rmin
= RNS for alTPC (and TPC) and Rmin
= RNCS
r
for alOG (and alOG) fits, while Rmin may vary and
may even be quite close to RLC . Our alOG and alTPC
models have 9 and 8 free parameters respectively, describing the pulsar geometry (α and ζ) and gammaray and radio gap locations, apart from P which determines the size of the PC (see Figure 1). More details
are provided in [51]. Note that the radio and gammaray emission layers are fit independently.
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3.2. Low-altitude Gamma-ray and Radio
Emission: laSG Models
This model provides a non-caustic explanation for
the emission, and may be viewed as a geometric lowaltitude SG model [37] resembling a hollow cone beam
close to the stellar surface. We modulate the emissivity according to

exp (∆s/σin ) , s ≤ sf
I∝
(1)
exp (−∆s/σout ) , s > sf ,
with s the distance above the NS surface along a magnetic field line, ∆s ≡ s − sf , and σin and σout setting
the rate at which the intensity rises and falls along
the magnetic field lines. The peak intensity occurs at
a distance s = sf (i.e., ∆s = 0) along the field lines.
The laSG models have 5 free parameters (more details
in [51]).

4. FINDING OPTIMAL LC FITS
In order to statistically pick the best-fit parameters,
for the alOG and alTPC models and for the three
MSPs considered here, we have developed an Markov
chain Monte Carlo (MCMC) maximum likelihood procedure [30]. The gamma-ray LCs are fit using Poisson
likelihood while the radio LCs are fit using a χ2 statistic, and the two values are then combined. For a given
parameter state the likelihood value is calculated by
independently optimizing the radio and gamma-ray
model normalizations using the scipy python module1 and the scipy.optimize.fmin l fbgs b multivariate,
bound optimizer [58].
An MCMC involves taking random steps in parameter space and accepting a step based on the likelihood ratio with respect to the previous step [27]. The
likelihood surfaces can be very multimodal which can
lead to poor mixing of the chain and slow convergence. Therefore, we have implemented small-world
chain steps [22] and simulated annealing [35] to speed
up the convergence and ensure that the MCMC fully
explores the parameter space and does not get stuck
in a local maximum. We verify that our chains have
converged using the criteria proposed by [21].
In order to balance the gamma-ray and radio contributions to the likelihood, we have chosen to use a
radio uncertainty which is equal to the average relative gamma-ray uncertainty in the on-peak region
times the maximum radio value. The choice of radio uncertainty can strongly affect the best-fit results; in particular, a smaller uncertainty will decrease
the overall likelihood and can, in some cases, lead to

Figure 2: LC fits for PSR J0034−0534 using alOG /
alTPC models. Panel (a) shows the gamma-ray data,
while panel (b) shows the radio data.

a different best-fit geometry which favors the radio
LC more strongly. When varying the radio uncertainty by a factor of 2, the best-fit α and ζ values of
◦
PSR J0034−0534 were found to change by <
∼ 13 . For
PSR J1939+2134, the best-fit α and ζ were found to
vary by ≤ 7◦ when varying the radio uncertainty. The
best-fit geometry of PSR J1959+2048 was found to be
the most sensitive to changes in the radio uncertainty,
with either the best-fit α or ζ value changing by ∼ 35◦ ,
◦
while the other parameter changed by <
∼ 15 .
Starting from the best-fit parameters found by the
MCMC, we produced confidence contours in α and ζ
by performing likelihood profile scans over the other
parameters, allowing for the possibility of finding a
better fit. The uncertainties on α and ζ quoted in Table I are approximate 95% confidence level uncertainties. We can also estimate uncertainties on the emission altitude parameters using the information from
the likelihood profile scans which generated the confidence contours. Note that we used manually-selected
LC fits for the laSG models.

5. RESULTS
The effects of letting Rmin and Rmax be free parameters in the alOG / alTPC model context, as well as using different fading parameters in our laSG models is
discussed elsewhere [51]. Our best-fit LC parameters
are summarized in Table I. As an example, the alOG /
alTPC LC fits for PSR J0034−0534 are shown in Figure 2, while Figure 3 shows fits for PSR J0034−0534
in the case of laSG models.

6. CONCLUSIONS
1 See

http://docs.scipy.org/doc/ for documentation.

We studied a third subclass of gamma-ray MSP LCs
for which the gamma-ray and radio profiles are phase-
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Figure 3: LC fits for PSR J0034−0534 using laSG
models. Note that we had to introduce a large phase shift
of φ0 = 0.68 for both gamma-ray and radio LCs, as the
data and model zero phases do not coincide. This implies
that the definition of ‘leading peak’ and ‘first peak’ do
not coincide anymore. See Table I for more details.

aligned, and the gamma-ray and radio emission should
therefore be co-located. We introduced free parameters Rmin and Rmax in the alOG / alTPC models,
(both are free for the radio emission region, but only
γ
Rmax
is free for the the gamma-ray emission region)
and found fits from these models which could reproduce the salient features of the profiles, although not
perfectly. As a second option, we implemented the
the laSG models and demonstrated that a modulated
emissivity at low altitudes can reproduce main features of the profiles quite well.
At the moment, it is difficult to quantitatively favor one class of models above the other, since searching for optimal laSG LC fits has been done manually. However, we did calculate the likelihood of the
best-fit laSG LCs. The alTPC models provide slightly
better LC fits than the alOG models, and both of
these give better fits than the laSG models for the
parameters listed (see Table I). Favoring the alOG /
alTPC models over the laSG model therefore implies
that the phase-aligned gamma-ray and radio LCs are
most probably of caustic origin, produced in the outer
magnetosphere, and the radio emission is most likely
originating near the light cylinder. Thus, we can now
divide the gamma-ray MSP population into three subclasses on the basis of their LCs: those with LCs fit by
standard OG / TPC models, those with phase-aligned
LCs fit by alOG / alTPC or laSG models, and those
with LCs fit by PSPC models.
Radio polarization measurements can be used to
give independent constraints on the pulsar viewing
geometry [53], complementing the gamma-ray model
fits, although the traditional RVM [40] is not valid for
the alTPC or alOG models where the radio peaks are
caustics. Furthermore, the RVM is not expected to
yield good results in the case of radio cone beam emis-

sion in MSPs, as these beams should suffer significant
distortions due to retardation and aberration [9]. This
may account for the generally poor or non-existent
RVM fits of MSP polarization data.
Caustic models predict rapid PA swings coupled
with depolarization [17], since although the emission
originates from a large range of altitudes and magnetic
field orientations, it is restricted to a narrow phase
interval to form the peaks. These features seem to
be present in radio polarization measurements of the
modeled MSPs [46, 47, 54]. Polarization signatures
are important to help discriminate between models
with caustic emission (such as occurs in alOG / alTPC
models) and non-caustic emission (e.g., in the laSG
model).
Future studies include development of full radiation
models which will be able to reproduce the multiwavelength LC shapes, polarization properties, as well as
the energy-dependent behavior of the spectra of the
gamma-ray MSPs. Ways to increase pair production
also need to be found, which may include investigation
of offset-PC dipole magnetic fields [26] and highermultipole magnetic fields near the NS surface [56].

Table I Inferred best-fit model LC parameters for
PSR J0034−0534, PSR J1939+2134, and
PSR J1959+2048. The columns represent the geometric
model (‘laSG1’ refers to an laSG model with sf = 1.2R,
σin = 0.1R, and σout = 0.3R, and ‘laSG2’ refers to an
laSG model with sf = 1.5R, σin = 0.2R, and
σout = 0.5R), inclination and observer angles α and ζ
(measured in degrees), maximum gamma-ray altitude
γ
r
Rmax
, minimum radio altitude Rmin
, maximum radio
r
altitude Rmax
, as well as the log-likelihood
Λ = −∆ ln(like) of the fit. The altitudes are in units of
γ
RLC . We used Rmin
= RNCS for the alOG model, and
γ
Rmin
= RNS for the alTPC model.
Model

α

ζ

PSR J0034−0534
+10
alOG 12+40
−6 69−2
+9
alTPC 30−7 70±2
laSG1
10
34
laSG2
10
37
PSR J1939+2134
+1
alOG 84+2
−6 84−3
+8
alTPC 75−6 80+1
−3
laSG1
30
32
laSG2
35
25
PSR J1959+2048
alOG 31+39
89+5
−3
−3
+5
alTPC 47−13 85+1
−7
laSG1
20
43
laSG2
25
45

γ
Rmax

r
Rmin

r
Rmax

Λ

+0.6
+0.1
0.9+0.3
−0.1 0.2−0.06 1.1−0.4
+0.2
0.9±0.1 0.7−0.3 0.8+0.4
−0.1
—
—
—
—
—
—

96.1
87.0
97.3
98.7

1.0+0.2
−0.1 0.6±0.1 0.9±0.1
+0.2
1.0±0.2 0.7+0.1
−0.3 0.9−0.1
—
—
—
—
—
—

130.9
126.3
146.9
154.6

+0.2
1.1+0.1
−0.2 0.7±0.1 0.9−0.1
+0.1
1.2−0.4 0.8±0.1 1.0+0.2
−0.1
—
—
—
—
—
—

128.3
123.7
129.0
141.7
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The Fermi Large Area Telescope (LAT) has recently detected a population of globular clusters (GCs) in highenergy (HE) γ-rays. Their spectral properties and energetics are consistent with cumulative emission from a
population of millisecond pulsars (MSPs) hosted by these clusters. For example, the HE spectra exhibit fairly
hard power-law indices and cutoffs around a few GeV, typical of pulsed spectra measured for the γ-ray pulsar
population. The energetics may be used to constrain the number of visible MSPs in the cluster (Nvis ), assuming
canonical values for the average γ-ray efficiency and spin-down power. This interpretation is indeed strengthened
by the fact that the first γ-ray MSP has now been identified in the GC NGC 6624, and this MSP is responsible
for almost all of the HE emission from this cluster [15]. On the other hand, it has been argued that the MSPs
are also sources of relativistic leptons which may be reaccelerated in shocks originating in collisions of stellar
winds in the cluster core, and may upscatter bright starlight and cosmic microwave background photons to very
high energies. Therefore, this unpulsed component may give an independent constraint on the total number
of MSPs (Ntot ) hosted in the GC, for a given cluster magnetic field B and diffusion coefficient k0 . Lastly, the
transport properties of the energetic leptons may be further constrained using multiwavelength data, e.g., to
infer the radial dependence of k0 and B. We present results on our modeling of the pulsed and unpulsed γ-ray
fluxes from the GC Terzan 5.

1. INTRODUCTION
The recent Fermi LAT detection of several globular
clusters (GCs) in high-energy (HE) gamma rays [1,
2, 12, 16], very plausibly including Terzan 5, underlined the importance of modeling collective γ-ray
emission of millisecond pulsars (MSPs) in GCs. The
HE spectra are thought to represent the cumulative
contribution of magnetospheric radiation from a population of MSPs hosted by the GC. This spectral
component has been calculated for 47 Tucanae [19]
and Terzan 5 [20] in the context of curvature radiation (CR) by primary electrons being constrained to
move along curved magnetic field lines in the magnetospheres of an ensemble of MSPs.
An alternative calculation [7] considered a scenario
where inverse Compton (IC) scattering, and not CR,
was responsible for the HE fluxes seen by Fermi. The
Fermi fluxes may be reproduced for certain parameters, and this model also predicted very-high-energy
(VHE) components in some cases. The discovery
of the luminous MSP PSR J1823−3021A in the GC
NGC 6624 [15] however implies that such putative
unpulsed HE IC components may be dominated by
a pulsed CR component, at least for this particular
GC.
In addition to the pulsed flux, a steady flux from

GCs is also expected in the VHE domain. The model
of [5] predicted HE and VHE fluxes from GC by considering relativistic leptons escaping from the embedded MSP population and upscattering soft photons
from background radiation fields via the IC process.
Indeed, some MSPs may produce leptons with TeV
energies due to acceleration of these particles by very
large magnetospheric electric fields [6]. These leptons
may be further accelerated in shocks in the GC resulting from colliding pulsar winds.
A similar calculation of the unpulsed IC component
to that of [5] was performed [18, 20] using a particle injection spectrum calculated from first principles
and which is the result of acceleration and CR losses
occurring in the MSP magnetospheres. No further
particle acceleration was assumed after escape from
the magnetosphere, yielding predictions that should
be considered as lower limits for the VHE flux band.
This model predicted that 47 Tucanae and Terzan 5
may be visible for H.E.S.S., depending on the assumed
model parameters, particularly Ntot and cluster magnetic field B. This model furthermore fixed the particle efficiency ηe to ∼ 7% of the average spin-down
luminosity, reducing the number of free parameters.
Recent H.E.S.S. upper limits on the TeV emission
from the 47 Tucanae [4] implied that Ntot ∼ 30 − 40
for B ∼ 10µG, but Ntot becoming quite larger for
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2. MODEL

Figure 1: Differential CR and IC spectra for Terzan 5.
The green lines are the CR spectrum and errors
from [20], scaled using Nvis = 60 to fit the Fermi data;
the magenta lines are IC models from [7]; Fermi LAT
data [2] are plotted in black; the black line is an IC
prediction from [5], scaled to the new distance and
bolemetric luminosity, average spin-down luminosity of
1.8 × 1034 erg s−1 , and Ntot = 60; the blue lines represent
IC spectra for different values of B (this work); the red
line is the H.E.S.S. sensitivity.

B < 5 µG or B > 30µG [20]. Also, the Fermi LAT
HE spectrum implied that there are Nvis ∼ 50 − 60
MSPs in the cluster ([20] inferred Nvis ∼ 50).
H.E.S.S. recently detected a VHE excess in the direction of Terzan 5 [3], offset from the center of the
GC by 4′ , and having a size of 9.6′ × 1.8′ (compared to
the Fermi maximum likelihood source position which
is offset from the GC center by 2.4′ , still within the
95% source position uncertainty of r95 = 2.9′ , and
source extent of 9′ ). In addition, diffuse X-ray emission [9], as well as several radio structures [8] have
been measured from this GC. There have also been
updated measurements of Terzan 5’s distance (d =
5.9 ± 0.5 kpc) [10, 17], core radius (rc = 0.15′ ), halfmass radius (rhm = 0.52′ ), tidal radius (rt = 4.6′ ),
and total luminosity (L ∼ 8 × 105 L⊙ ) [13].
In this paper, we present pulsed CR as well as unpulsed IC calculations for an ensemble of MSPs in the
GC Terzan 5. Independent constraints may be derived
on Ntot using both of these components, while B may
be constrained using synchrotron radiation (SR) and
IC flux components.

We have previously calculated the pulsed CR spectrum resulting from relativistic leptons which are accelerated in the MSP magnetospheres by large pairstarved electric fields [19] as predicted by the pairstarved polar cap (PSPC) model [14], prior to the detection of the HE spectrum by Fermi [2]. This calculation may now be scaled to the Fermi data to infer
Nvis (Section 3).
We also calculate an unpulsed IC flux component,
using a cumulative injection spectrum made up of
electrons leaving the MSP magnetospheres after having been accelerated by these pair-starved magnetospheric electric fields, and neglecting reacceleration in
the GC. Using updated structural parameters, distance, and a much larger bolometric luminosity, we
calculate the radiation losses and resulting unpulsed
IC fluxes shown in Fig. 1, assuming Bohm diffusion
and GC magnetic fields of B = 1 µG and B = 10µG
(for more details, see [18, 20]). We used two radiation zones in the cluster: a core region extending
from r = 0 up to rc , as well as a halo region extending
from rc up to rt . The steady-state particle spectrum
was approximated by the product of the particle injection spectrum, and an effective times cale taking
into account the IC, SR and particle escape loss time
scales.
We used both bright starlight and CMB as soft photon targets in our IC calculation. The energy density
of the first was assumed to be ∼ 2.4 × 104 eV cm−3
and ∼ 1.6 × 103 eV cm−3 for each of the regions (for
a temperature T = 4, 500 K, and due to large stellar
luminosity and small core radius), while the energy
density for the CMB was taken to be ∼ 0.27 eV cm−3
(for T = 2.76 K).

3. RESULTS
Figure 1 shows the differential CR and IC spectra
calculated for Terzan 5. Scaling the pulsed CR component [20] to fit the Fermi LAT data [2] implies that
the number of visible MSPs is about Nvis ∼ 60 ± 30.
This finding is consistent with the estimate of 180+90
−100
obtained by [2], and formally presents a lower limit to
Ntot . However, the pair-starved model probably overpredicts the CR flux by a factor of a few, and furthermore may not be valid for all MSPs (as inferred from
light curve modeling [21] which imply copious pair
creation in some of the MSP magnetospheres, despite
their low magnetic dipole surface fields), so that Nvis
may be even larger than ∼ 60. The CR spectrum
furthermore cuts off below the H.E.S.S. sensitivity, so
that the VHE signal probably originates from IC scattering.
The VHE fluxes in Figure 1 include IC models
from [7], scaled predictions from [5], as well as our
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ing this model, we could constrain Ntot and B. Our
unpulsed spectral results should be re-assessed in view
of the recent H.E.S.S. detection of Terzan 5 in order
to obtain updated constraints on these parameters. In
particular, the observed spectral shape implies that
reacceleration of particles may be taking place within
the GC. The offset nature of the source with respect
to the GC center provides a further puzzle, because if
the MSPs are located within the GC core radius, the
HE and VHE emission should be GC-centered. Lastly,
availability of multiwavelength data on this GC may
allow us to constrain the radial profile of the soft photon energy density, diffusion coefficient k0 and cluster
field B in future.

Acknowledgments
Figure 2: Constraints on Ntot vs. GC cluster magnetic
field B. Green line: ICS component using H.E.S.S.
sensitivity (this work; light green area is excluded). Red
and blue lines: Nvis from [2] and this work (CR
component); magenta and black lines: number of radio
MSPs detected and estimated [11]. Errors not shown.

calculated IC spectra for different values of B. While
the prediction corresponding to B = 1 µG is just below the H.E.S.S. sensitivity, the one corresponding to
B = 10 µG is above this detection threshold above
several TeV (assuming Ntot = Nvis = 60).
Figure 2 indicates constraints on Ntot vs. B. The
green line indicates the constraint derived from our
ICS calculation using H.E.S.S. sensitivity (the light
green area is excluded). The red and blue lines are
constraints on Nvis from Fermi [2] and our CR calculation, while the magenta and black lines indicate the
number of detected and estimated radio MSPs [11].
The halo size was terminated at rt , assuming that
the soft photon energy density is sufficiently low outside of the GC that IC emission beyond rt may be
neglected. However, in view of the new HE and VHE
data that imply that this source is extended in gamma
rays, one may need to reassess this assumption. Indeed, an alternative model found [7] that most HE
emission may come from a region outside of the GC
core beyond a radius of 10 pc.
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IN MEMORY OF OKKIE DE JAGER
In a Pulsar Wind Nebula (PWN), the lifetime of inverse Compton emitting electrons exceeds the
lifetime of its progenitor pulsar, but it exceeds also the age of the electrons that emit via synchrotron
radiation; i.e. during the evolution of the PWN, it can remain bright in IC, whereas its GeV-TeV
gamma-ray (for 105 -106 years) flux remains high for timescales much larger than the Pulsar lifetime
and the PWN visible in X-rays. The shell-type remnant of the supernova explosion in which the
pulsar was formed also has a much shorter lifetime. In this scenario, the magnetic field in the cavity
induced by the wind of the progenitor star plays a crucial role. This is in line with the discovery
of several unidentified sources in the TeV gamma-ray band without X-ray counterparts. Moreover,
the consequences are important also in order to reinterprete the detection of starburst galaxies in
the TeV gamma-ray band considering a leptonic origin of the gamma-ray signal.

I.

PULSAR WIND NEBULAE

II.

Pulsar wind nebulae (PWN) represent a unique laboratory for the highly efficient acceleration of particles
to ultra-relativistic energies. Early ideas about particle acceleration by electromagnetic waves emitted by
pulsars due to [1] led to the discovery by [2] that a
significant fraction of the spin-down power of a pulsar
such as Crab is dissipated through a relativistic wind
with in situ acceleration of particles at its termination
shock, since the cooling time scales of the synchrotronemitting electrons are very short in X-rays. Further
developments led to the model of [3] involving a low
level of magnetization at the shock, raising the question of the transition from high to low sigma since the
launch of the wind consisting of pairs and Poynting
flux involves a high magnetization

σ=

B2
≫1
4πρc2 γ 2

(1)

where ρ denotes the density and γ the Lorentz factor of the wind electrons and positrons. Recently,
MHD simulations of such winds were performed by
[4] [5]. Central of our current understanding of PWN
is that they are equatorial and highly relativistic,
showing features such as backflows and jets. This
might provide clues to their observational identification, since energy release presumably due to reconnection can lead to flares from the wind, considering
relativistic transport effects and beaming, as recently
observed in Crab. Moreover, the MHD models provide
clues for predicting the temporal evolution of PWN,
and to bring this into accordance with the observations of a large sample of putative PWN of different
ages.

ANCIENT PULSAR WIND NEBULAE

Although they are often detected as non-thermal
X-ray sources, an evolved PWN can indeed lead to
a fairly bright γ-ray source without any lower energy counterpart [6] [7]. The key issue is that the
low energy synchrotron emission, where τE is the synchrotron emitting lifetime of TeV γ-ray emitting leptons with energy E, depends on the internal PWN
magnetic field [3] which may vary as a function of
time, following τE ∝ t2α if B(t) ∝ t−α , where α
is the power-law index of the decay of the average
nebular field strength, whereas the VHE emission depends on the CMB radiation field, which is constant
on timescales relevant for PWN evolution. MHD simulations of composite SNRs [8] find that α = 1.3 until
the passage of the reverse shock; after it is expected
that field decay would continue for much longer time
since expansion continues even after the passage of
the reverse shock. From hydrodynamic simulations,
an expression for the time of the reverse shock passage (i.e. the return time of the reverse shock to the
origin) has been given [9] as

TR = 10 kyr



ρISM
g
10−24 cm
3

− 13 

Mej
10M⊙

 34 

Eej
1051 erg

− 32

(2)
where the first term is the density of the ISM, the
second the ejecta mass during the SNR explosion and
the third the SNR blast wave energy. The stellar wind
of a high-mass star can blow a cavity around the progenitor star [10] with relatively low ISM density, so
that TR >> 10 kyr. In such a case it is expected that
B(t) can decay as t−α , until the field is low enough
for the X-ray flux to drop below the typical sensi-

eConf C110509

345

2

2011 Fermi Symposium, Roma., May. 9-12
microgauss in the inner Galactic disc, and presumably drops to tenths of microgauss at higher latitudes
[13] [14]. Although neglected in previous studies, this
magnetic field of the ISM into which the Pulsar Wind
Nebula is expanding must have some effect onto the
morphology and time evolution of the PWN. As the
magnetic field in the PWN drops rather rapidly over
time, as t−1.3 , it becomes comparable to the surrounding ISM field at timescales roughly comparable to the transition timescale into the post-Sedov
phase. However, as noted above, different PWN will
be located in environments where the ambient field
strength is different by factors of order unity, depending rather strictly on the location of the PWN in the
Galaxy. The respective timescales for the field to become comparable to the ISM field will therefore differ
by a factor of ∼ 3 for a PWN at the inner disc compared to one in the Galactic halo. Detailed studies
of the effects on PWN morphology and evolution are
highly demanding and yet challenging, owing to the
limited resolution of high energy instruments and the
relative scarcity of identified PWN.

FIG. 1: Representation of the Spectral Energy Distribution of G21.5-0.9 during the first 25 kyrs from [12]; this
example describes efficiently the temporal behavior of synchrotron and IC components

tivity levels. As a result, in a scenario where the
magnetic field decays as a function of time, the synchrotron emission will also fade as the PWN evolves.
The reduced synchrotron losses for high-energy electrons for such a scenario will then lead to increased
lifetimes for these leptonic particles. For timescales
shorter than the inverse-Compton lifetime of the electrons (tIC ∝ 1.2 × 106 (Ee /1TeV)−1 years), this will
result in an accumulation of VHE electrons which will
also lead to an increased gamma-ray production due
to up-scattering of CMB photons. Such accumulation
of very-high energy electrons in a PWN has indeed
been seen in many TeV PWNe (such as HESS J1825137 [11]). To summarize, during their evolution PWN
may appear as gamma-ray sources with only very faint
low-energy counterparts and this may represent a viable model for many unidentified TeV sources. This
effect can be clearly seen in Fig. 1, shown by Okkie
de Jager in SciNeGHE 2008 conference [12].

III.

LINK BETWEEN PWN TIMESCALES
AND GALACTIC LATITUDES

There are numerous observational hints pointing
to the fact that the interstellar magnetic field in the
Milky Way has field strength of the order of several

IV.

A.

TWO OTHER IMPORTANT
COROLLARIES
TeV unidentified sources

Ancient PWNe are a natural explanation for TeV
unidentified sources [8]. In fact ∼ 50% of TeV Galactic sources are still formally unidentified [15]; almost
all (among them, only HESS J0632+057 [16], that
is considered a γ-ray binary candidate, and HESS
J1943+213 [17], considered a HBL candidate but recently suggested to be more likely a PWN [18], are
point-like) are extended objects with angular sizes
ranging from approximately 3 to 18 arc minutes (but
of few more extended exceptions, such as HESS J1841055 [19]), lying close to the Galactic plane (suggesting a location within the Galaxy). In each case, the
spectrum of the sources in the TeV energy range can
be characterized as a power-law with a differential
spectral index in the range 2.1 to 2.5. The general characteristics of these sources (spectra, size, and
position) are similar to previously identified galactic
VHE sources (e.g. PWNe), however these sources
have so far no clear counterpart in lower-energy wavebands. This scenario is particularly suitable for several sources that, even after deep MWL observations, lack any plausible X-ray counterparts (such as
HESS J1507-622 [7], HESS J1427-608, HESS J1708410 [19] and HESS J1616-508 [20] [21]). On the
other hand, several unidentified sources have already
been identified as PWNe after their discovery (such as
HESS J1857+026 [19] or HESS J1303-631 [22]) and in
sources that have several plausible counterparts, the
PWNe contribution can hardly be avoided (such as
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FIG. 3: This figure taken from [26] shows the predicted
TeV gamma-ray luminosity from PWN (solid line) for different core-collapse supernova rates. Note that the points
shown for LMC and the Milky Way are extrapolations of
measurements obtained at Fermi energies.

FIG. 2: Preliminary representation of the Spectral Energy Distribution of HESS J1507-622 assuming initial conditions similar to the G21.5-0.9/PSR J1833-1034 system;
the radio information is taken from [24], the Fermi-LAT
points from [25], the Chandra and H.E.S.S. points from
[7].

hot spot B in HESS J1745-303 [23] or HESS J1841055).
Fig. 2 shows the example of HESS J1507-622: this
VHE source does not have any SNR as a possible counterpart and does not show any coincident or closeby pulsar [7]; as said, it is expected that the pulsar
already spun-down and that the X-ray nebula faded
away below the sensitivity of current X-ray instruments, however it requires an arbitrary choice of the
initial conditions in order to model this source: in the
shown example we assume to have conditions similar
to the G21.5-0.9/PSR J1833-1034 system.

B.

Starburst galaxies

Another important consequence of these long-living
gamma-ray sources regards starburst galaxies: in fact

it has been recently shown [26] that PWNe are important and not negligible in explaining the TeV emission
detected from NGC 253 [27] and from M82 [28]. In
fact, even if M82 and NGC253 show a much harder
GeV gamma-ray spectrum than the Milky Way (in
line with the high gas density in the star forming regions (SFRs) and a cosmic-ray origin of the gamma
rays), diffusive-convective escape of the cosmic rays
from the SFRs should lead to a steepening of the
cosmic-ray induced gamma-ray spectrum above ≃ 10
GeV, in which case the cosmic rays would fall short in
explaining the TeV luminosities; on the other hand
PWNe associated with core-collapse supernovae in
SFRs can readily explain the observed high TeV luminosities. The proof of this could arrive from deeper
gamma-ray observations on other galaxies, as shown
in Fig. 3.
Moreover also neutrino observations could reveal if
the PWN play a role in accelerating cosmic ray protons and ions; the highly magnetized pulsar equatorial wind may also give rise to non-negligible acceleration of cosmic rays by this source class. Protons
and ions, swept into the plerion by the reverse shock,
could be accelerated efficiently at the ultrarelativistic
pulsar wind shocks [29] [30]. This scenario could possibly be tested by searching for high-energy neutrinos
from galactic PWNs like the Crab. Until now, such
measurements have turned up only null-results. However, a stacking analysis of candidate sources could
significantly enhance the neutrino telescope sensitivity, thus resulting in a much more decisive test of this
scenario. Moreover recently strong upper limits have
been given by means of Ice Cube (e.g. [31]), limits
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close to the theoretical predictions.

and a wonderful person: Okkie de Jager. Okkie,
working with you was a great honor we will miss you
very much! Thank you also for encouraging to put
forward this research.

Acknowledgments

BMBF contract 05A08WW1 is also acknowledged.
The idea of presenting this on-going job came as a
small sign to honor the memory of a great scientist

[1]
[2]
[3]
[4]
[5]
[6]
[7]
[8]
[9]
[10]
[11]
[12]
[13]
[14]
[15]
[16]
[17]

Ostriker and Gunn, 1969,ApJ, 157, 1395.
Rees and Gunn, 1974, MNRAS, 167, 1.
Kennel and Coroniti, 1984, ApJ, 283, 710.
Komissarov and Lyubarsky, 2004, MNRAS, 349, 779.
Dal Zanna, Amato and Bucciantini, 2004, A&A, 421,
1063.
de Jager, 2008, ApJ, 678, L113.
H.E.S.S. Collaboration, 2011, A&A, 525, id.A45.
de Jager et al., 2009, arXiv:0906.2644.
Ferreira and de Jager, 2008, A&A, 478, 17.
Chevalier and Liang, 1989,ApJ, 344, 332.
Aharonian et al., 2006, A&A, 460, 365.
de Jager, 2008, SciNeGHE conference.
Widrow, 2002, Rev. Mod. Phys., 74, 775.
Mao et al., 2010, ApJ, 714, 1170.
Tam et al., 2010, A&A, 518, id.A8.
Aharonian et al., 2007, A&A, 469, L1.
H.E.S.S. Collaboration, 2011, A&A, 529, id.A49.

[18]
[19]
[20]
[21]
[22]
[23]
[24]
[25]
[26]
[27]
[28]
[29]
[30]
[31]

Gabanyi et al., 2011, ariXiv:1110.5039
Aharonian et al., 2008, A&A, 477, 353.
Aharonian et al., 2006, ApJ, 636, 777.
Matsumoto et al., 2007, PASJ, 59, S199.
Aharonian et al., 2005, A&A, 439, 1013.
Aharonian et al., 2008, A&A, 483, 509.
Green et al., 1999, ApJS, 122, 207.
Abdo et al., 2011, arXiv:1108.1435.
Mannheim,
Elsässer
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The Fermi-LAT collaboration recently confirmed EGRET finding of a discrepancy between the observed longitudinal profile of γ-ray diffuse emission from the Galaxy and that computed with GALPROP assuming that cosmic
rays are produced by Galactic supernova remnants. The accurate Fermi-LAT measurements make this anomaly
hardly explainable in terms of conventional diffusion schemes. Here we use DRAGON numerical diffusion code to
implement a physically motivated scenario in which the diffusion coefficient is spatially correlated to the source
density. We show that under those conditions we are able to reproduce the observed flat emissivity profile in
the outer Galaxy with no need to change the source term, the diffusion halo height, or the CO-H2 conversion
factor (XCO ) with respect to their preferred values/distributions. We also show that our models are compatible
with gamma-ray longitudinal profiles measured by Fermi-LAT, and still provide a satisfactory fit of all observed
secondary-to-primary ratios, such as B/C and antiprotons/protons.

1. Introduction
It has been known since the EGRET era that, if
one computes the cosmic ray (CR) Galactocentric radial distribution adopting a source function deduced
from pulsar or supernova remnant (SNR) catalogues,
the result appears much steeper than the profile inferred from the γ-ray diffuse emission along the Galactic plane: the latter appears flatter, with a high contribution from large Galactic radii. This discrepancy
is known as the γ-ray gradient problem. A sharp rise
of the conversion factor between CO emissivity and
H2 density (the so called XCO ) with the Galactocentric radius was invoked at the time to fix the problem
[Strong et al. 2004]: a larger gas density at large radii
compensates for the decreasing CR population and is
able to explain the γ-ray flux detected at high Galactic
longitudes.
Fermi-LAT confirmed the existence of such a problem [Ackermann et al. 2011]. Moreover, the high spatial resolution of the LAT permitted to disentangle the emission coming from the interaction of CRs
with the molecular gas (whose modelling is strongly
affected by the uncertainty on the XCO ) from the
emission originated by the interaction of the Galactic CRs with the atomic gas (whose density is better known from its 21 cm radio emission). An analysis based on γ-ray maps of the third Galactic quadrant [Ackermann et al. 2011] pointed out that the γray emissivity from neutral gas (tracing the actual
CR density) is indeed flatter than the predicted one
confirming the gradient problem independently of the
XCO . This result led the authors of [Ackermann et al.

2011] to look for alternative explanations of the problem, e.g. invoking a thick CR diffusion halo or a source
term that becomes flatter at large radii. Both solutions, however, do not appear completely satisfactory:
a thick halo is disfavoured both from 10 Be/9 Be and
synchrotron data; a smooth source distribution is in
contrast with SNR catalogues.
Here we consider a different interpretation based on
relaxing the approximation of isotropic and spatially
uniform diffusion.

2. Inhomogeneous and anisotropic
diffusion
Nearly all CR diffusion models presented in the literature adopt an isotropic and spatially uniform diffusion coefficient throughout all the Galaxy. This is
the case, for example, of GALPROP numerical package on which the predictions of [Ackermann et al.
2011] are based. It is reasonable, however, to expect that CR diffusion is not isotropic in the Galaxy.
This could be the consequence either of Galactic
winds [Gebauer and de Boer 2009] or just of the
anisotropy of the regular component of the Galactic magnetic field which is oriented almost azimutally along the Galactic plane. The former possibility was suggested as a possible solution of the γray gradient problem originated by EGRET observations [Breitschwerdt et al. 2002]. Here we consider
the latter option and extend also to the recent FermiLAT data the arguments we developed in [Evoli et
al. 2008] to interpret earlier EGRET measurements.
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Our approach is based on the consideration that,
for geometrical reasons, CRs should escape from the
Galaxy almost perpendicularly to the Galactic plane:
their density, therefore, should be determined by the
perpendicular component of the diffusion coefficient
D⊥ . We know – both from quasi linear diffusion
theory and from more realistic numerical simulations
[DeMarco et al. 2007] – that D⊥ should increase with
increasing strength of the Galactic magnetic field turbulent component; from a physical point of view, such
behaviour can be understood in terms of magnetic
field line random walk becoming stronger when the
turbulence strength increases. As a consequence, the
regions where CR injection is more intense should also
be those characterized by a stronger MHD turbulence
and hence a faster CR escape along the z axis: this
should smooth the CR gradient, and hence the γ-ray
profile, in a rather natural way.
In the next section we will show this effect by means
of dedicated numerical computations.

3. Our method and results

Figure 2: Two gamma-ray longitudinal profiles along the
Galactic plane computed with DRAGON and GammaSky and
compared to preliminary Fermi-LAT data extracted from the
talk by A.W.Strong at the Workshop on Indirect Dark Matter
Searches, DESY, Hamburg, June 2011
(http://www.mpe.mpg.de/∼aws/talks/ ). Data are integrated
over the latitude interval −5◦ < b < +5◦ and in energy
between 1104 and 1442 MeV. Red line: IC. Green line:
Bremsstrahlung. Blue line: π 0 decay. Purple line:
contribution from unresolved sources. Grey line: π 0 + IC +
Bremsstrahlung. Black line: total. Panel a) The profile is
computed with no radial dependence of diffusion coefficient.
Panel b) Here the diffusion coefficient follows the source
term: D ∝ Qτ , with τ = 0.8.

Figure 1: Two different CR proton distribution maps in
arbitrary units computed with DRAGON at 10 GeV are shown as
functions of the Galactic cylindrical coordinates R and z.
Panel a) The proton distribution is computed with no radial
dependence of diffusion coefficient. Panel b) Here the
diffusion coefficient is correlated to the source term: D ∝ Qτ ,
with τ = 0.8. The model shows a significant flattening in the
CR profile along R. The normalization is fixed at RSun = 8.5
kpc in both cases; notice how the maximum proton density is
reduced by a factor ≃ 2 in the second panel.

In this section we use DRAGON numerical diffusion
package1 to solve the diffusion equation in the presence of a diffusion coefficient spatially correlated to
the CR source term Q(r, z). We perform our analysis
using a Plain Diffusion (PD) setup with no convection and no reacceleration in order to better highlight
the effects of inhomogeneous diffusion; similar results
may be obtained with different choices of the diffusion parameters, and a more detailed study on the
effects of another setup will be performed in a forthcoming paper. The CR propagation model adopted
here is basically the same as the PD model described
in [Di Bernardo et al. 2011]; the astrophysical parameters (in particular the source term, gas distribution
and XCO ) are also the same used in that analysis.
Only the normalization of the proton injection spec-

1 The
for
cosmic-ray
DRAGON
code
and diffuse emission production is available
http://www.desy.de/~ maccione/DRAGON/

transport
online at
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a diffusion coefficient correlated to the radial dependence of the source term Q(R) by the following expression:
D(R) ∝ Q(R)τ

Figure 3: Here the effect of the parameter τ defined by
equation 1 is explored. Dotted line: no radial dependence of
diffusion coefficient (τ = 0). Dot-dashed line: τ = 0.2.
Dashed line: τ = 0.5. Solid lines: τ = 0.7 – 0.8 – 1.0. The
values corresponding to the solid lines within the grey band
match the observed gradient.

trum is slightly tuned to match the recently released
proton spectrum measured by the PAMELA collaboration [Adriani et al. 2011]. The model is also compatible with most other CR data sets. Only a little
excess in the antiproton spectrum must be pointed out
which, however, is still compatible with data if astrophysical and particle physics uncertainties are taken
into account. As we mentioned, the CR distribution is
computed with DRAGON: this numerical package is suitable for our purpose since, differently from GALPROP,
it implements the possibility to vary the diffusion coefficient through the Galaxy. The CR distributions
is then used as an input to compute the γ-ray longitude profile along the Galactic plane; the γ-ray map
is evaluated with a separate package called GammaSky.
The result of a combined DRAGON and GammaSky
computation in the case of a uniform diffusion coefficient and a PD setup is shown in Fig. 2 (panel
a). It is clear from that plot that the predicted longitude profile is too steep compared to the observations: in the Galactic center region the model prediction overshoots the data and in the anti-center region
the model is lower than the observations by several σ.
Tuning the XCO (R) could help in principle: assuming
a lower value of this parameter in the bulge and a high
value at large R could smooth the γ-ray profile (as
done in several previous works such as [Strong et al.
2004]). Unfortunately, as pointed out in the introduction, the gradient problem is present especially in the
emissivity profile, and this quantity is independent of
the molecular gas: it only traces the actual CR distribution2 .
So we apply our previous considerations and adopt

2 The emissivity is the number of γ photons emitted by each
gas atom per unit time and unit energy

(1)

This is the parametrization we already used in
[Evoli et al. 2008] to interpret EGRET data. The
parameter τ is tuned against data. In Fig. 3 we
show the emissivity profile for different values of τ in
the range [0 ÷ 1]. It is evident from that figure that
an increasing value of τ yields a much smoother behaviour of the emissivity as function of R. Values in
the range [0.7 ÷ 1] allow a good match of Fermi-LAT
data ([Ackermann et al. 2011], [Abdo et al. 2010]).
With this result at hand, we considered a modified
version of the Plain Diffusion CR propagation setup
with D(R) = Qτ and τ = 0.8. The smoothing in the
CR distribution corresponding to such a value of τ
is shown in Fig. 1. As shown in Fig. 2 (panel b),
the γ ray longitude profile along the Galactic plane is
nicely reproduced with no tuning at all of the XCO .
It is remarkable that a simple CR propagation setup,
with only the addition of the radial dependence of D
and no ad hoc tuning, permits to reproduce the γray profile with such accuracy. Noticeably, the modified model is still compatible with most relevant CR
data set, most importantly the B/C. Furthermore, we
checked that the γ-ray spectrum measured by FermiLAT along the Galactic plane is also correctly reproduced under those conditions (see Fig. 4).

Figure 4: The gamma-ray spectrum corresponding to the
plain diffusion model with varying diffusion coefficient
described in the text (τ = 0.8). The spectrum was computed
with DRAGON and GammaSky. The data points measured by
Fermi-LAT are taken from the same reference as Fig. 2

4. Conclusions
In this paper we presented an alternative solution to
the well known γ-ray gradient problem. Our approach
is based on the physically motivated hypothesis that
the CR diffusion coefficient is spatially correlated
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to the source density: regions in which star, hence
SNR, formation is stronger are expected to present a
stronger turbulence level and therefore a larger value
of the perpendicular diffusion coefficient. This effect
favours CR escape from most active regions helping to
smooth their density through the Galaxy hence also
the γ-ray gradient. We used DRAGON package to implement this scenario and to check that CR data are
still reproduced under those conditions. In spite of being purely phenomenological (as a self-consistent theory/computation of non-linear CR - MHD turbulence
interaction in the Galaxy is far from being developed)
our approach provides a remarkably good description
of the spectrum and longitude distribution of the diffuse γ-ray emission measured by the Fermi-LAT collaboration.

Acknowledgments
D. Gaggero would like to thank the LAPTH (Laboratoire d’Annecy-le-Vieux de Physique Théorique) for
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AGILE (Astrorivelatore Gamma a Immagini LEggero) is an Italian Space Agency (ASI) mission
launched on April 23rd, 2007. The AGILE-GRID instrument onboard of the AGILE satellite is
devoted to gamma-ray astrophysics in the 30 MeV - 50 GeV energy range. This paper presents the
results of a systematic study performed on the first three years of AGILE-GRID data to search for
GeV and sub-GeV counterparts (or derive flux upper limits) of sources detected at very high-energy
by TeV experiments. Many of the TeV sources are still unidentified and deep observations at lower
energies are needed to identify their possible counterparts.

I.

INTRODUCTION

In the last years, the number of TeV gamma-rays
sources has increased up to more than 100, thanks
to the observations made by the new generation of
ground-based Cherenkov telescopes HESS, MAGIC
and VERITAS. The identified sources of VHE photons
belong mainly to four classes: Active Galactic Nuclei
(AGNs), Supernova Remnants (SNRs), Pulsar Wind
Nebulae (PWNs) and X-ray binaries (XRBs). More
than 80 TeV sources are galactic; a large fraction of
them do not show a clear counterpart and still remains
unidentified (UNID). Multi-wavelength deep observations of the region near the TeV positions are needed
to identify the possible counterparts of the UNID TeV
sources as well as to constrain the emission mechanisms of the VHE γ-ray photons. In what follows, we
will present the results of a search of MeV-GeV counterparts of known and UNID TeV sources using the
data taken by the AGILE γ-ray satellite. AGILE (Astrorivelatore Gamma ad Immagini LEggero) [1], [2] is
a scientific mission of the Italian Space Agency (ASI)
dedicated to the observation of astrophysical sources
of high-energy γ-rays in the 30 MeV-50 GeV energy
range, with simultaneous X-ray imaging capability in
the 18-60 keV band. AGILE is the first high-energy
mission which makes use of a silicon detector for the
γ-rays-to-pairs conversion. The AGILE payload combines for the first time two coaxial instruments: the
Gamma-Ray Imaging Detector GRID (composed by
a 12-planes Silicon-Tungsten tracker [3], a CesiumIodide mini-calorimeter [4] and the anti-coincidence
shield [5]) and the hard X-ray detector Super-AGILE
[6]. The use of the silicon technology allows to have
good performances for the γ-rays GRID imager in a

relatively small and compact instrument: an effective
area of the order of 500 cm2 at several hundred MeV,
an angular resolution of around 3.5◦ at 100 MeV, decreasing below 1◦ above 1 GeV, a very large field of
view (∼2.5 sr) as well as accurate timing, positional
and attitude information. AGILE was launched on
April 23rd, 2007, and placed in a low (∼ 550 km)
equatorial orbit with very small background contamination. The AGILE Ground Segment has developed
a very efficient alert system, which leads to automatic
alerts sent via email (and sms) within ∼ 2-2.5 hours
after the from an astrophysical event. Until October
2009, the AGILE spacecraft was operated in “fixedpointing” mode, completing 101 pointings. In Nov.
2009, the spacecraft has to be re-configured in the
safe “spinning operation mode”, converting AGILE
in an all-sky γ-ray monitor. The GRID boresight rotation axis now scans the sky with an angular velocity
of about 1◦ /s, accessing about 70-80% of it each day.
AGILE good sensitivity in the 100-400 MeV energy
range makes it very suitable to perform the MeV-GeV
counterpart search of TeV sources described here.
II.

SELECTED AGILE RESULTS ON TEV
SOURCES

Several TeV emitting sources were studied by
AGILE-GRID. Remarkable results were obtained for
both Galactic and Extragalactic TeV emitting objects.
A.

SNR IC 443

The analysis of the intermediate-age Supernova
Remnant (SNR) IC 443[7] revealed a distinct pattern
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of diffuse emission in the energy range 100 MeV-3 GeV
is detected across the SNR with its prominent maximum localized in the Northeastern shell, consistent
with the site of the strongest shock interaction between the SNR blast wave and the dense circumstellar
medium. The location of the High Energy gammaray emission is not coincident with the TeV source
located 0.4 degrees away, and associated with a dense
molecular cloud complex in the SNR central region.
This provides the evidence that electrons cannot be
the main emitters of gamma-rays in the range 0.1-10
GeV at the site of the strongest SNR shock. The intensity, spectral characteristics, and location of the
most prominent gamma-ray emission together with
the absence of co-spatial detectable TeV emission are
consistent only with a hadronic model of cosmic-ray
acceleration in the SNR. This SNR was also studied
by Fermi-LAT[8].
B.

W28

Molecular clouds associated with SNRs can produce gamma-ray emission by means of the interaction of accelerated particles with the concentrated
gas. The middle-aged SNR W28, because of its associated system of dense molecular clouds, provides
an excellent opportunity to test this hypothesis. AGILE/GRID observations of SNR W28, and their comparisons with observations at other wavelengths (TeV
and 12 CO (J=1→0) molecular line emission) support
a hadronic model for the gamma-ray production in
W28[9]. The AGILE gamma-ray source is positionally well correlated with the TeV emission observed
by the HESS telescope. The local variations in the
GeV to TeV flux ratio imply that there is a difference between the CR spectra of the north-west and
south molecular cloud complexes. A model based on
a hadronic-induced interaction and diffusion with two
molecular clouds at different distances from the W28
shell can explain both the morphological and spectral
features observed by both AGILE in the MeV-GeV energy range and the HESS telescope in the TeV energy
range[9]. A similar study was performed by FermiLAT[10].
C.

The Crab Nebula

The well known Crab Nebula is at the center of
the SN1054 supernova remnant. It consists of a
rotationally-powered pulsar interacting with a surrounding nebula through a relativistic particle wind.
The emissions originating from the pulsar and nebula have been considered to be essentially stable. The
surprising detection of strong gamma-ray (100 MeV10 GeV) flares observed by the AGILE satellite in
September, 2010 and October, 2007 were reported by

AGILE[11]. In both cases, the unpulsed flux increased
by a factor of 3 compared to the non-flaring flux. The
flare luminosity and short timescale favor an origin
near the pulsar, challenging standard models of nebular emission and require power-law acceleration by
shock-driven plasma wave turbulence within a 1-day
timescale. The flaring activity of the Crab Nebula was
independently confirmed by Fermi-LAT[12].

D.

Vela-X

Pulsars are known to power winds of relativistic
particles that can produce bright nebulae by interacting with the surrounding medium. These pulsar
wind nebulae (PWNe) are observed in the radio, optical, x-rays and, in several cases, also in gamma-rays
up to TeV energies. The information in the gammaray band are useful to reach a comprehensive multiwavelength picture of their phenomenology and emission mechanisms. AGILE detected the Vela pulsar
wind nebula in the energy range from 100 MeV to
3 GeV[13]. The brightest AGILE gamma-ray source,
AGL J0834-4539 has an asymmetric shape incompatible with the AGILE point-spread function. It is however positionally concident with HESS J0835-455, the
TeV source that is identified with the Vela X nebula, implying that AGL J0834-4539 is associated with
the pulsars PWN. In the frame of leptonic models, the
AGILE measurements are not consistent with a simple
multiwavelength spectral energy distribution involving a single electron population requiring additional
electron populations to explain the observed GeV
fluxes. The observations of Vela-X by Fermi-LAT are,
however, in favour of a different interpretation[14].

E.

Mkn 421

AGILE detected a bright flare from the highfrequency peaked blazar Mrk 421 on June 915,
2008[15]. This flaring state is brighter than the average flux observed by EGRET by a factor of ∼ 3, but
still consistent with the highest EGRET flux. In hard
X-rays (20-60 keV) SuperAGILE resolved a 5-day flare
(June 9-15) peaking at ∼ 55 mCrab. A large set of
simultaneous data, covering a twelve-decade spectral
range was collected for this flare[15], allowing for a
deep analysis of the spectral energy distribution as
well as of correlated light curves. The γ-ray flare was
interpreted within the framework of the synchrotron
self-Compton model in terms of a rapid acceleration
of leptons in the jet.
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III. SYSTEMATIC SEARCH OF AGILE
COUNTERPARTS OF TEV SOURCES IN THE
AGILE-GRID FIXED-POINTING DATA

The analysis presented in this section has been
performed with an automatic procedure for all the
sources contained in the web-based catalog TeVCat
[16]. At present, the catalog contains more than 100
TeV sources published on refereed journals or newly
announced by means of Astronomers Telegrams.
The TeVCat is constantly updated with new TeVsources being detected by various TeV experiments.
TeVCat lists also the basic properties of the different sources such as location and possible association.
Currently some source classes have been clearly identified, such as extragalactic objects (Blazars and RadioGalaxies), Supernovae Remnants, Pulsar Wind Nebulae, Gamma-ray Binaries and Dark Sources[16].
Our analysis is currently being performed in a systematic way on a sample of 116 TeV sources, both
galactic and extragalactic, whom centroid positions
and extensions have been carefully reviewed using
data from literature. An improved catalog of TeV
sources will be soon available at the ASI Science Data
Center (ASDC) webpages [17].
An automatic procedure, described in [18], search
for possible AGILE counterparts to known TeV
sources using the AGILE official data archive provided by the AGILE Data center (ADC) hosted at
the ASDC.
The analysis has been performed on the full pointing period of AGILE-GRID (2007.07.09−2009.10.31)
for a total of 2.3 years of data. The relevant maps
(counts, exposure and diffuse background) have been
generated with an energy threshold of Eγ > 100 MeV.
All the maps are centered on the selected TeV source
position, with a size of 40◦ × 40◦ , binned at 0.1◦ . The
count maps are generated using the event filter named
FM, characterized by the best signal-to-noise ratio.
The source detection step is performed by means of
a multi-source Maximum Likelihood (ML) algorithm
([19], [20]), fixing the position and the flux of the
known AGILE sources from the First AGILE Catalog (1AGL sources) [21] within a radius of 20◦ from
the TeV source and letting free the position and the
flux of its possible AGILE counterpart within a radius
of 1◦ .
The preliminary results, reported in table I, show
that around one fourth of TeV AGNs and around one
third of TeV Galactic Sources (SNR, PWN, XRB or
UNID) have a candidate counterpart in the AGILE
data.
Refined analysis will be performed on these last
classes due to possible source confusion, particularly
in the case of PWN and UNID TeV sources.

IV.

OBSERVATIONS OF SELECTED UNID
TEV SOURCES IN SPINNING MODE

Since Nov. 2009, AGILE is observing the γ-ray sky
in spinning mode. The preliminary results of the analysis of the AGILE-GRID data on a sample of TeV
sources, mainly still unidentified were presented at the
32th ICRC. These sources are part of a Guest Observer observation program proposed by the authors
(Lucarelli et al.) and approved as targets of the 3rd
AGILE Annoucement of Opportunity (AO3)[23].
The AO3 proprietary data cover almost one year of
observations in spinning. The expected sensitivity of
AGILE-GRID over 1 year of spinning mode observations varies from 15×10−8 to 80 × 10−8 ph cm−2 s−1 ,
depending on the exposure of the observed region.
The analysis of the data was made using the AGILE
gamma-ray analysis software, public release AGILE
SW 4.0 [20], downloaded from the ADC webpages.
Only gamma-like events have been considered to generate binned maps of counts, exposure and models
of diffuse emission starting from the cleaned event
list and the auxiliary files provided to the Guest Observers. To reduce the Earth albedo contamination,
all γ-ray events whose reconstructed directions form
angles smaller than 90◦ with the satellite-Earth vector were rejected. South Atlantic Anomaly event cuts
have been also applied.
Table II summarizes the preliminary results of the
analysis of the GRID data extracted from a region
of interest of 15◦ centered at the proposed TeV
sources [23]. Seven of the nine targets proposed in
the AO3 program have been analyzed here. A multisource ML analysis has been applied to estimate the
significance of the excess around the target position,
expressed as the square root of the ML Test Statistic
(TS). All the AGILE 1AGL sources [21] have been included in the multi-source analysis. The γ-ray sources
from the 1st year FERMI-LAT Catalog (1FGL) [22]
have been included only if their 100-300 MeV flux was
above the AGILE sensitivity over one year.
The table also shows the estimated number of excess
counts with respect to the galactic diffuse emission
and the average flux for energies above 100 MeV. The
flux
√ is replaced by the 95% C.L. upper limits when the
T S of the ML analysis is below 3. The last column
shows the displacement in degree of the AGILE excess
peak position from the best-fit position of the TeV
emission, as provided from the literature[24].
V.

CONCLUSIONS

This work presented the results of a systematic
search of MeV-GeV counterparts of TeV sources in
the first 2.3 years of AGILE-GRID “fixed-pointing”
data. The results of the analysis found significant γray excesses within 1◦ from the TeV emission centroid
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TABLE I: Preliminary results of the AGILE-GRID systematic search of the TeVCat sources.
Source Class
TeV Catalog Detection (sqrt(TS > 4)
AGN (HBL, LBL)
45
10
Starburst Galaxies
2
PWN
24
8
SNR
14
5
XRB
3
1
UNID
25
6
Other Galactic
3
1

TABLE II: Preliminary results of the AGILE-GRID observations of selected UNID TeV sources.
TeV source

Date Interval

MJD

Exposure
[× 108 cm2 s]

HESS J1614-518
HESS J1632-478
HESS J1702-420
HESS J1731-347
HESS J1841-055
HESS J1843-033
HESS J1857+026

2010.01.15−2010.10.15
2010.02.05−2010.10.15
2010.02.05−2010.10.15
2010.02.05−2010.10.15
2010.02.05−2010.10.31
2010.02.05−2010.10.31
2010.02.28−2010.11.15

55211.5−55484.5
55232.5−55484.5
55232.5−55484.5
55232.5−55484.5
55232.5−55500.5
55232.5−55500.5
55255.5−55515.5

4.3
3.8
3.6
3.6
3.6
3.6
4.0

√

TS
1.3
2.8
0
4.3
5.8
0.9
1.3

a

Counts

Flux b (E>100 MeV)
[× 10−8 ph cm−2 s−1 ]

Shift c
[deg]

<135
<187
<28
147 ± 38
229 ± 44
<111
<139

<32
<49
<7.8
41 ± 11
63 ± 12
<31
<35

−
−
−
0.34
0.56
−
−

Notes
a
Square root of the Maximum Likelihood Test Statistic (TS) representing the statistical significance of the detection [19].
b
Gamma-ray flux for E>100 MeV (or 95% C.L. upper limits) estimated applying the multi-source ML analysis on the proposed target.
c
Displacement of the AGILE excess peak position from the best-fit position of the TeV target.

for more than one third of the TeV targets (116 in total). Detailed analyis of the most significant cases is
undergoing.
A large fraction of the TeV sources is still unidentified. The observation of a selected sample of UNID
TeV sources has been proposed and accepted for
the 3rd AGILE Announcement of Opportunity. We
also have presented here the analysis of these data,
taken while AGILE was observing in spinning mode.
The preliminary results show significant detections of
E>100 MeV photons within 1◦ from the target in two
of the seven sources observed: HESS J1731-347 and
HESS J1841-055. In the first case, the TeV source (recently associated to a shell-type SNR) is well within
the AGILE error position. We note that the UNID

sources showing a significant detection, within 0.5deg
from the TeV position, in the spinning data, have been
also detected in the systematic search using the pointing data.
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The AGILE satellite, in orbit since 2007, localized up to October 2009 about 1 Gamma Ray Burst
(GRB) per month with the hard X-ray imager SuperAGILE (18 - 60 keV) (with a rate reduced by
a factor 2-3 in spinning mode) and is detecting around 1 GRB per week with the non-imaging
Mini-Calorimeter (MCAL, 0.35 - 100 MeV). Up to October 2011 the AGILE Gamma Ray Imaging
Detector firmly detected four GRBs in the energy band between 20 MeV and few GeV. In this
paper we review the status of the GRBs observation with AGILE and discuss the upper limits in
the gamma-ray band of the non-detected events.

I.

THE AGILE SATELLITE

Launched on April 2007, AGILE [1], [2] is a small
scientific satellite of the Italian Space Agency (ASI)
operating at a low inclination (2.5◦ ) Low-Earth Orbit
at 540 km altitude and is devoted to the observation
of the sky in the hard X-ray and gamma-ray energy
bands .
The AGILE payload is composed of two co-aligned
imagers: the hard X-ray monitor SuperAGILE [3],
sensitive in the 18-60 keV energy band with a field of
view of ∼ 1 sr and an angular resolution of 6 arcmin,
and the Gamma Ray Imaging Detector (GRID, [4]),
a pair-tracking telescope based on a tungsten-silicon
tracker [5], sensitive in the energy band from 30
MeV to few GeV with a field of view of∼ 2.5 sr
and a point spread function ranging between 3.5◦ (at
100 MeV) and 1.5◦ (at 1 GeV). The Minicalorimeter (MCAL, [6]) of the gamma-ray imager, based on
CsI(Tl) scintillating bars, can independently detect
transient events at MeV energies, using a dedicated
trigger logic acting on several time scales spanning
four orders of magnitude between 290 µs and 8 seconds [7], in an almost all-Sky field of view with maximum sensitivity at an angle of roughly 90◦ with respect to the satellite boresight.

II.

OBSERVATION OF GRB WITH AGILE

Both SuperAGILE and MCAL are equipped with
on-board triggering algorithms (see [8] and [7] respectively) developed to detect short gamma-ray transient

events such Gamma Ray Bursts (GRBs) and Terrestrial Gamma-ray Flashes (TGFs). Dedicated telemetry packets are introduced in the data stream to downlink the trigger information. Since the beginning of
the AGILE operations, SuperAGILE and MCAL are
active members of the InterPlanetary Network (IPN).
On November 2009 AGILE suffered a malfunction to
the reaction wheel and, after that time, the satellite is
working in a spinning operative mode, with an angular
velocity of ∼ 0.8◦ per second around the axis pointed
toward the Sun and scanning ∼ 70 % of the Sky every orbit. In pointing operative mode the localization
rate of SuperAGILE was ∼ 1 GRB per month and it
is now reduced of a factor of 2 - 3 in spinning mode.
The MCAL detection rate is ∼ 1 GRB per week and
is not affected by the spinning operative mode.

A.

SuperAGILE and GRBs

GRB 070724B[9], detected when AGILE was still in
its Commissioning Phase, proved the capability of SuperAGILE to localize GRB with good accuracy. Until
the end of october 2011, SuperAGILE localized 26 (20
in pointing mode, 6 in spinning) GRBs. Moreover,
SuperAGILE detects about 1-2 GRBs/month outside
the field of view and these events are provided to the
3rd IPN to find the position using the triangulation
technique.
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B.

MCAL and GRBs

MCAL has an average detection rate of about
1 GRB/week (independent of the operation mode).
Most of these detections have been independently confirmed by other instruments. As SuperAGILE, also
MCAL contributes to the IPN. The onboard trigger
logic lets the satellite to download data in photon-byphoton mode after a valid trigger is issued, allowing
subsequent on-ground spectral and timing analysis of
MCAL data. MCAL in-flight performance and first
GRB detections were previously reported[10].

C.

GRID and GRBs

Until October 2011 the AGILE GRID firmly detected four GRBs in the gamma-ray band: GRB
080514B [11], [12], GRB 090401B [13], GRB
090510 [14], [15], [16] and GRB 100724B [17]. One
more GRBs (GRB 080721) showed lower significant
detection in gamma-rays. The four events with clear
detection, show interesting features as observed by
AGILE. GRB 080514B was the first gamma ray burst,
since the time of EGRET, for which individual photons of energy above several tens of MeV have been
detected. The hard X-ray emission observed by SuperAGILE lasted about 7 s, while there is evidence
that the emission above 30 MeV extends for a longer
duration (at least 13 s). The spectral analysis of
MCAL data is found to be in agreement with the measured GRID fluence. GRB090510 showed two clearly
distinct emission phases: a prompt phase lasting ∼
200 msec and a second phase lasting tens of seconds.
The prompt phase is relatively intense in the 0.3-10
MeV range with a spectrum characterized by a large
peak/cutoff energy near 3 MeV, in this phase, no significant high-energy gamma-ray emission is detected.
At the end of the prompt phase, intense gamma-ray
emission above 30 MeV is detected showing a powerlaw time decay of the flux of the type t−1.3 and a
broad-band spectrum remarkably different from that
of the prompt phase. It extends from sub-MeV to
hundreds of MeV energies with a photon index ∼ 1.5.
GRB 090401B shows quite an hard spectrum in the
brightest peak with photon index beta ∼ 2.2 consistent between GRID and MCAL. Also this GRB has
quite an extended emission with respect to the low
energy emission. GRB100724B is the brightest burst
detected in gamma-rays so far by AGILE. Characteristic features of GRB 100724B are the simultaneous
emissions at MeV and GeV, without delayed onset nor
time lag as shown by the analysis of the cross correlation function, and the significant spectral evolution
in hard X-rays over the event duration.
The large field of view of the GRID allows to simultaneously observe about one fifth of the Sky. Mo-

tivated by the fact that significant gamma-ray emission is observed from only a small fraction of GRBs,
corresponding to few events per year taking into account the AGILE and Fermi/LAT detections, we estimated the upper limits on the flux of GRBs within
the GRID field of view between July 2007 and October 2009, localised by SuperAGILE, Swift/BAT, INTEGRAL/IBIS, Fermi/GBM and IPN. Our sample is
composed of 68 bursts, of which 40 have spectral information, publicly distributed through the GCN Circulars by Konus-Wind, Suzaku/WAM and Fermi/GBM.
We estimated the upper limits using a Bayesian approach and following the method proposed by [18] and
[19]. When available, the spectral model from the
publicly available information is used to calculate the
flux upper limit and to extrapolate the available flux
to the energy band between 30 MeV and 3 GeV. In
the other cases, we adopted for these calculations the
average values measured by BATSE for the photon
index of an exponential cutoff and for the high energy photon index of a Band function. We found that
the calculated upper limits are constraining the extrapolation of the Band spectrum for ∼ 10% of the
GRBs[20]. We are still investigating the consequences
of such constraints on the emission models. A remarkable case of this behaviour is the long GRB 090618,
localised by Swift [21] and also by SuperAGILE (in a
consistent position) and detected by the MCAL [22].
GRB 090618 is characterised by a remarkable fluence
of (3.2 ± 0.6)−5 erg cm−2 , measured by MCAL in the
energy band between 350 keV and 100 MeV. The GRB
has a steep spectrum in the same energy band, with
a photon index of -3.16 [22] by MCAL, and is not detected in gamma-rays by the GRID. The interested
reader can find the details and the complete analysis
of the upper limits of GRBs in the GRID in a forthcoming paper [20].

III.

HIGH ENERGY EMISSION IN GRBS

The ongoing observation of GRBs with AGILE and
Fermi is showing that only a small subsample of events
emits in gamma rays. In fact, the overall detection
rate of both satellites is ∼ 10 bursts per year, consistent with current estimates [23]. From the data analysis it is emerging that GRBs emitting in the GeV band
are also bright at lower energy. In fact, an analysis of
eleven GRBs detected by Fermi/LAT until October
2009 shows that the fluence in Fermi/GBM (8 keV 10 MeV) of these events belongs to the highest tail of
the distribution [24]. From the AGILE and Fermi observations we can see that the GeV emission of GRBs
is simultaneous to the prompt phase, often with a delayed onset and extended emission. Some events have
the same spectral shape from keV up to GeV energies,
modelled by a single Band function (for example GRB
080514B, [11]), while in other the gamma-ray emission

eConf C110509

359

3

2011 Fermi Symposium, Roma., May. 9-12
is fitted by additional components, as for example in
GRB 090510 [14],[15]) or GRB 090902B below 50 keV
and above 100 MeV [25]. Up to now the afterglow of
two GRBs detected in gamma-rays by AGILE, GRB
090401B [13] and GRB 090510 [16], has been observed
by Swift. In our analysis we investigated the GRID
data of the sample of GRBs within our field of view
and we did not find any significant gamma-ray afterglow emission until 3600 s after trigger [20].
IV.

CONCLUSIONS

Thanks to the high level capabilities of the its different detector components, the AGILE satellite ob-

tained several important results on GRB science. The
AGILE satellite is capable to detect GRBs in an energy range extended over 6 orders of magnitude. AGILE detected few GRBs but representing all the main
features present in GRB high energy domain, such us
delayed onset, spectral extra-component and extended
emission. The Upper limits that AGILE derived are
useful to exclude the presence of an extra component
at the same fluence level as the low energy emission
in most of the GRB in its field of view.
Acknowledgements. The AGILE Mission is funded
by the Italian Space Agency (ASI) with scientific and
programmatic participation by the Italian Institute
of Astrophysics (INAF) and the Italian Institute of
Nuclear Physics (INFN).
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The AGILE satellite, operating since mid 2007 and primarily devoted to high-energy astrophysics,
is one of the only three currently operating space instruments capable of detecting Terrestrial
Gamma-Ray Flashes (TGFs), together with RHESSI and F ermi-GBM. Thanks to the AGILE
Mini-Calorimeter instrument energy range extended up to 100MeV and its flexible trigger logic on
sub-millisecond time scales, AGILE is detecting more than 10 TGFs/month, adding a wealth of
observations which pose severe constrains on production models. The main AGILE discoveries in
TGF science during two and a half years of observations are the following: 1) the TGF spectrum
extends well above 40 MeV, 2) the high energy tail of the TGF spectrum is harder than expected
and cannot be easily explained by previous theoretical models, 3) TGFs can be localized from space
using high-energy photons detected by the AGILE gamma-ray imaging detector. In this presentation we will describe the characteristics of the 2.5-years AGILE TGF sample, focusing on the recent
results concerning the TGF high-energy spectral characteristics.

I.

INTRODUCTION

Terrestrial Gamma-Ray Flashes (TGFs) are very
short (lasting up to a few milliseconds) bursts of
high-energy photons above 100 keV, first detected by
the BATSE instrument on board the Compton Observatory [1], and later extensively observed by the
RHESSI satellite [2, 3]. TGFs have been associated
with strong thunderstorms mostly concentrated in the
Earth’s equatorial and tropical regions, at a typical altitude of 15–20 km [4]. TGFs are widely believed to be
produced by Bremsstrahlung in the atmospheric layers by a population of runaway electrons accelerated
to relativistic energies by strong electric fields inside or
above thunderclouds. The secondaries generated during the acceleration process can be accelerated as well
driving an avalanche multiplication [5], commonly referred to as Relativistic Runaway Electron Avalanche
(RREA), possibly further enhanced by means of a relativistic feedback mechanism [6, 7]. Although being
widely accepted as the underlying physical process in
TGF production, the RREA mechanism alone is not
sufficient to explain the rich phenomenology of TGFs,
especially the observed fluence, and there is no consensus yet on the underlying physical conditions, production sites, radiation efficiencies and maximal energies.

Recently, the AGILE satellite added a wealth of
spectral and geographical data on TGFs and established itself as a major player in TGF observation,
together with the RHESSI [2] and F ermi-GBM detectors [8].
AGILE [9] is a mission of the Italian Space Agency
(ASI) dedicated to astrophysics in the gamma-ray energy range 30 MeV – 30 GeV, with a monitor in the
X-ray band 18 keV – 60 keV [10], operating since
April 2007 in a low inclination (2.5◦ ) equatorial LowEarth Orbit at 540 km altitude. The AGILE GammaRay Imaging Detector (GRID) is a pair-tracking telescope based on a tungsten-silicon tracker [11], sensitive in the 30 MeV – 30 GeV energy range. The
imaging principle is based on the reconstruction of
the tracks left in the silicon detection planes by the
electron-positron pairs produced by the primary photon converting mainly in the tracker tungsten planes.
A Mini-Calorimeter (MCAL) [12], based on CsI(Tl)
scintillating bars for the detection of gamma-rays in
the range 300 keV – 100 MeV, and a plastic anticoincidence detector [13] complete the high-energy instrument. MCAL can work also as an independent
gamma-ray transient detector with a dedicated trigger logic acting on several time scales spanning four
orders of magnitude between 290 µs and 8 seconds
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[14, 15].
Thanks to its flexible trigger logic on submillisecond time scales [14], MCAL proved to be a
very efficient instrument for TGF detection. In this
paper we will review the AGILE achievements in TGF
science, focusing on our results on TGF high-energy
spectral characteristics and on the correlation with
global lightning activity.
II.

AGILE RESULTS IN TGF SCIENCE

The
average
MCAL
detection
rate
is
∼ 10 TGFs/month, with the current severe selection criteria based on hardness ratio and fluence
[16]. When a trigger is issued by the onboard logic,
data are collected on an event-by-event basis so that,
for every photon, energy, timing with 2µs accuracy
and topological informations (i.e. the fired detector
address) are saved and sent to ground. For a trigger
to be classified as a valid TGF candidate, at least
10 photons and a hardness ratio HR ≥ 0.5 are required, where HR is defined as the ratio between the
number of counts with energy greater than 1.4 MeV
and the number of counts with energy lower than
1.4 MeV. There is evidence that relaxed selection
criteria may be applied, resulting in the detection of
a fainter/softer population which can increase the
detection rate more than 50% (Marisaldi, M. et al.,
in preparation).
The main AGILE discoveries in TGF science during
two and a half years of observations are the following:
- the TGF spectrum extends at least up to
40 MeV [16] (well above the previous 20 MeV
limit set by RHESSI [2]);
- the high energy tail of the TGF spectrum is
harder than expected and cannot be easily explained by previous theoretical models [17];
- TGF can be localized from space using highenergy photons detected by the AGILE silicon
tracker [18]
- TGFs are not a random sub-sample of global
lightning activity as detected from space [19].
Moreover, significant regional differences exist,
both in the degree of correlation and in the
TGF/flash ratio.
A.

TGFs high-energy spectrum

The cumulative spectrum of the first 34 highconfidence TGFs detected by AGILE shows a good
agreement with the RHESSI cumulative spectral
shape below 20 MeV, when the detector response matrices for both instruments are taken into account, but

demonstrates also that events of energy up to 40 MeV
can be observed [16]. These early observations substantially doubled the previously known TGF energy
range set by RHESSI [2], as later confirmed by the
observations of F ermi-GBM [8].
The high energy spectral shape of TGFs became
even more puzzling when increased statistics was
achieved. Fig. 1 shows the background-subtracted
cumulative energy spectrum of a TGF sample of 130
events, satisfying the same stringent selection criteria, detected during the period June 2008 - January
2010. The relevant cumulative background as a function of energy is calculated for events detected in the
time interval To +1 sec - To +21 sec, where To is the
TGF start time. This method takes into account the
20% orbital modulation of the MCAL background in
a satisfactory way. We note that the MCAL background level on TGF timescales is quite low (because
of the MCAL anticoincidence vetoing, and of the satellite equatorial orbit), being 0.35 events/ms on average. The MCAL detector response for different offaxis angles has been derived by a combination of simulations and calibration data obtained up to a few
MeV with radioactive sources, and up to 460 MeV
at the beam test facility of the National Laboratories of Frascati (Italy). In-orbit calibration consistency checks were obtained for different Gamma-Ray
Bursts at different angles. Remarkably, we find that
the TGF spectrum extends up to 100 MeV with no
exponential attenuation. Our data show the existence
of a high-energy spectral component in addition to
the well-known power-law (PL) component extending
up to ∼ 10 MeV. The additional component constitutes ∼10% of the total emitted energy. A broken PL
fit of the two components gives a differential photon
energy flux F(E) ∼ E −0.5±0.1 for 1 MeV <E< Ec ,
and F (E) ∼ E −2.7±0.1 for Ec < E < 100 MeV, with
Ec = (7.1 ± 0.5) MeV (all quoted parameter errors are
1-σ).
Terrestrial Gamma-Ray Flashes turn out to be very
efficient particle accelerators in our atmosphere. Our
detected power-law emission between 10 MeV and 100
MeV is difficult to reconcile with current RREA models [4, 7, 20–23]. Some of these models are characterized by acceleration over typical distances near, e.g.,
stepped-leader lightning sizes (∼ 50 − 100 m) that
correspond to a small number of avalanche lengths.
On the contrary, an observed photon energy of 100
MeV implies a lower limit on the acceleration distance
dmin ≃ (1 km) (Ē100 )−1 where Ē100 is the average
electric field in units of 100 kV/m. These large-scale
sizes are a significant fraction of the intra-cloud or
cloud-to-ground distances over which potential drops
of order of 100 MV can be established in thunderstorms. Furthermore, the detection of TGF emission
in the 10-100 MeV range renews the interest for the
neutron production in these energetic events as well
as in normal lightning. A deteiled report on this dis-
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FIG. 2: (a) scatterplot of the GRID events projection with
respect to the AGILE footprint. The dashed circles are 300
and 600 km in radius. The full AGILE visibility region has
a 2600 km radius. (b) occurrence density vs. distance from
footprint (each bin has been divided by the subtended area
in km2 ). Figure from [18].
FIG. 1: The background subtracted cumulative counts
spectrum of the 130 TGFs detected by AGILE-MCAL
during the period June, 2008 - January, 2010. The blue
line shows the broken PL fit (see text), and the red
curve is a pre-AGILE phenomenological model F (E) ∼
E −α e(−E/Ec ) , of index α = 0.4 ± 0.2, and exponential
cutoff energy Ec = 6.6 ± 1.2 MeV. Figure from [17].

covery is reported in [17].

B.

Gamma-ray localization of TGFs

Since the discovery that TGFs can exhibit energies
well above 20 MeV, we started searching for TGF
events in the GRID, the AGILE gamma-ray imager
sensitive above 20 MeV. The added value provided by
the GRID is due to its imaging capabilities so that,
for the first time, a TGF could be not only detected,
but also localized from space directly in gamma-rays.
In the period between June 2008 and December 2009 the MCAL instrument triggered 119 bursts
identified as TGFs according to the selection criteria
discussed in [16]. For each of these bursts, the GRID
dataset was searched for quasi-simultaneous gammaray events within a 200 ms time-window centered at
the TGF start time T0 , defined as the time of the first
MCAL-photon associated with the TGF. A peak in
the cumulative distribution of the arrival times is evident for the 2 ms time bin immediately following T0 .
This peak includes 13 events, and the probability for
it to be a statistical fluctuation (13 events or higher)
is 6.5. 10−10 if we assume that GRID events are not
correlated to TGFs and are distributed according to
the Poisson law with the measured average rate of
5.1 counts/s. All these GRID events take place during the TGF emission time interval estimated from
MCAL data only.
Figure 2 shows the scatterplot of the GRID events
projection with respect to the AGILE footprint (the

point at the Earth’s surface on the straight line joining
the satellite and the Earth’s centre), and the distribution of the occurrence density vs. distance from footprint (each bin has been divided by the subtended area
in km2 ). The GRID photon directions are obtained by
the standard analysis pipeline for photons within the
AGILE field of view, and by a custom version of the
same software for photons outside the field of view.
The photon directions are then back-projected from
the satellite position, obtained by GPS data, to the
Earth’s surface, parameterized as the World Geodetic System WGS-84 ellipsoid, in order to obtain the
production site location. All 9 events are contained
within a 1.14 sr solid angle, a factor 3.4 smaller than
the solid angle subtended by the Earth at the satellite
altitude of 540 km, which corresponds to a maximum
visibility projected distance radius of ∼ 2600 km from
the satellite footprint. If the GRID events originate
directly from the TGF production site, these results
are consistent with a distance to footprint less than
∼ 300 km estimated for RHESSI TGFs using sferics
data [25–28].
The AGILE Tracker detections, described in details
in [18], provide indeed the first direct TGF localization from space. The GRID detection of TGFs above
20 MeV in about 7% of the cases confirms that TGFs
emit a substantial amount of energy above this value,
as reported in the previous section.

C.

TGF correlation with global lightning
activity

Correlation of TGFs with lightning activity was established shortly after their discovery. Several detailed one-to-one correlations of TGFs with individual
lightning strokes have been published, see [28, 29] for
some recent results, but a global climatology of TGFs
is still missing, although some steps towards this di-
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rection have been reported [30, 31].
Thanks to its detection capabilities and its very low
inclination orbit, AGILE guarantees a high exposure
above a narrow equatorial belt. Indeed, with about
120 TGFs/year, the AGILE satellite record the highest TGF detection rate surface density. This capability allowed a detailed high spatial resolution study of
the correlation between TGFs and global lightning activity as detected from space by the Optical Transient
Detector (OTD), onboard the Orbview-1 spacecraft,
and the Lightning Imaging Sensor (LIS), onboard the
TRMM NASA mission, (LIS/OTD public data available at http://ghrc.msfc.nasa.gov/). The aim of this
correlation study, based on mono and bi-dimensional
Kolmogorov-Smirnov test, is to link TGFs to average properties of lightning geographical distribution.
Figure 3-A shows the annual lightning flash rate density per km2 per year with a spatial resolution of
0.5 degrees for both longitude and latitude, based on
LIS/OTD High Resolution Full Climatology (HRFC)
data comprising about 10 years of observations (19952005) [32]. Figure 3-B shows the MCAL exposure
map, accounting also for the periods during which the
trigger logic was active, while figure 3-C shows the
global lightning distribution multiplied by the MCAL
exposure, that is directly comparable with AGILE
TGF distribution. The bin size of 2.5 deg in longitude
and 1 deg in latitude corresponds, on ground, to about
275 km and 110 km respectively. In the same image all
AGILE TGF positions are also shown, with white and
black crosses. Finally, in Figure 3-D the TGF (red)
and the exposure-corrected lightning (black) longitude
distributions are shown, summed over all latitudes.
At a qualitative level, the longitudinal distributions
for TGF and lightning above the continental areas
(Figure 3-D) show quite good agreement, and it is
possible to recognize the main features of the three
continental areas, like the sharp cut over the Congo or
the double-peaked feature due to Sumatra and Borneo
islands. However, to assess the compliance between
the TGF and lightning distributions in a quantitative way, we used the Kolmogorov-Smirnov test (KS
hereafter), which provides a probability value (P) for
the null hypothesis that two unbinned data sets are
drawn from the same distribution. After correction
for the AGILE exposure, we find that we cannot consider the global TGF distribution as a random sample
of the lightning distribution. Moreover, we find significant regional differences in the degree of correlation.
In particular, in the case of south east Asia we find a
87% probability for the TGF distribution being a subsample of lightning, while this probability surprisingly
drops to 3% in the case of Africa.
The results shown here are an independent confirmation of those reported in the work based on
RHESSI data [30] concerning an excess of TGFs above
central America and south east Asia and a corresponding depletion above Africa. However, reference [30]

reports an eastward shift between TGF and lightning distribution above south east Asia, which is currently not supported by the the very good agreement
we found for the two distributions above that region,
but we must note that our result is obtained over a
much narrower latitude region than that considered in
that work. Moreover we must consider that the TGF
dataset considered span very different periods of time.
In fact, while AGILE dataset includes 118 TGFs detected in 12 months, the 1st RHESSI TGF catalog [3]
includes 144 TGFs in the same latitude range, but
detected during 102 months of observation. So, while
RHESSI TGFs are up to now the most complete sample for climatological studies at a global scale, AGILE exhibits the higher detection rate surface density
(TGFs/month per square degree) over a narrower geographical region limited by its orbital inclination, allowing detailed studies of this climatic region.
Based on the crude assumption that the observed
TGF/lightning ratio holds at all latitudes we can also
estimate a global rate of Ṅ ≃ 220 ÷ 570 TGFs per
day, in agreement with previous estimates [33]. The
correlation study presented in this section is described
in details in reference [19].
III.

CONCLUSIONS

AGILE is succesfully observing TGFs since June
2008 and is currently one of the only three operating
space instruments capable of detecting TGFs. The
AGILE payload is very well suited for TGF science.
Its main strength points can be summarized as follows:
- AGILE-MCAL effective area peaks in the MeV
range, the range where most of the TGF energy
is radiated;
- the MCAL energy range is extended up to
100 MeV, allowing to probe the high energy tail
of the TGF spectrum;
- the trigger logic on time scales as short as 1ms
and 290µs, well matching the TGF typical time
scale, makes the AGILE sample not biased toward the brightest/longest events;
- the MCAL design strategy, spatial segmentation in several independent detection units,
makes the instrument less sensitive to dead-time
and pile-up effects than monolithic detectors of
equivalent volume;
- event data with 2µs timing accuracy are available for triggered events: time binning is limited
by counting statistics only;
- absolute timing accuracy better than 100µs allows precise timing for correlation with onground observation of sferic waves associated to
lightnings;
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FIG. 3: Lightning and TGF maps. A: LIS-OTD high resolution full climatology flashes rate [flashes/km2 /year] (0.5x0.5
deg per bin); B: MCAL exposure map [sec/bin] (2.5x1.0 deg per bin); C: LIS-ODT multiplied by MCAL exposure
[flashes/km2 ] (2.5x1.0 deg per bin). The crosses indicate the AGILE-TGF locations. The red borders indicate the
continental zones considered in the analysis; D: Longitude distributions, summed over all latitudes, of the AGILE-TGF
map (red) and LIS/OTD corrected map (black), corresponding to the maps showed in panel 3-C, normalized to the total
number of TGFs. Figure from [19]

- the AGILE-GRID trigger logic is sufficiently
flexible to collect also high-energy photons coming from the Earth;
- the AGILE orbit with 2.5 inclination is optimal
for mapping the equatorial region, where most of
the TGFs take place, with exposure much larger
than other missions;
◦

Thanks to these capabilities, several important results on TGF science based on AGILE observations
have already been published [16–19], concerning the
yet poorly understood TGF high-energy component,
the first localization of TGFs from space, and the correlation of TGFs with global lightning activity.
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We present the results of the analysis of GRB 101023 in the fireshell scenario. Its redshift has not
been determined due to the lack of data in the optical band, so we tried to infer it from the Amati
Relation, obtaining z=0.9. Its light curve presents a double emission, which makes it very similar
to the already studied GRB 091018. We performed a time-resolved spectral analysis with XSPEC
using different spectral models, and fitted the light curve with the numerical code GRBsim. We
used Fermi GBM data to build the light curve, in particular the second INa detector, in the range
(8-440 keV). We found that the first emission does not match the requirements for a GRB, while
the second part perfectly agrees with being a canonical GRB, with a P-GRB lasting 4s.

I.

INTRODUCTION

GRB 101023 has been observed by many satellites,
as Konus Wind, Swift BAT and Fermi in gamma rays,
Swift XRT in X-rays and Swift UVOT, Gemini and
GROND in the optical band. Its redshift cannot be
determined due to the lack of data, but we tried to infer it by using different methods. The source appears
to be morphologically very similar to GRB 090618,
with a total energy of Eiso = 2.7 × 1053 erg. The aim
is to compare and contrast these two sources; to identify from this comparison the redshift of GRB 101023,
and to consequently determine all the physical parameters. In this work we present the method we used
to constrain the redshift. Then we proceed to examine episode 1 and episode 2 of this GRB, building
its light curve and spectrum. We identify episode 2
with a canonical GRB, identifying also the P-GRB.
We simulate the light curve and spectrum of this second episode with a numerical code called GRBsim.
Afterwards, we go into further detail in the analysis
of the first episode, making clear the evolution of the
thermal component and the radius of the outermost
shell, establishing the complete correspondence with
GRB 090618. Finally, we present the conclusions.

A.

Fireshell Scenario

In the fireshell scenario, the GRB emission originates from a process of vacuum polarization, resulting
in pair creation in the so-called dyadosphere. In the
process of gravitational collapse to a black hole, there
forms an e± plasma in thermal equilibrium, with total
e±
energy Etot
. The annihilation of these pairs occurs
gradually and is confined in a shell, called ”fireshell.
This shell self-accelerates to relativistic velocities, engulfing the baryonic matter (of mass MB ) left over
in the process of collapsing and reaching a thermal
equilibrium with it. The baryon load is measured
by the dimensionless parameter B = MB c2 /Ee± .

The fireshell continues to self-accelerate up to relativistic velocities until it reaches the transparency
condition. At this time we have a first flash of radiation, the Proper-GRB (P-GRB). The energy released in the P-GRB is a fraction of the initial energy of the dyadosphere Edya . The residual plasma
of leptons and baryons interacts with the circumburst medium (CBM) as it expands, giving rise to
a multi-wavelength emission, the extended afterglow.
The structures observed in the prompt emission of a
GRB are due to the inhomogeneities in this CBM.
In this way we need few parameters for a complete
description of a GRB: the dyadosphere energy Edya ,
the baryon load B and the CBM density distribution,
nCBM .

II.

DATA ANALYSIS

A.

Data reduction

To obtain the Fermi GBM light-curve and spectra in
the band (8 - 440) KeV (see Fig. 1) we made use of the
standard headas procedure. We downloaded the data
from the gsfc website[9] and constructed the count
light curve with gtbindef and gtbin tools, to obtain
a GTI file for the energy distribution and the light
curve, respectively. We fixed the time binning in 1s.
We used the data from the second INa detector in the
range 8- 440 KeV. Once the light curve was created,
we subtracted the background and made the starting
time coincide with the trigger time, of 309567006.72
in MET seconds. After the reduction of data was
complete, we proceeded with its time resolved spectral
analysis with the program XSPEC.

B.

light curve

The GBM light curve (Fig. 1) shows two major
pulses. The first one starts at the trigger time and
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FIG. 1: Count light curve of GRB 101023 obtained from
Fermi GBM detector, with a bin time of 1 s. The time is
given with respect to the GBM trigger time of 22:50:04.73
UT, 23 October, 2010. The plot was obtained with the
RMFIT program. The two-episode nature of the GRB is
evidenced in analogy with GRB 090618.

1050

1052

FIG. 2: Plot of the relation between Ep,i and Eiso for
the second episode of GRB 101023, considering different
values of the redshift. It can be seen that the plot lies
within 1σ for the range z= 0.3 - z= 1.0.

in a given detection band (Emin , Emax ) by
R 10M eV /(1+z)
Sbol = Sobs

lasts 25 s. It consists of a small peak that lasts about
10s, followed by a higher emission that decays slowly
with time. The duration, as well as the topology of
this curve, lead to think that this may not be the case
of a canonical GRB, but its origin may lie on another
kind of source, which remains still unidentified. The
second pulse starts at 45s after the trigger time and
lasts 44s. It presents a peaky structure, composed by
a short and weak peak at the beginning, followed by
several bumps, big not only in magnitude but also in
duration. This second emission, on the contrary, does
have all the characteristics which describe a canonical
GRB.

III.

REDSHIFT DETERMINATION

The redshift of this source is unknown, due to the
lack of data in the optical band. However, we can
infer a value of z=0.9 under the hypothesis that, as
every long GRB, it should follow the Amati relation
[1]. This relates the isotropic energy Eiso emitted by
a GRB to the peak energy in the rest frame Ep,i of its
νF ν electromagnetic spectrum. Eiso is the isotropic
equivalent radiated energy, while Ep,i is the photon
energy at which the time averaged νF ν spectrum
peaks. Eiso is given by:

Eiso =

4πd2l
Sbol ,
(1 + z)

(1)

where d2l is the luminosity distance, z is the redshift
and Sbol is the bolometric fluence (estimated between
1 keV and 10 MeV), related to the observed fluence

En iso!erg"

1054

Eφ(E)dE

1keV /(1+z)
R E max
Eφ(E)dE
E min

,

(2)

with φ the spectral model considered for the spectral
data fit. Ep,i is related to the peak energy Ep in the
observer frame by
Ep,i = Ep (1 + z)

(3)

We started our analysis under the hypothesis that
episode 2 is a long GRB. We computed the values of
Ep,i and Eiso for different given values of z and plotted
them in Fig 2. We found that the Amati relation is
fulfilled by episode 2 for 0.3 < z < 1.0. This interval
has been calculated at 1σ from the best fit from the
Amati relation. We chose z = 0.9 because for this
value of the redshift the energetics of this source are
very similar to those of GRB 090618, whose redshift
is known to be z=0.54. This is, the isotropic energy
of events 1 and 2 in GRB 090618 are exactly the same
as the isotropic energy of GRB1 and GRB2 in GRB
101023, respectively.

IV.

SPECTRAL ANALYSIS

To proceed with the fitting of the spectra, we defined first of all the time intervals we wanted to analyze making use of the gtbindef tool. We obtained
a GTI file for the energy distribution. Secondly, we
used gtbin to obtain the spectrum and in that way be
able to fit the data with different models, via XSPEC.
We used a Black body plus a power-law model and a
Band model. The results are shown in Table I.
We can see that the second emission can be very
well fitted by a Black body plus a power-law model.
In particular, we find for the P-GRB an observed temperature of kT = 13.5 ± 2.8 keV, a photon index of
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TABLE I: Time-resolved spectral analysis of GRB 101023. We have considered two main time intervals, corresponding
to episode 1 and episode 2 in the light curve. We have proposed for each time interval a Band spectral model [3] and a
Black body plus a power-law model.
Time [s]
α
β
E0BAN D [keV] χ2
kT [keV]
γ
χ2
Norm po
Norm BB
Norm
0-44
-1.3±0.8 -1.9±0.2
87±147
0.98 0.006±0.01 14±6
-1.7±0.1 0.98 0.0003±0.0004 (4.1 ±7.4) × 10−5
45-89
-0.9±0.1 -2.02±0.1
151±24
1.09 0.043±0.008 26±1 -1.58±0.03 1.12 0.0124±0.0006 (4.2 ±1.1) × 10−5

A.

Episode 1: Temperature and radius evolution

Da#	
  GBM	
  (8-‐440	
  keV)	
  
Simula#on	
  of	
  the	
  light	
  curve	
  

To analyze episode 1 more into detail, in order to
identify the nature of this phenomenon, we plotted the
temperature of the Black body component as a function of time, for the first 20 s of emission (see Fig. 5).
We note a strong evolution in the first 20 s of emission
which, according to Ryde [6] can be reproduced by a
broken power-law behavior, with α = −0.47 ± 0.34
and β = −1.48 ± 1.13 being the indices of the first
and second power-law, respectively. We also plotted
the radius of the most external shell with time (see
Fig. 6). Following Izzo et al. [4], the radius can be
written as
FIG. 3: Fit of the second major pulse of the light curve of
GRB 101023.

rem =

Data Fermi GBM (8 - 440 keV)
Simulation of the lightcurve

1

Photons/keV/cm2/s

0.1

0.01

0.001

1e-04
10

R̂D
,
(1 + z)2

(4)

4
where R̂ = φobs /(4πσTobs
) is a parameter, D is the luminosity distance, Γ is the Lorentz factor and φobs is
the observed flux. We can see that the radius remains
almost constant (in fact it increases, but only slightly).
From this it is possible to see that the plasma is expanding at non-relativistic velocities. According to
the work of Arnett & Meakin [2], there is an expansion phase of the boundary layers, while the iron core
suffers a contraction. This is due to the presence of
strong waves originated while the different shells of the
progenitor mix during the collapse phase. This fact
confirms the non-GRB nature for the first episode.

100
Energy(keV)

V.

CONCLUSIONS

FIG. 4: Fit of the spectrum of Episode 2.

γ = 2.5 ± 0.7 and a χ2 = 0.91. From these values
we can infer a P-GRB energy EP −GRB = 1.32 × 1051
erg and a total energy of Eiso = 1.65 × 1053 erg, i.e.
the P-GRB energy release is the 0.7% of the total.
We introduced these results in a numerical code to
simulate the light curve (see Fig. 3) and we found
the following values for the parameters in the fireshell
model: B = 4.8×10−3 , kTth = 20.83 keV, Γ = 206.81,
and a Laboratory radius of 1.44 × 1014 cm. We also
simulated the spectrum of episode 2, shown in Fig. 4.

GRB 101023 is a very interesting source for the following reasons:
1) It has been observed by many satellites in different energy bands. Despite the wide energy range
coverage, there is no redshift determination for this
source, which complicates the determination of its
characteristic parameters. This has challenged the indirect inference of its cosmological redshift.
2)Morphologically, there is a striking similarity between GRB 101023 and GRB 090618, as can be
seen from the light curves. Following the study of
GRB 090618, we have divided the emission into two
episodes: Episode 1, that lasts 45 s, presents a smooth
emission, without spikes, that decays slowly with
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FIG. 5: Evolution of the observed temperature kT of the
BB component. The blue line corresponds to a broken
power-law fit. The indices of the first and second powerlaw are α = −0.47 ± 0.34 and β = −1.48 ± 1.13, respectively. The break occurs at 11 s after the trigger time.
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FIG. 6: Evolution of the radius of the first episode progenitor.

time. Episode 2, of 44 s of duration, presents a spiky
structure, composed of a short and small peak at the
beginning, followed by several intense bumps, after
which there is a fast decay with time. Episode 2 has
all the characteristics of a canonical long GRB.
3)Since we do not know the redshift, we cannot
infer the total energy of the source, Eiso . We have
attempted to infer the cosmological redshift of the
source from the peak energy Epeak , using the Amati relation under the hypothesis that Episode 2 is a
canonical long GRB. We constrain the value of the
redshift to be between 0.3 and 1.0. We assumed for

[1] Amati, L., 2006, MNRAS 372, 233
[2] Arnett, W. D., Meakin, C. 2011, ApJ, 733, 78
[3] Band, D., Matteson, J., Ford, L., et al. 1993, ApJ, 413,
281
[4] Izzo L., Ruffini, R., Penacchioni A. V., et al., 2001,
A&A submitted.
[5] Meegan, C., Lichti, G.,Bhat, P. N., et al., 2009, ApJ,
702, 791

the redshift of this source z = 0.9.
4)We performed a time-resolved analysis of Episode
1. We fitted a Black body plus a power law model
and plotted the evolution of the black body component with time. The observed temperature decreases
during the first 20 s following a broken power-law:
the first with index α = −0.47 ± 0.34 and the second with index β = −1.48 ± 1.13. From the observed
Black body temperature, we infer the radius of the
Black body emitter and its variation with time, see
Fig. 5. We have seen that it increases slightly during the first 20 s of emission. In analogy with GRB
090618, we conclude that Episode 1 originates from
the last phases of gravitational collapse of a stellar
core, just prior to the collapse to a black hole. We call
this core a “proto-black hole” [7]. Immediately after,
the collapse occurs and the GRB is emitted (Ep. 2).
5) From the knowledge of the redshift of the source,
we have analyzed Episode 2 within the fireshell model.
We determined a total energy Eiso = 1.79 × 1053 erg
and a P-GRB energy of 2.51 × 1051 erg, which we
used to simulate the light curve and spectrum with
the numerical code GRBsim. We find a baryon load
B = 3.8×10−3 and, at the transparency point, a value
of the laboratory radius of 1.34 × 1014 cm, a theoretically predicted temperature of kTth = 13.26 keV (after
cosmological correction) and a Lorentz Gamma factor
of Γ = 260.48, confirming that Episode 2 is indeed a
canonical GRB.
We conclude that GRB 101023 and GRB 090618
have striking analogies and are members of a specific
new family of GRBs originating from a single core
collapse. The existence of precise scaling laws between
these two sources opens a new window on the use of
GRBs as distance indicators. We are planning further
identifications of additional sources belonging to this
family at higher redshifts.
Full details on the analysis of GRB 101023 can be
found in Penacchioni et al., submitted to A&A.
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GRB 090618 offered an unprecedented opportunity to have coordinated data, by the best of the
X and Gamma Ray observatories, of the nearest (z = 0.54) energetic source (1054 erg). Using the
Fermi-GBM observations of this GRB, we have analyzed this source to explore the possibility of
having components yet to be observed in other sources. We show that it is not possible to interpret
GRB 090618 within the framework of the traditional single component GRB model. We argue that
the observation of the first episode of duration of around 50s could not be a part of a canonical
GRB, while the residual emission could be modeled easily with the models existing in literature. In
this work we have considered the case of the fireshell scenario.
I.

INTRODUCTION

We have studied the emission in the fireshell model
of GRB 090618, which is one of the closest (z = 0.54)
and the most energetic (Eiso = 2.4 × 1054 erg) GRBs.
It has been observed by many satellites, namely Fermi,
Swift, Konus-WIND, AGILE, RT-2 and Suzaku. We
have analyzed the emission of this GRB first identifying the transparency emission, the P-GRB, and then
using different spectral models with XSPEC. The fundamental parameters to be determined in the fireshell
model, [1], in order to obtain information on the spectral energy emission, are the dyadosphere energy, the
baryon loading and the density and porosity of the
CBM. We found that in this GRB there exists two
different components. The first component lasts 50 s
with a spectrum showing a very clear thermal component evolving, between kT = 60 keV and kT = 14
keV, and a radius increasing between 9000 km and
50000 km, with an estimate mass of ∼ 10 M⊙. The
second component is a canonical long GRB with a
Lorentz gamma factor at the transparency of Γ = 490,
a temperature at transparency of 25.48 keV and with
a characteristic size of the CBM cloud of Rcl ≈ 1015
cm which generated the observed luminosity. We confirm that the second episode corresponds to a canonical GRB, while the first episode do not. Indeed, it
appears to be related to the progenitor of the collapsing bare core – defined by us as the ”proto black hole”
(Izzo et al. A&A submitted) – leading to the black
hole formation.

A.

A BRIEF DESCRIPTION OF THE
FIRESHELL SCENARIO

Within the fireshell scenario, all GRBs originate
from an optically thick e+ e− plasma in thermal equilibrium, as a result of a gravitational collapse to form
a black hole. This plasma has a total energy of
e+ e−
Etot
. The annihilation of e+ e− pairs occurs gradually and is confined in an expanding shell called
”fireshell”. This plasma engulfs the baryonic material (of mass MB ) left over in the process of gravitational collapse. The baryon loading is measured by
e+ e−
the dimensionless parameter B = MB c2 /Etot
. The
fireshell self-accelerates to ultra-relativistic velocities
until it reaches the transparency, when all the photons are emitted in what is called the P-GRB. The
remaining accelerated baryonic matter starts then to
slow down due to the collisions with the Circum Burst
Medium (CBM), of average density nCBM . This collision between baryons and the CBM will give rise to
the extended afterglow emission, which represents the
residual high-energy emission observed in GRBs.

II.
A.

DATA ANALYSIS

Data reduction and light curve

We made use of Swift-BAT and XRT [2] data,
together with the Fermi-GBM [3] and Coronas
PHOTON-RT2 [4] ones. The data reduction was done
using the Heasoft packages [5] for BAT and XRT,
plus the Fermi-Science tools for GBM. The Swift-BAT
light curve was obtained in the band (15- 150 keV)
using the standard procedure. The Fermi-GBM light
curves are shown in Fig. 1.
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FIG. 1: Fermi-GBM flux light curve of GRB 090618 referring to the NaI (8-440 keV, left panel ) and BGO (260 keV - 40
MeV, right panel ) detectors.

B.

Spectral analysis: identification of the
P-GRB

The identification of the P-GRB emission is fundamental since it allows us to determine the value of the
Baryon Loading and other physical properties of the
fireshell plasma at the initial stage, such as the temperature and the Lorentz gamma factor at the transparency and the lab radius when the P-GRB emission
would happen. From the observations we obtain the
the P-GRB energy and the temperature of the black
body due to the P-GRB emission [6]. For this reason
we proceeded with the time resolved spectral analysis of GRB 090618 dividing the emission in several
time intervals. We then made a data fitting procedure
with XSPEC [3] using two spectral models: a Band
function and black body plus a power-law component
(bb+po). The results are shown in table I.

III.
A.

RESULTS
From 0 to 50s

The results of this analysis showed the presence of a
possible single black body component in the first two
intervals considered in the Table I. The former one
corresponds to a long precursor, lasting ∼ 50 s, which
is characterized by a single fast rise and exponential
decay (FRED) pulse.
For this reason, we divided the emission into two
main episodes – the first one lasting from 0 to 50s,
and the second one from 50 to 150s. The first
episode is well-fitted by a BB+po model of temperature kT = 29.84 ± 1.38 keV (which in principle is a
distinctive feature of a P-GRB) and a photon index
γ = −1.67 ± 0.03. We know that the isotropic energy
of the GRB is Eiso = 2.8 × 1053 erg, while the energy
emitted by the sole black body component in this first

50 s emission is EBB,1st = 8.88 × 1051 erg (the 3.2%
of the total energy emitted). This implies a baryon
loading B = 10−4 . From the fireshell equations of
motion we derived a theoretically predicted temperature at the transparency which, when corrected for
the cosmological redshift of the source, gives kT = 425
keV. This value is in clear disagreement with the observed temperature which led us to conclude that the
first episode cannot be considered as the transparency
emission, or the P-GRB. Another peculiar feature is
that the duration of this episode is much longer than
the typical one considered for P-GRBs, which is at the
most 10s, see e.g. [1].

B.

The second episode as an independent GRB

We tried to identify the P-GRB within the thermal
emission observed in the interval B, so from 50s to
59s after the GBM trigger time. A detailed analysis
allowed us to consider the first 4 s as due to the PGRB emission. The P-GRB spectrum is well-fitted
by a black body plus a power-law extra component,
see Fig. 2 with temperature kT = 25.48 ± 2.04 keV
and a photon index γ = 1.85 ± 0.06. The integrated
spectrum of the remaining part is best fitted with a
Band model (see Table I). The isotropic energy of
the second episode is Eiso,2nd = 2.37 × 1053 erg. If
e+ e−
we assume the equality Eiso = Etot
and a baryon
−3
loading B = 2 × 10 , we find that the P-GRB energy should correspond to the 2% of the total energy
of the GRB. Since from the fireshell equations we obtain a Lorentz gamma factor at the transparency of
Γ0 = 490, the corresponding theoretical, and cosmologically corrected, temperature at transparency
should be kT = 24.48 keV, in agreement with the
observations. So as a final result, this second episode
can be considered as a canonical GRB in the fireshell
scenario. We have simulated in this model the GRB
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TABLE I: Time-resolved spectral analysis of GRB 090618.
Time Interval
α
0 - 50
-0.86 ±
-1.48 ±
50 - 57
-1.10 ±
-3.03 ±
57 - 68
-0.84 ±
-1.34 ±
68 - 76
-1.03 ±
-1.75 ±
76 - 103
-1.06 ±
-2.25 ±
103 - 150
-2.56 ±
-0.84 ±

0.10
0.10
0.10
1.57
0.03
0.40
0.03
0.71
0.03
1.77
0.10
1.00

β
-2.30 ±
-2.86 ±
-3.23 ±
-2.30 ±
-2.44 ±
-3.78 ±
-2.30 ±
-4.50 ±
-2.90 ±
-2.30 ±
-2.03 ±
-0.57 ±

0.10
0.86
6.33
0.10
0.37
1.21
0.10
6.99
0.28
0.10
0.02
1.39

E0BAND (keV) conv. factor (ergs/cm2 /ctg)
152.4 ± 37.4
1.50 × 10−9
227.6 ± 50
9.03 × 10−9
174.0 ± 51.8
1.32 × 10−9
701.7 ± 50
5.94 × 10−9
198.5 ± 17.0
1.64 × 10−9
565.4 ± 132.16
7.22 × 10−9
175.7 ± 16.6
1.41 × 10−9
548.9 ± 415.5
6.67 × 10−9
124.4 ± 7.67
1.23 × 10−9
520.1 ± 50
6.97 × 10−9
< 100
1.17 × 10−9
< 100
1.79 × 10−8

keV2 (Photons cm−2 s−1 keV−1)

γ
0.79 ± 0.07
2.20 ± 1.87
1.04 ± 0.07
1.47 ± 2.96
0.84 ± 0.02
1.3 ± 0.21
0.98 ± 0.02
2.22 ± 0.48
1.03 ± 0.02
2.076 ± 0.89
1.42 ± 0.06
2.076 ± 0.89

E0COP (keV)
140.7 ± 17.9
499.9 ± 1260.1
169.1 ± 28.3
255.5 ± 540.0
216.7 ± 10.7
500.0 ± 233.0
169.3 ± 8.11
500.0 ± 638.8
128.7 ± 5.7
389.4 ± 365.4
93.3 ± 11.98
389.4 ± 365.438

kT1st = 58 keV.
Anyway, if we consider all the 50s emission as the
extended afterglow, and assuming a ”virtual” P-GRB
lasting 10s and below the nominal Fermi detector
threshold, we conclude that this P-GRB should have
been detected by Fermi (Ruffini et al., Adv. Space
Res. submitted). We can then conclude that in no
way we can interpret this episode either as a P-GRB
of the second episode or, as proved here, as a separate
GRB.
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FIG. 2: Time-integrated spectra of the P-GRB of the second episode (from 50 to 54 s after the trigger time) of GRB
090618 fitted with the blackbody + power-law model, χ2
= 1.52.

090618 light curve and spectrum, that are shown in
Fig.3.
C.

The first 50 s emission is not a GRB

We then have checked if the first 50s emission could
be considered to be an independent GRB. We attempted a first interpretation by assuming the first 6 s
as the P-GRB component, as opposed to the remaining 44 s as the possible extended afterglow. A possible
e+ e−
combination of values is given by Etot
= 3.87 × 1052
−4
erg and B = 1.5 × 10 , but this would imply a very
high value for the Lorentz factor at the transparency
of ∼ 5000. In turn, this value would imply a thermal
spectrum of the P-GRB peaking at around 300 keV,
which is in contrast with the observed temperature of

A detailed spectral analysis of the first episode
showed a strong spectral evolution, see Table II, where
we have taken into account two different models, a
Band model and a blackbody plus an extra powerlaw component, in order to explain this first emission
episode. We have seen, in the case of the black body
plus power-law, that the temperature varies from the
initial value of 54 keV to 14 keV, where the extra
power-law non-thermal component is assumed to be
related to the blackbody by some process which will
be studied in the future. Assuming a non-relativistic
expansion for this first episode, we computed the evolution of the blackbody radius just from the luminosity observed:
rem =

4
[φobs /(σTobs
)]1/2 D
.
(1 + z)2

(1)

, where φobs is the observed thermal flux, σ the Stefan constant and D the luminosity distance. We have
also obtained a lower limit estimate of the mass of the
proto-black hole by considering the sole blackbody energy emitted in the first episode, given by the thermal
luminosity times the emission time, and its origin as
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fit of the light curve of GRB 090618
Fermi-GBM light curve counts data of GRB 090618

theoretical simulation
Fermi GBM count spectrum 8-1000 keV
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FIG. 3: Simulated light curve (left) and time integrated (t0+58, t0+150 s) spectrum (8-440 keV, on the right) of the
extended afterglow of GRB 090618.

TABLE II: Time-resolved spectral analysis of the first episode in GRB 090618. We have considered seven time intervals,
as described in the text, and we used two spectral models, whose best-fit parameters are shown here.
Time
0-5
5 - 10
10 - 17
17 - 23
23 - 31
31 - 39
39 - 49

α
-0.45 ±
-0.16 ±
-0.74 ±
-0.51 ±
-0.93 ±
-1.27 ±
-3.62 ±

0.11
0.17
0.08
0.17
0.13
0.28
1.00

β
-2.89 ± 0.78
-2.34 ± 0.18
-3.36 ± 1.34
-2.56 ± 0.26
unconstr.
-3.20 ± 1.00
-2.19 ± 0.17

E0 (keV) χ̃2BAND
208.9 ± 36.13 0.93
89.84 ± 17.69 1.14
149.7 ± 21.1 0.98
75.57 ± 16.35 1.11
104.7 ± 21.29 1.08
113.28 ± 64.7 1.17
57.48 ± 50.0 1.15

due to the gravitational energy:
2

2
Eiso = 4πrem
σT 4 ∆t =

3 GMpbh
5 rem

(2)

where Eiso is the total isotropic energy of the event,
∆t is the time duration of the first episode in the rest
frame and Mpbh denotes the proto-black hole mass.
We then obtained
r
3 σT 4 ∆t
20πrem
>
Mpbh ∼
∼ 4M⊙ .
(3)
3G

[1] Ruffini et al., AIPC, 1132, 199 (2009)
[2] Gehrels, N. et al., ApJ, 611, 1005 (2004); Burrows, S.
D., et al., Space Sci. Rev., 120, 16 (2005)
[3] Meegan, C., Lichti, G., Bhat, P. N., et al., ApJ, 702,
791 (2009)
[4] Rao, A. R., Malkar, J. P., Hingar, M. K., et al., ApJ,

kT (keV)
59.86 ± 2.72
37.57 ± 1.76
34.90 ± 1.63
25.47 ± 1.38
23.75 ± 1.68
18.44 ± 1.46
14.03 ± 2.35

1.62
1.56
1.72
1.75
1.93
2.77
3.20

γ
±
±
±
±
±
±
±

0.07
0.05
0.05
0.06
0.10
0.83
1.38

χ̃2BB+po
1.07
1.36
1.20
1.19
1.13
1.10
1.10

as a lower limit for proto-black hole mass. The physical explanation for the proto-black hole emission is to
be attributed to the processes of shells’ mixing that
happen in the last stages of the final collapse of a very
massive star [7]. Full details on the observational and
theoretical evidences of the double episodes nature of
GRB 090618 can be found in Izzo et al., A&A submitted.

728, 42 (2011)
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The Large Area Telescope (LAT) event analysis is the final stage in the event reconstruction responsible for
the creation of high-level variables (e.g., event energy, incident direction, particle type, etc.). We discuss the
development of TMine, a powerful new tool for designing and implementing event classification analyses (e.g.,
distinguishing photons from charged particles). TMine is structured on ROOT, a data analysis framework that
is the de-facto standard for current high energy physics experiments; thus, TMine fits naturally into the ROOTbased data processing pipeline of the LAT. TMine provides a visual development environment for the LAT
event analysis and utilizes advanced multivariate classification algorithms implemented in ROOT. We discuss
the application of TMine to the next iteration of the event analysis (Pass 8), the LAT charged-particle analyses,
and the classification of unassociated LAT γ-ray sources.

1. Fermi-LAT Event Analysis
The Large Area Telescope (LAT) operates in a low
Earth orbit, where every second thousands of particles trigger the detector. After on-board filtering, the
recorded data from these triggers are transmitted to
the ground and undergo full event reconstruction. The
final stage of LAT reconstruction is the event analysis, which combines information from each detector
subsystem (the anticoincidence detector, tracker, and
calorimeter) to create a picture of the event as a whole.
From the event picture, high-level science variables
(i.e., event energy and incident direction) are assigned.
The event analysis must also address the challenging
task of separating the desired γ-ray signal events from
charged particle backgrounds [1].
The assignment of fundamental quantities such as
particle type, energy, and direction is a complex problem, since the LAT accepts particles over a wide range
in parameter space (both in energy and incident angle)
and event topology (close to detector edges and gaps).
In addition, discrimination against background at a
level of 1 part in 106 is required to fulfill the LAT science goals. Classic cut-based analyses lack sufficient
accuracy and signal efficiency to meet these goals.
To achieve the required instrument performance, the
LAT event analysis applies classic cuts followed by
multivariate classification trees [2].
Classification trees (and decision trees in general)
belong to the larger family of data mining and machine learning algorithms [3]. Classification in the
context of machine learning focuses on associating an
observation to a sub-population based on the traits
present in a set of training observations (where the
true sup-population is known). Training of classification trees is performed through binary recursive parti-

∗ kadrlica@stanford.edu
† echarles@slac.stanford.edu

tioning, an algorithm that develops a set of logical cuts
by iteratively splitting the training data to maximize
the separation of the true sub-populations. For the
LAT event analysis, the training of classification trees
is performed on sets of γ-ray and cosmic-ray events
generated from a full detector Monte Carlo simulation.
These logical cuts are trained on variables describing
the physical character of an event shower (e.g., the
transverse shower size in the calorimeter, the number of excess tracker clusters surrounding the primary
particle track, etc.), while the output is a classification of the event (e.g., the type of particle, the quality
of direction reconstruction, etc.).
We introduce TMine, a new tool for implementing
both cut-based and multivariate classification algorithms. The goal of TMine is to enhance the performance of the event level analysis to improve the LAT
instrument response functions (i.e., effective area, energy resolution, and point spread function). Additionally, TMine has been used for studying LAT charged
particle events (electrons, positrons, and protons) and
the classifying unassociated LAT γ-ray sources.

2. The TMine Analysis Tool
TMine is an interactive software tool for developing and processing complex event classification analyses. TMine is based on ROOT [4], the de-facto data
analysis framework for current high energy physics experiments. In particular, TMine uses the data set indexing and linking functionality of ROOT to associate
newly calculated variables with pre-existing quantities
and keeps only the minimal information necessary to
process the analysis. Thus, TMine handles large data
sets in a quick and efficient manner, especially when
some variables are only defined for a small subset of
the events.
TMine applies classic event-selection cuts in the
standard ROOT manner through TFormulas, TCuts,
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Figure 1: The current iteration of the Fermi-LAT event analysis as viewed by TMine. Many nodes contain sub-analyses
(inset top left), while the functionality of each node can be plotted (inset top middle) and edited through a GUI editor
(inset top right). A TMine analysis can combine classical cut-based selections with multivariate classification.

and event indexing. For the processing and parallel evaluation of sophisticated multivariate classification algorithms, TMine utilizes the ROOT Toolkit for
Multivariate Analysis (TMVA) [5]. Through TMVA,
TMine has access to many multivariate classification
algorithms including, but not limited to, boosted decision trees and artificial neural networks. While the
command-line functionality of ROOT is preserved, the
graphical user interface of TMine allows the user to
harness the power of ROOT and TMVA in a visual
work environment. TMine was specifically designed to
address problems faced in high energy physics, though
it need not be restricted to these.

ized nodes are used for training, testing, and implementing TMVA classification algorithms. Using the
machinery of ROOT, TMine is able to split, manipulate, and recombine large quantities of data without
excessive duplication of information. Structuring the
event analysis in a visual manner has been found to be
conceptually powerful when designing the LAT event
analysis [1].

A TMine analysis consists of a network of directionally linked nodes controlling work flow and operation (Figure 1). Nodes both alter event characteristics (i.e., variable definition, assignment, and selection) and direct events through the network. Special-

3.1. The Pass-8 Reconstruction Effort

3. Applications of TMine

Our primary application of TMine is in the development and implementation of the Pass-8 event analysis. The Pass-8 effort is a complete reworking of the
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Figure 3: A simple TMine worksheet for discriminating
cosmic-ray hadron events from cosmic-ray lepton events.
Data is input on the left, has a classical charged particle
cut applied, and is used to train a TMVA classifier.

Figure 2: Comparisons between a statistical sample of
photons from flight data (blue) and simulations (red).
Only variables with good agreement should be used for
classification.

LAT simulation and reconstruction software, benefiting from the analysis of flight data (which was unavailable before launch). TMine will improve the interface
between event reconstruction and event classification.
It also provides improvements to the structure and
validation of the Pass-8 event analysis. TMine has
built-in functionality for comparing real and simulated
data (Figure 2), an essential step prior to training multivariate classification algorithms [6, 7]. Additionally,
the TMine interface to TMVA allows for the training
of multivariate classification algorithms using larger
data sets than was possible with the software tools
previously used by the Fermi-LAT Collaboration.

simple event analysis for distinguishing hadrons from
leptons. This worksheet is read from left to right,
with the training data set input on the left and the
predicted particle type output on the right. A classic
cut selecting charged particles is applied first, followed
by a split and tagging of the true particle type. Events
are then recombined and used to train TMVA boosted
decision trees. The preliminary performance of this
classifier when discriminating simulated hadrons from
simulated electrons and positrons is shown in Figure
4.

3.2. LAT Charged-Particle Analyses
In addition to the Pass-8 effort, TMine has been utilized in a variety of ongoing LAT analyses. Since electromagnetic showers are common to photon, electron,
and positron events, the LAT is naturally sensitive to
cosmic-ray electrons and positrons [6, 7]. For the majority of LAT analyses, these charged particles present
a background for γ-ray science. Thus, the detection of
electrons and positrons requires a non-standard event
analysis and a reprocessing of the LAT data (the analysis of electrons and positrons has subsequently been
appended to the standard event analysis). TMine was
used for this reprocessing because it is a stand-alone
program that is free from the overhead of the full LAT
reconstruction software.
A similar effort is underway to study cosmic-ray
proton events in more detail [8]. For this task, TMine
was used both to design a proton event classification
and to reprocess LAT data. The analysis of proton
events presents an excellent example of how TMine
can be used for event classification. Figure 3 shows a

Figure 4: Classifier output from the TMine
implementation of a TMVA boosted decision tree.
Simulated hadrons (marked signal) are distinguished
from simulated electrons and positrons (marked
background). Events that are hadron-like are assigned
positive predictor values, while events that are lepton-like
are assigned negative values. The two event classes are
well separated, and an independent sample of test events
(filled histograms) agrees with the distribution of events
used to train the classifier (data points).

3.3. Classifying Unassociated LAT
Sources
While TMine was originally developed for use with
the LAT event analysis, it is not limited to that purpose. Notably, TMine has been utilized to classify
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ROOT-based tool utilizing the multivariate classification package, TMVA. While the primary application
of TMine is to the LAT event analyses (specifically
the Pass-8 iteration), it has a wide range of possible
applications.

Acknowledgments
Figure 5: Spatial distribution, in Galactic coordinates,
for 1FGL unassociated sources classified as AGN
candidates (blue diamonds) and pulsar candidates (red
circles). As expected, pulsar candidates are distributed
primarily along the Galactic plane, while AGN
candidates are distributed isotropically. The sources left
unclassified are shown as green crosses.

unassociated γ-ray sources [9]. Of the 1451 γ-ray
sources in the First LAT Source Catalog (1FGL) [10],
630 are unassociated with counterparts in other wavelengths. In an attempt to classify these sources,
TMine was used to input individual source characteristics, such as spectral index, spectral curvature, and
fractional variability into a forest of TMVA boosted
decision trees. These input variables were selected to
be independent of source flux, location, or significance,
since these distributions differ between associated and
unassociated sources. The TMVA decision trees were
trained on the set of 1FGL sources already associated
with active galactic nuclei (AGN) and pulsars. The
output of this analysis was a predictor representing
the probability that a source is an AGN versus a pulsar.
Unassociated sources were separated into AGN candidates and pulsar candidates by cutting on the output of the classifier. This cut was designed to have
80% efficiency when applied to an independent set of
sources associated to AGN and pulsars in the 1FGL.
The Galactic latitude of the unassociated sources was
explicitly omitted from the classifier training, but the
spatial distribution of candidate AGN was found to be
isotropically distributed, while the pulsar candidates
were distributed along the Galactic plane (Figure 5).
From follow-up observations on a subset of the unassociated sources, the cut placed on the multivariate
classifier is found to be ∼ 70% efficient with a contamination of ∼ 5% for both AGN and pulsars [9].

4. Conclusions
We present TMine, a new tool for developing and
processing complex classification tasks. TMine is a
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CTA 1 (G119.5+10.2) is a composite supernova remnant (SNR) with a shell-type structure in the radio band
and a center filled morphology at X-ray energies. Fermi has detected a radio-quiet pulsar PSR J0007+7303
within the radio shell of CTA 1 in a blind search within its first months of operation. Located within an Xray synchrotron pulsar wind nebula (PWN), the Fermi source is spatially coincident with the EGRET source
3EG J0010+7309. We present the the detection of the system in very-high-energy (VHE) gamma rays by
VERITAS, with a preliminary comparison to other TeV-detected PWNe.

1. Introduction
The composite supernova remnant (SNR) CTA 1
(G119.5+10.2) consists of a shell-type structure visible in the radio band with a center filled morphology at X-ray energies. The radio shell, of diameter
∼ 1.8◦ [1], is fainter towards the north-west (NW)
of the remnant, possibly due to rapid expansion of
the shock into a region of lower density, as supported
by HI observations [2]. The distance to CTA 1 is
d = 1.4 ± 0.3 kpc, derived from the associated HI
shell [3]. Its age is estimated to be ∼ 1.3 × 104 yr [4].
Archival X-ray observations of CTA 1 in the 510 keV band show non-thermal diffuse emission of
low surface brightness in the center of the remnant,
likely corresponding to a pulsar wind nebula (PWN)
driven by a young pulsar [5]. A faint point source,
RX J0007.0+7303, is located at the brightest part of
the synchrotron emission, and was suggested as a pulsar candidate by Seward et al. [6]. A Chandra image of this object provided further evidence of an energetic, rotation-powered pulsar, resolving a central
point source, a compact nebula, and a bent jet [7].

sar (Ė = 4.5 × 1035 erg s−1 ) and characteristic age
(τ = 1.39 × 104 yrs) confirmed estimates based on
previous observations observations [10].

1.2. Broadband Modeling
Prompted by the discovery of PSR J0007+7303 by
Fermi, Zhang et al. [13] modeled the pulsed and unpulsed spectral components of the pulsar magnetosphere and PWN. The pulsed high-energy spectrum
was calculated with an outer-gap model and fit to the
EGRET spectrum of Brazier et al. [9]. The unpulsed
spectrum of the PWN was calculated with a timedependent, broken power law injection model with
non-thermal emission from synchrotron radiation and
inverse Compton scattering of cosmic microwave background (CMB) and ambient infrared (IR) photons.
These calculations predict that the PWN should be
detectable in the very-high-energy (VHE) gamma-ray
band by VERITAS.

2. CTA 1 imaged by VERITAS

1.1. Previous Gamma-Ray Observations

2.1. VERITAS observations

The earliest association of gamma-ray emission
with CTA 1 comes from the detection of the source
3EG J0010+7309 by the EGRET instrument, with a
relatively small 95% error circle of 280 [8]. Brazier et
al. [9] proposed that the gamma-ray emission could
originate from a young Geminga-like pulsar, based
upon the coincidence with CTA 1, hard spectral index (Γ = 1.58 ± 0.18 between 70 MeV and 2 GeV),
and lack of flux variability. Confirmation of this association came recently when the Fermi Gamma-Ray
Space Telescope discovered the radio-quiet, 316.86 ms
gamma-ray pulsar PSR J0007+7303 in a blind search,
using 0.14 years of data [10]. Subsequent observations
by XMM-Newton resulted in the detection of pulsed
X-ray emission out of phase with the gamma-ray pulsation [11], [12]. The spin-down power of the pul-

The Very Energetic Radiation Imaging Telescope
Array System (VERITAS) is an array of four 12-meter
imaging atmospheric Cherenkov telescapes (IACTs)
located at the base camp of the Fred Lawrence Whipple Observatory in southern Arizona. Each telescope
consists of a Davies-Cotton design optical reflector
which focuses the Cherenkov light from atmospheric
showers onto a camera consisting of 499 photomulitplier tubes and light concentrators with a total FOV
of 3◦ . VERITAS is able to detect a point source with
the strength of 1% of the Crab Nebula flux at a statistical significance of 5 standard deviation (5σ) level in
approximately 26 hours of observations. VERITAS is
sensitive to gamma rays over a wide range of energies
(100 GeV to tens of TeV) with an energy resolution
of 15-20%.
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Figure 1: VERITAS excess map of the region around
SNR CTA 1. The color scale indicates excess gamma-ray
events in a squared integration radius of 0.055 deg2 . The
radio contours at 1420 MHz are overlaid in black,
showing the SNR shell. The green lines show the
VERITAS significance contours at 3, 4, 5, 6, and 7σ,
respectively. The position of the pulsar is given by the
pink circle [10]. The circle at the lower left corner shows
the size of the VERITAS PSF (68% containment).

VERITAS observed CTA 1 between September
2010 to January 2011 with a total livetime of approximately 26 hours, after selection for good weather conditions and hardware status. Observations were taken
in “wobble” mode [14], in which the telescope pointing is offset from the source position by some angular distance. An offset distance of 0.7◦ was used to
accommodate the large size of the remnant and the
extension of the PWN as seen in X-rays. Two sets of
a priori defined gamma-ray/hadronic shower separation cuts, optimized for weak sources of moderate and
hard spectra, were applied to the data. Background
was estimated using the ring background model (see,
for example, [15]), with squared angular integration
radii of 0.01 deg2 and 0.055 deg2 used for point-source
and extended-source searches, respectively. The statistical significance of the excess is calculated using
Equation (17) from Li & Ma [16].

2.2. Results
Figure 1 shows the map of excess events in the region around CTA 1 as measured by VERITAS. The
hard-spectrum, extended-source analysis produced an
excess with a pre-trial significance of 7.3σ, in a
blind search region of radius 0.4◦ around the pulsar
PSR J0007+7303, within the radio shell of the SNR
CTA 1. Accounting for the sets of cuts and integration radii, and implementing a trails factor for the

Figure 2: ROSAT X-ray image of the SNR CTA 1 shown
in equatorial coordinates. The cross marks the location
of the X-ray point source RX J0007.0+7303 and the
Fermi pulsar. The square shows the field of view for
Chandra. The VERITAS significance contours for 3 to 7σ
are shown in black. The VERITAS excess is seen to line
up with location of pulsar.

search region by tiling it with 0.04◦ square bins [17],
we conservatively estimate a post-trials significance of
detection of 6.0σ.
The TeV gamma-ray emission region exceeds the
point-spread function (PSF; measured from analysis
of the Crab Nebula) of VERITAS, as seen in Figure 1. Figure 2 shows the ROSAT X-ray image of
the region around CTA 1, overlaid with the VERITAS significance contours. The ROSAT image reveals
a center-filled morphology and faint compact source.
The VERITAS excess is roughly centered on the location of PSR J0007+7303, which may be indicative
of a young PWN, as opposed to older “relic” PWNe
which have been offset from the pulsar by an interaction with the SNR reverse shock [18].
A preliminary spectral analysis gives an integral
flux above 1 TeV of Fγ (> 1 TeV) ∼ 4% of the
flux from the Crab Nebula. (Final spectral analysis and flux estimates will be given in a forthcoming paper [19].) Using the distance of 1.4 kpc, we
estimate the luminosity (Lγ = 4πd2 Fγ ) to compare
with other PWNe and PWNe candidates detected at
TeV energies. Fig. 3 and Fig. 4 present the results of
these comparisons, following the work of Kargaltsev
and Pavlov [20]. Fig. 3 shows the relative luminosities
of PWNe in the TeV and X-ray bands, as functions
of spin down power and characteristic age. It is seen
that TeV PWNe are generally found around younger,
more energetic pulsars, although the TeV luminosities
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Figure 3: Plot of pulsar spin-down luminosity vs age,
from Kargaltsev and Pavlov [20], with CTA 1 point
overlaid. Filled circles: X-ray (red) and TeV (blue)
luminosities of PWNe or PWN candidates. Larger circle
sizes correspond to higher luminosities in the
corresponding waveband. Small black dots denote ATNF
catalog pulsars.

do not depend on the pulsar age as strongly as Xray PWN luminosities do. Fig. 4 shows the distanceindependent ratio of TeV gamma-ray luminosity to
X-ray luminosity versus the characteristic age. The
TeV luminosity of a PWN reflects cumulative pulsar
wind properties integrated over a significant fraction
of the young pulsar’s lifetime while the X-ray luminosity characterizes the freshly injected pulsar wind,
which might explain the hint of flattening at larger
ages. Again, CTA 1 fits nicely in the middle of the
TeV/X-ray PWN population, suggesting that the TeV
emission is indeed due to the PWN.

3. Summary and Conclusion

VERITAS has detected extended TeV emission
within the composite SNR CTA 1 at a 6σ post-trials
significance level in approximately 26 hours of observation. The gamma-ray excess lines up with the
gamma-ray pulsar PSR J0007+7303, and its X-ray
PWN. Preliminary spectral analysis shows an integral
flux above 1 TeV at 4% of the Crab nebula flux, and
the properties of this new TeV source seem consistent with those for the known TeV/X-ray PWN population, lending support to its identification with the
PWN of CTA 1.

3

Figure 4: Plot of the ratio of TeV to X-ray luminosity vs
pulsar spin-down age, from Kargaltsev and Pavlov [20],
with CTA 1 shown by red triangle.
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The most peculiar radio characteristics of the TeV emitting high-mass X-ray binary
LS I +61◦ 303 are two periodicities: A large periodic outburst which exhibits the same period
as the orbit (phase Φ) and a second periodicity of 1667 days (phase Θ) which modulates the orbital
phase and amplitude of the large outburst. Recent analysis of the radio spectral index present strong
evidence for the presence of the critical transition from optically thick emission (related to a steady
jet) to an optically thin outburst (related to a transient jet) as in other microquasars. In parallel,
a switch from a low/hard X-ray state to a transitional state (e.g. steep power law state) would be
expected. We show how the critical transition from optically thick emission to an optically thin
outburst is modulated by Θ. Folding over a too large Θ interval mixes up important information
about the outbursts and can yield a false picture of the emission behaviour of the source along the
orbit. We therefore analyse the implications of this long period for treatment of hard X-ray/high
energy data obtained from LS I +61◦ 303 , e.g. with Fermi -LAT or INTEGRAL, taking into account
this long-term periodicity.

I.

INTRODUCTION

LS I +61◦303 is an X-ray binary formed by a compact object and a massive star with an optical spectrum typical for a rapidly rotating B0 V star [1]. The
nature of the compact object, if neutron star or black
hole, is still unknown due to the large uncertainty in
the inclination of the object [2, 3]. It travels around
its companion star on an eccentric orbit with a period
of 26.5 days [4].
Radio spectral index analysis by [5] have found two
peaks along the orbit of LS I +61◦ 303. Each peak
shows the microquasar characteristic of a switch from
a steady (optically thick) to a transient (optically
thin) jet. Furthermore, each peak in the radio spectral
index is accompanied by two distinguishable peaks in
the radio flux. This confirms that there are really two
different outbursts (an optically thick and an optically
thin one). Also high energy observations with EGRET
[6] and Fermi-LAT [7] indicate two peaks along the
orbit. The high energy peaks are supposed to be due
to inverse Compton upscattering of the UV photons
from the donor star by the relativistic electrons of the
jet, which in turn strongly attenuates the radio peak
around periastron (see discussion in [8] and [9]).
It has been shown from theory that for a microquasar with an eccentric orbit (LS I +61◦303 : e=0.540.7 [2, 3]), indeed, the different relationship between
the accretion rate for density and velocity described
by [10], creates two peaks in the accretion rate curve,
one at periastron and a second one towards apastron
[11, 12, 13, 14].
The clear periodicity in LS I +61◦ 303 is amongst its
most peculiar characteristics. The orbital period (Φ)
modulates the flux at radio, H-alpha, X-rays and also

FIG. 1: Radio light curve of LS I +61◦ 303 from the Green
Bank interferometer vs. orbital phase [5]. The large outburst towards apastron is clearly observable. The broadness of the curve stems from the 4.6 yr period which modulates the orbital occurrence of the peak.

in gamma-rays (high and very high energy) [4, 6, 7, 15,
16, 17, 18, 19, 20, 21]. But LS I +61◦ 303 holds another
peculiarity: A second period, which modulates the
radio flux over a long period of Θ=4.6 yr [4]. This
modulation in radio is shown in Fig. 1 (radio flux
density vs. Φ), which shows how the peak flux shifts
around apastron, and in Fig 4, where the radio flux
density is given vs. Θ. In addition, this long period
has also been shown in H-alpha (see Fig. 2 in [22]).
It is suggested that this modulation could be due to
periodic shell ejections from the circumstellar disk of
the Be star [23].
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FIG. 2: Top: Radio spectral index data for Θ=0.788-0.927
from GBI [9]. Bottom: Fermi -LAT lightcurve obtained by
[7]. The two vertical lines indicate the peaks around periastron and around apoastron. They both correspond to
a negative spectral index in the radio data, which corresponds to optically thin emission in both cases.

II.

HIGH ENERGY OBSERVATIONS AND
THE RADIO SPECTRAL INDEX

The radio spectral index analysis by [5] have shown
the importance of the large phase Θ for the analysis of
radio data from LS I +61◦ 303 . It has thereby proven
that the radio outbursts really consist of two consecutive outbursts. These outbursts have completely different characteristics. In the microquasar model, an
optically thick outburst in radio is associated with a
steady jet, centered on the compact object. The optically thin outburst comes from a transient jet, detached from the central engine. In the unified model
of X-ray states with radio jets, the radio states in
microquasars are clearly associated with two X-ray
states. A steady jet corresponds to the low hard state,
where the X-ray spectrum is characterized by Γ ≈1.5,
whereas a transient jet corresponds to a transitional
state, e.g. the steep power law state with Γ >2.4
[24, 25, 26]. Furthermore, high energy and very high
energy emission are directly connected to the transitional state (steep power law state) as the power
law is without cut-off and extends into the gamma-ray
regime. As a matter of fact, when LS I +61◦ 303 was
detected by MAGIC and VERITAS the spectrum was
always fitted with a power law with an index Γ ≥2.4
[20, 21, 27, 28]. Moreover, as discussed in the next
section, INTEGRAL observations seem to indicate a
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0.7

Orbital phase (Φ)

FIG. 3: Top: Radio spectral index data for Θ=0.6-0.85
from GBI [29]. Bottom: Radio spectral index data for
Θ=0.1-0.3 from GBI [29].

change of the photon index consistent with a change
from the low hard to the transitional state in agreement with the radio spectral index.
If the radio spectral index now tells us about the nature of the outburst, then the high and very high energy observations should corroborate this nature and
might give additional information about the emission
processes. But in order to get the complete information from the radio spectral index for LS I +61◦ 303 ,
it was neccessary to take into account the long period
Θ. Therefore, to compare high energy data with the
radio spectral index, it is neccessary as well to take
only data of the same Θ phase. [9] has done so e.g.
for the first eight months of Fermi-LAT observations
and the results (see Fig. 2) show that in this comparison the high energy peaks established by FermiLAT both correspond to the optically thin outbursts
of LS I +61◦303. One could then draw the conclusion that the population of relativistic particles, producing the optically thin outburst (and therefore the
transient jet), are also responsible for the production
of the high energy emission. Furthermore, in Fig. 3
are shown radio spectral index curves vs. the orbital
phase for two different Θ intervals. In particular the
orbital occurrence of the second peak is different in
the different intervals. It is evident that folding data
only on the orbital period, without respect to the long
period, might result in mixing up different ejection
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FIG. 4:
Published high energy observations of
LS I +61◦ 303 by EGRET, MAGIC, Fermi -LAT, VERITAS and INTEGRAL shown in the context of the 4.6 yr
radio period (Θ) [29]. The underlying light curve gives
the radio flux at 8.3 GHz against Θ [5]. The minimum
lies around Θ ≈0.5 and the maximum around ≈0.97. The
three largest Θ intervals where the source was observed
with INTEGRAL are named here I1, I2 and I3.

deeper insight about the ejections can be obscured by
mixing different ejection processes (namely optically
thick and thin ejections). The spectral analyses can
then get corrupted, because of the same mixing of
ejection processes.
I1 and I3 are covering most of the maximum of Θ
(see Fig. 4). An interpretation of these data with
respect to the flux and the spectrum should be less
corrupted than a mix of data from the maximum and
the minimum. In fact, [18], who used most of I3 and
parts of I1, have found not only the modulation of the
lightcurve with the orbital period, but also found that
along the orbit the spectral index Γ changed from ≈1.5
around periastron to ≈3.2 around apastron. This result strengthens the two-peak accretion model, as for
the Θ-intervals covered by these observations an optically thin ejection (a transient jet) is expected around
apastron (see [5] and discussions therein) As mentioned above, in the unified X-ray states model with
radio jets, a transient is associated with a transitional
state, e.g. the steep power law, characterized by a
spectral index Γ >2.4 [24, 25, 26].

IV.

processes, because the orbital phase of the peaks and
therefore of the switch from optically thick to thin
emission does not stay the same over the 4.6 yr period. This point will be discussed in the next section.

III.

INTEGRAL OBSERVATIONS OF
LS I +61◦ 303 AND Θ

In Fig. 4, high energy and very high energy observations of LS I +61◦ 303 with different instruments
are shown with respect to the Θ intervals in which
they have been carried out. Both, MAGIC and VERITAS probe the minimum and the maximum parts
of Θ [21, 27, 28]. Due to the long integration times
for the data, the sampling within these intervals is
not very strong, although EGRET observed one complete orbital cycle at each of the two given intervals
[6, 20, 21]. The latest published coverage by Fermi is
of 2.5 years [30].
For INTEGRAL, the long-term monitoring of
LS I +61◦ 303 covers vast parts of the 4.6 yr period.
We have denoted the three big INTEGRAL observations with respect to Θ by I1, I2 and I3, as noted in
Fig. 4. Folding the data by orbital phase, of course,
increases the sampling. By doing so, it was established that the emission between 10-100 keV is clearly
modulated by the orbital phase [18, 19, 31].
Following the radio spectral index though (see Fig.
3), folding over almost a complete Θ cycle would imply
that even though the resulting light curves could show
the overall periodicity of the source at these energies, a

CONCLUSIONS AND DISCUSSION

In the high mass X-ray binary LS I +61◦ 303, two
clear radio periodicities are present, one coincident
with its orbital period (see Fig. 1) and the other modulating the strength of the large radio outburst over a
period of 4.6 yr [4, 23]. Both periods have also been
observed in H-alpha emission. This system is amongst
a few to have been detected not only in radio and Xrays, but also at high and very high energies. It is from
these observations that, together with radio spectral
index analysis, important insights into the nature of
the system and its emission processes can be deduced.
The radio spectral index tells us about the nature of
the observed outburst. There are two different kinds
of outburst: optically thick (spectral index α > 0) and
optically thin (α < 0). The first is attributed in the
microquasar model to a slow outflow, while the latter
is associated with an ultrarelativistic transient jet.
Recent spectral index analysis of LS I +61◦ 303 show
that a subsequent realization of these two types
of outburst takes places not only once, but twice
along the orbit (see Fig. 2 top). This can be explained by the two peak accretion/ejection microquasar model for systems with an eccentric orbit like
LS I +61◦303 (e=0.54-0.7) ([5] and references within).
In this model an expected radio peak around periastron is attenuated by inverse Compton losses due to
the dense stellar UV field. In the first eight months
observations with Fermi-LAT, a related peak at high
energies is observed (see Fig. 2 at Φ=0.3-0.4). A
second (but smaller) high energy peak is observed coincident with the large radio outburst around apastron (Φ=0.65-0.75). Furthermore, as discussed in [5],
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the two peak shape of the α vs. Φ curve varies with
Θ, as does the distance of the two peaks (see also
Fig. 2 here). The two-peak microquasar model of [12]
predicts these variations in the accretion curve by incorporating changing wind velocities for the Be star
(see their Fig.6). This behaviour should be seen at
other wavelengths as well, due to the connected emission processes. In fact, after the first eight months,
Fermi-LAT detected an increase in the overall flux
level (Θ ≈ 0.92) and a broadening of the peak shape
[30]. These variations are consistent with the observation that α varies with Θ. Variations are also seen
with VERITAS and MAGIC. LS I +61◦ 303 was detected around apastron until 2008 and then became
quiescent between 2008-2010, where no detection was
reported by VERITAS, while MAGIC reported only
weak detection around apastron. Then in October

2010, VERITAS detected the source again, this time
around periastron [21, 27, 28].
The strong connection between radio and HE/VHE
emission underlines therefore the importance of the
radio periods for the analysis of e.g. INTEGRAL data
and can and should in principle be extended to other
high energy instruments.
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We present a search for Galactic dark matter (DM) satellites using the Large Area Telescope (LAT). N-body
simulations based on the ΛCDM model of cosmology predict a large number of as yet unobserved Galactic DM
satellites. These satellites could potentially produce γ-rays through the self-annihilation of DM particles. Some
DM satellites are expected to have hard γ-ray spectra, finite angular extents, and a lack of counterparts at other
wavelengths. We searched for LAT sources with these characteristics. We found no candidate DM satellites
matching these criteria in one year of LAT data and interpreted this result in the context of N-body simulations.

1. Introduction
We report on a search for dark matter (DM) satellites via γ-ray emission from weakly interacting massive particle (WIMP) annihilation. Specifically, we
searched for satellites predicted by cosmological Nbody simulations [1, 2] but lacking counterparts in
other wavelengths. We selected unassociated, highGalactic-latitude γ-ray sources from both the First
LAT Source Catalog (1FGL) [3] and an independent
list of source candidates created with looser assumptions on the source spectrum. Using the likelihood ratio test, we distinguished extended sources from point
sources and WIMP annihilation spectra from conventional power-law spectra. No candidates were found
in either the unassociated 1FGL sources or our additional list of candidate sources. This null detection
is combined with the Via Lactea II (VL-II) [1] and
Aquarius [2] simulations to set an upper limit on the
annihilation cross section for a 100 GeV WIMP annihilating through the bb̄ channel.

2. Analysis
2.1. Data Selection
Our data sample consisted of ‘Diffuse’ class events
with energies between 200 MeV and 300 GeV from the
first year of LAT data collection (2008 August 8 –
2009 August 7). We rejected events with zenith angles
larger than 105◦ and events taken during time periods when the rocking angle of the LAT was greater
than 47◦ . This analysis was limited to sources with
Galactic latitudes greater than 20◦ , since the Galactic diffuse emission complicates source detection and
the analysis of spatial extension at lower Galactic latitudes. We modeled the diffuse γ-ray emission with
the standard Galactic (gll iem v02.fit ) and isotropic

∗ kadrlica@stanford.edu

(isotropic iem v02.txt ) background models. Throughout this analysis, we used the LAT ScienceTools version v9r18p1 and the P6 V3 DIFFUSE instrument response functions.1

2.2. Source Selection
The 1FGL contains 1451 high-energy γ-ray sources,
of which 806 are at high Galactic latitude (|b| > 20◦ ).
Of these high-latitude 1FGL sources, 231 are unassociated with sources at other wavelengths and constitute the majority of the sources that were examined
as potential DM satellites. The 1FGL spectral analysis, including the threshold for source acceptance,
assumed that sources were point-like with power-law
spectra. This decreased the sensitivity of the 1FGL
to both spatially extended and non-power-law sources,
which are characteristics expected for DM satellites.
To mitigate these biases, we augmented the unassociated sources in the 1FGL with an independent search
of the high-latitude sky [4].
We searched for γ-ray sources using the internal
LAT Collaboration software package, Sourcelike [5].
Sourcelike performs a fully binned likelihood fit in
two dimensions of space and one dimension of energy.
For spectral fitting, Sourcelike fits the number of
counts associated with a source in each energy bin
independently. The full likelihood is the product of
the likelihoods in each bin. This calculation has more
degrees of freedom than that performed by the LAT
ScienceTool, gtlike, which calculates the likelihood
from all energy bins simultaneously according to a
user-supplied spectral model. In this analysis, we used
11 energy bins logarithmically spaced from 200 MeV
to 300 GeV.
Using Sourcelike, we searched for sources in 2496
regions of interest (ROIs) of dimension 10◦ × 10◦ centered on HEALPix [6] pixels obtained from an order 4

1 http://fermi.gsfc.nasa.gov/ssc/data/
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tessellation of the high-latitude sky (|b| > 20◦ ). Each
ROI was sub-divided into 0.1◦ × 0.1◦ pixels, and for
each pixel the likelihood of a point source at that location was evaluated by comparing the maximum likelihood (L) of two hypotheses: (1) that the data were described by the standard LAT diffuse background models without any point sources (H0 ), and (2) that the
data were described by the existing model with an
additional free parameter corresponding to the flux
of a source at the target location (H1 ). Utilizing
the likelihood ratio test, we defined a test statistic,
TS = −2 ln(L(H0 )/L(H1 )).
After creating a map of TS over the high-latitude
sky, candidate sources with TS > 16 were iteratively
refit incorporating the normalizations of diffuse backgrounds and neighboring point sources as free parameters. After refitting, source candidates with TS > 242
were accepted for study. Finally, to avoid duplicating 1FGL sources, we removed candidate sources with
68% localization errors overlapping the 95% error ellipse given in the 1FGL.
Our search of the high-latitude sky revealed 710
candidate sources, of which 154 are not in the 1FGL
(36 of these candidate sources were subsequently included in the Second LAT Source Catalog (2FGL) [7]).
We did not expect to recover all of the 806 highlatitude 1FGL sources, since the 1FGL is a union of
four different detection methods and external seeds
from the BZCAT and WMAP catalogs [3]. However,
since Sourcelike fits each energy bin independently,
we expected to find source candidates that were not
included in the 1FGL, either because they had nonpower-law spectra or they had hard spectra with too
few photons to pass the 1FGL spectral analysis. We
sacrificed some sample purity for detection efficiency
in our candidate source list because stringent cuts on
spatial extent and spectral shape were later applied.
We obtained a final list of 385 high-latitude unassociated LAT sources and source candidates by combining
231 unassociated 1FGL sources with 154 non-1FGL
candidate sources.
To check for consistency with the source analysis
of the 1FGL, we performed an unbinned likelihood
analysis with gtlike assuming that the unassociated
sources were point-like with power-law spectra. Our
fitted fluxes and spectral indices are in good agreement with those in the 1FGL for the 231 unassociated
1FGL sources. The wide range of fluxes and spectral
indices spanned by the unassociated LAT sources can
be seen in Figure 1. It is apparent that there are more
non-1FGL source candidates in this sample with very
hard spectra (spectral index ∼ 1.0) and very low fluxes
(∼ 10−10 ph cm−2 s−1 ). We find that these source can-

2 Simulations show that 1 in 104 background fluctuations are
detected at TS ≥ 24 when fit with Sourcelike. [4].

Figure 1: The distribution of spectral indices and
integral fluxes from 200 MeV to 300 GeV for the 385
high-latitude unassociated sources and source candidates.
The squares are the 231 unassociated sources from the
1FGL, while the triangles are the 154 additional source
candidates detected with Sourcelike. The stars are the
10 representative power-law models in Table I.

didates are very likely spurious [4].

2.3. DM Satellite Candidate Selection
The γ-ray flux from WIMP annihilation in a satellite can be expressed as
φWIMP (E, ψ) = J(ψ) × ΦPP (E).

(1)

Here, J(ψ) represents the line-of-sight integral
through the DM density at an offset angle ψ (relative to the center of the satellite), while ΦPP (E) is
an energy-dependent particle physics factor including
the velocity-averaged annihilation cross section hσvi
(see [8] for more details).
While the majority of DM satellites in current simulations are not spatially resolvable by the LAT, spatial
extension is an important feature for distinguishing
large or nearby satellites from point-like astrophysical sources. Assuming that the DM distribution of a
satellite follows an NFW profile [9] with scale radius
rs at a distance D, the angular extent of the satellite
can be characterized by the parameter α0 = rs /D.
Approximately 90% of the integrated J-factor comes
from within the angular radius α0 [10].
We used the likelihood ratio test, as implemented
by Sourcelike, to test sources for spatial extension.
We defined a test statistic for extension as TSext =
TSNFW − TSpoint , where TSpoint is the test statistic of
the candidate source assuming that it has negligible
extension (α0 much smaller than the LAT PSF) and
TSNFW is the test statistic of the candidate source
when α0 is fit as a free parameter. In both cases, the
position of the source was optimized during the fit.
Additionally, we defined a test statistic to select
sources with γ-ray spectra consistent with WIMP annihilation into bb̄ (chosen as a representative proxy
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99
Table I Values for TS99
ext and TSspec

Model Spectral
Flux(a)
Number Index ( ph cm−2 s−1 )
1
0.9
2.0 × 10−10
2
0.9
8.0 × 10−11
3
1.5
1.1 × 10−9
4
1.5
2.0 × 10−10
5
2.0
1.2 × 10−8
6
2.0
1.2 × 10−9
7
2.5
2.1 × 10−8
8
2.5
0.5 × 10−8
9
3.0
1.7 × 10−8
10
3.0
1.0 × 10−8

99
TS99
ext TSspec

6.18
7.87
5.09
14.98
5.11
9.63
6.74
10.78
9.81
11.87

2.38
2.46
4.96
2.88
2.24
4.28
1.78
5.66
2.14
6.02

(a)

Integral flux from 200 MeV to 300 GeV.
Note – Cuts for excluding point-like sources and
sources with power-law spectra.

for tree-level annihilation spectra). This spectral test
statistic, TSspec = TSbb̄ − TSpwl , is the difference in
source TS calculated with an unbinned analysis using
gtlike assuming a bb̄ spectral model (TSbb̄ ) and a
power-law (TSpwl ) spectral model. When performing
our fit, we modeled the candidate source as point-like3
and left its flux and the flux of the diffuse backgrounds
free. In addition to the flux, each spectral model contained an additional free parameter (the DM mass or
spectral index).
We defined cuts to independently eliminate 99% of
point sources and 99% of power-law sources, labelled
99
TS99
ext and TSext respectively. To evaluate these cuts
over the pertinent range of source fluxes and spectral
indices, we bracketed the unassociated LAT sources
with 10 representative power-law models (Table I and
blue stars in Figure 1). For each of these 10 models, we simulated 1000 independent sources at random locations in the high-latitude sky using the LAT
simulation tool, gtobssim, and the spacecraft pointing history for our one-year data set. To accurately
incorporate imperfect modeling of background point
and diffuse sources, we embedded the simulated point
sources in the LAT data and calculated TSext and
99
TSspec . We defined TS99
ext and TSspec for each representative model as the smallest value of TSext or
TSspec that was larger than that calculated for 99%
of simulated power-law point sources. The values of
99
TS99
ext and TSspec (Table I) were calculated independently of each other and the TS > 24 detection cut.
We used a bilinear interpolation of Table I to esti99
mate the value of TS99
ext and TSspec for any point in
the space spanned by the grid of flux and spectral

index. These tests of spatial extension and spectral
character allow us to select non-point-like and nonpower-law sources with a contamination of 1 in 104
assuming they are independent.

3. Results
We applied the cuts on spatial extension and
spectral character to select DM satellite candidates from the 385 unassociated high-latitude LAT
sources and source candidates.
Two of the
385 unassociated sources, 1FGL J1302.3−3255 and
1FGL J2325.8−4043, passed the cut on spatial extension. One of these, 1FGL J1302.3−3255, also passed
our spectral test, preferring a bb̄ spectrum to a powerlaw spectrum. However, we do not believe that either
of these sources is a viable DM satellite candidate for
reasons discussed below.
1FGL J1302.3−3255 was unassociated when the
1FGL was published but has since been associated
with a millisecond pulsar by radio follow-up observation [11]. The other source, 1FGL J2325.8−4043, has
a high probability of association with two AGN [12],
though it did not meet the association criteria of
the 1FGL. Cross checking against the 2FGL, two
sources were found within 0.5◦ of the location of
1FGL J2325.8−4043 [7]. In one year of data, these
two sources could not be spatially resolved, but their
existence was enough to favor an extended source hypothesis.
Since 1FGL J1302.3−3255 was associated with a
pulsar and 1FGL J2325.8−4043 did not appear to
be truly extended, we conclude that there were no
unassociated, high-latitude spatially extended γ-ray
sources in the first year of LAT data. Thus, according to the criteria defined in Section 2, no viable DM
satellite candidates were found.

4. Discussion
Using the detection efficiency of our selection, the
absence of DM satellite candidates can be combined
with the Aquarius and VL-II simulations to constrain
a conventional 100 GeV WIMP annihilating through
the bb̄ channel. We calculated the probability of detecting no satellites from the individual detection efficiency of each satellite in the realization. By increasing the satellite flux until the probability of detecting
no satellites drops below 5%, we set a 95% confidence
upper limit on hσvi.

4.1. Detection Efficiency
3 Assuming that sources are point-like was found to be a
conservative way to estimate TSspec [4].

The detection efficiency of our selection is defined
as the fraction of true DM satellites that would pass

eConf C110509

389

4

2011 Fermi Symposium, Roma., May. 9-12

Table II Detection efficiency
Flux(a)
Extension
( ph cm−2 s−1 ) 0.5◦
1.0◦
2.0◦
−8
0.2 × 10
< 0.05 < 0.05 < 0.05
0.5 × 10−8
0.16
0.28
0.31
−8
1.0 × 10
0.74
0.76
0.83
2.0 × 10−8
0.99
1.0
0.99
5.0 × 10−8
1.0
1.0
1.0
(a)
Integral flux from 200 MeV to 300 GeV.
Note – Satellite detection efficiency for a
100 GeV WIMP annihilating to b¯b.

the cuts in Section 2 and was calculated from Monte
Carlo simulations. The efficiency for detecting a DM
satellite depends on spectral shape (i.e., DM mass and
annihilation channel), flux, and spatial extension. For
a 100 GeV WIMP annihilating through the bb̄ channel,
we examined the efficiency for satellites with fluxes
in the range of the unassociated high-latitude LAT
sources and angular extents in the range to which the
LAT is currently sensitive (Table II).
For each set of characteristics listed in Table II,
we simulated 200 DM sources with NFW profiles
and bb̄ spectra from a 100 GeV WIMP. These simulations were embedded in LAT data at random highlatitude locations, and Sourcelike was used to compute TSext , TSspec , and the detection TS for each.
The satellite detection efficiency was computed as
the fraction of satellites with Sourcelike TS > 24,
99
TSext > TS99
ext , and TSspec > TSspec . The first requirement was included as a proxy for the efficiency
of the source finding algorithm. To expedite the generation of this table, we found the flux value with
efficiency < 0.05 and conservatively set the efficiency
for sources with less flux to 0.

any one visualization, we calculated the average null
detection probability over the N = 42 visualizations
as
P̄ (hσvi) =

N
1 X
Pi (hσvi)
N i

(3)

To set an upper limit on the DM annihilation cross
section, we increased hσvi until the probability of a
null observation was < 5%, i.e. P̄ < 0.05. This corresponds to 95% probability that, for this hσvi, at least
one satellite would have passed our selection criteria.
Using this methodology, the LAT null detection constrains hσvi to be less than 1.95 × 10−24 cm3 s−1 for a
100 GeV WIMP annihilating through the bb̄ channel.
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4.2. Upper Limits
Realizations of the Galactic DM satellite population were created by selecting 6 maximally separated
vantage points 8.5 kpc from the center of the VLII simulation and each of the 6 Aquarius simulations.
For each of the 6×(1+6) = 42 “visualizations” of VLII and Aquarius, we calculated the γ-ray fluxes of all
satellites for a given hσvi using Eqn. (1). With these
fluxes and the true spatial extension for each satellite,
we performed a bilinear interpolation on Table II to
determine the detection efficiency for each satellite.
The probability that the LAT would observe none of
the satellites in visualization i is
Y
Pi (hσvi) =
(1 − ǫi,j (hσvi))
(2)
j

where ǫi,j is the detection efficiency for satellite j in
visualization i. Because there is no reason to favor
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Recent Fermi results have focused attention on gamma-ray burst’s (GRB) prompt emission phase, which is
rich in phenomenology and poorly understood. The broad band spectra observed by Fermi does not fit into
any of the frameworks of existing theoretical models. Thus, Fermi results force new thinking of questions that
were thought to be solved. I highlight here the basic open questions prior to the launch of Fermi, key Fermi
results, and new theoretical ideas that emerged following these results. These include: (I) renewed interest
in magnetized outflows as a way to understand the dynamics and composition; (II) interest in photospheric
emission, in particular ways to broaden “Planck” spectrum to resemble the observed “Band” spectrum; (III)
The puzzling origin of the high energy (LAT) photons, first observed in short GRBs; and (IV) new methods to
estimate the Lorentz factor of the outflow.

1. Introduction

The data provided by Fermi on GRBs in the past
three years since its launch, are extreme in richness
and quality. Fermi new capabilities had focused attention on the prompt and early afterglow emission
phases in GRBs, which show rich phenomenology.
Both the quality and quantity of the data enable, for
the first time, systematic study of these early emission
phases.
Study of these phases is very important due to its
very wide applicability: during these early phases, one
studies the latest stages of the collapse and the earliest
stages of the jet formation - before self-similar motion
wipes the initial outflow conditions. This is also what
makes this study so challenging: as no two GRBs are
similar, it is very difficult to draw firm conclusions
which are true to all GRBs.
Confronting Fermi data with theoretical models
show the deficit of the latter. The data provided by
Fermi did not fit into any of the existing theoretical models; in some cases, it was in contradiction to
the theoretical expectations. This fact motivated new
ideas, which are continuously being raised and discussed. With this respect, the contribution of Fermi is
enormous - questions which were thought to be solved
are proven not to be.
In this review, I discuss some of the key Fermi results, from a theoretician’s perspective. I start by
stating in §2 what we are certain about, and then
in §3 what are the basic theoretical questions which
need to be answered. In §4 I highlight some of Fermi’s
unexpected results, and their influence on our understanding of GRBs. I then describe in §5 the recent theoretical progress motivated by these results, and try
to point towards additional observational signatures
that could help resolve basic theoretical problems.

2. GRBs: basic, unquestionable facts
The field of GRBs is characterized by many uncertainties and a huge divergence within the GRB population, both in spectral and time domains. Nonetheless, after two decades of extensive research there are
few basic, unquestionable facts, which are common to
all GRBs and should be addressed by any theoretical
model. It is firm today that GRBs are:
1. Transient in nature: no repetition was ever
found. The duration of the prompt phase vary
a lot from burst to burst, and can last between
a fraction of a second to hundreds of seconds.
During this phase, the light curve is highly variable.
2. Extragalactic objects, originating at cosmological distances.
3. Very energetic, releasing (isotropically equivalent) energy of ∼ 1049 − 1055 erg in γ-rays alone.
4. The observed spectrum is non-thermal. In the
vast majority of bursts, it has a broken power
law shape (the “Band” function, named after
the late David Band), peaking at sub-MeV, with
a fairly sharp decline at higher energies (see Figure 1). In a small fraction, about ∼ 5%, photons
were seen up to very high energies, ∼ 30 GeV.
In few bursts there is an additional, high energy
component which is not related to the original
“Band” function [1].
5. Relativistic expansion: very high Lorentz factor, Γ ∼ 102 − 103 is required by observations
of high energy photons. This has solid confirmation by the existence of afterglow emission,
which follows the interaction of the relativistic
ejecta with the ambient medium.
6. There are two populations of bursts, separated by their duration and hardness: the
“short/hard” and the “long/soft” [2]. There are
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firm evidence that long GRBs are connected to
supernovae [e.g., 3]. Indirect evidence suggest
that short GRBs originate from binary mergers
[4], but no conclusive evidence yet [e.g., 5, 6].

3. Open questions prior to the launch of
Fermi
Based on these observational facts, a general framework, the GRB “fireball” model1 emerged nearly two
decades ago, and still serves as the main theoretical
framework.
The basic phases of this model are best described
in terms of the energy flow. The progenitor, which
can be either a collapse of a massive star or merger of
binaries, releases gravitational energy (EG ).2 While
part (or even most) of this energy is released in the
form of neutrinos or magnetic flux, a significant part
is eventually converted to kinetic energy (Ek ): this is
the jet formation episode.
At a second stage, part of the jet kinetic energy
is being dissipated (say, fraction ǫd ≤ 1). Several
mechanisms were suggested for this dissipation, such
as internal shocks [7] or magnetic reconnection [8, 9].
Uncertain part of the dissipated energy (ǫd Ek ) is used
to produce population of energetic, non-thermal electrons, which emit the observed γ-rays. Other parts
may be used to generate magnetic field, accelerate
protons or simply heat the plasma. The remains of
the kinetic energy is gradually released at later times,
producing the observed afterglow.
This general framework has two strong advantages.
First, it is consistent with all past and current observations. Second, the existence of the afterglow was
predicted by this model, and hence its detection is a
strong confirmation.
This model, however, suffers several very serious
drawbacks. First, the model is heuristic in nature,
and many of the details of the physics are missing. For
example, the details of the jet formation which result
in the very high Lorentz factor, Γ ∼ 102 − 103 as compared to AGNs, in which Γ ≤ 30 are not explained.
Another example relates to the physics of particle
acceleration to non-thermal distribution, which, although inferred by the observations, is not well understood. Other parts of the model have very little
predictive power: for example, internal dissipation is
required to explain the variable light curve, however,

1 Interestingly enough, alternative scenarios, such as the
“Cannonball” model, or the “fireshell” model, have similar basic ingredients.
2 Another potentially significant source of energy is the spin
energy of the central object.

the model does not provide any prediction of the dissipation processes, such as their radii, amount of kinetic
energy that is dissipated, etc.
Thus, major theoretical tasks are to “fill the gaps”
in this basic framework. Very broadly, the theoretical
efforts are focused on:
1. Understanding the nature of the progenitor.
2. Understanding jet launching mechanism, and
the role played by ν’s, photons and magnetic
field in this process.
3. The dynamics of GRB jets: what causes these
jets to have such a high Lorentz factor, as opposed to jets in other objects, which have much
lower Lorentz factors ?
4. Jet composition: what is the role played by leptons, hadrons and magnetic field ?
5. Understanding the nature of the dissipation
mechanism that leads to the emission of γ-rays.
6. Radiative processes, and physical explanation to
the broad band spectrum observed.
In addition to these basic GRB physics questions,
other questions relate to the connection between
GRBs and other objects of interest, such as stellar evolution, host galaxies, binary evolution, gravitational
waves, cosmic rays etc. Additional questions relate to
the use of GRBs as probes of basic physics and cosmology: use of GRBs as standard candles [10], providing
limits on violation of Lorentz invariance [11] etc.
In the past few years there were major theoretical
efforts aiming at addressing these questions. As unfortunately I am not able to summarize all of the recent
works within the page limits of the current proceedings, I will focus on works which were directly influenced by recent Fermi results. Obviously, as we are
observing photons, there is no direct way to determine
the answers to the questions outlined above, but these
have to be deduced indirectly.

4. Fermi key results
After three years of operation, one can summarize
Fermi key results as follows. The detection rate of the
GBM detector is ∼ 250 bursts/year, which is about
the expected rate. However, the LAT detected only ∼
10 bursts/year, namely ≈ 5% of GBM bursts are observed in the LAT energy range (∼ 40 MeV−300 GeV;
see Omodei’s talk). This fraction is significantly lower
than the pre-launch expectations; however, as will
be discussed below, these expectations were based
on mathematical extrapolation of lower energy data,
which did not carry strong physical reasoning. On
the other hand, the fact that ∼ 30 GeV photons were
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observed can be translated, via the opacity argument
[12] into a stringent constraint on the Lorentz factor
of (LAT) bursts, Γ ∼ 103 , which is higher than previously thought.
The spectral properties of the vast majority of
Fermi bursts are very similar to the spectral properties of the CGRO-BATSE bursts. Most GBM bursts
are well fitted with a “Band” function, peaking at subMeV. The low energy spectral index is, on the average,
somewhat harder than that of the BATSE bursts, yet
within the errors (photon index α = −0.95 ± 0.23 vs.
α = −1.00 ± 0.31 for the bright bursts)[13].
LAT bursts, on the other hand, show a different
behavior. Several bursts show evidence for a separate, extra high energy component, that is not part
of the original “Band” fits. This was observed both
in long bursts (e.g., GRB090902B) [14] and in short
bursts (e.g., GRB090510) [15]. However, this was not
observed in the majority of the LAT bursts [1]: for
example, the spectrum of GRB080916C did not show
evidence for an extra component [16]. These qualitative spectral differences are showen in Figure 1. It
should be stressed that such differences could not have
been seen by BATSE, due to its limited spectral coverage, 30 − 2000 keV.
In spite of the fairly low statistics, a clear trend had
emerged: in most (but not all) bursts the high energy
(LAT) photons arrive at a delay of few seconds with
respect to the lower energy (GBM) photons. This delay is observed in both long and short GRBs: e.g.,
the long GRB080916C, and the short GRB090510. In
addition to the delay in the onset of the high energy
photons, another important result is their extension to
late times: LAT photons are observed to be long-lived.
High energy photons are frequently continuously observed for few seconds after the decay of the low energy (GBM) photons. Both these features are demonstrated by the temporal behavior of GRB090510 presented in Figure 2.

5. Theoretical implications
5.1. Spectral properties: hard spectral
slopes
The fact that the low energy spectral index is, on
the average, similar to the low energy spectral index
observed by the BATSE, implies that it is too hard
to be accounted for by (optically-thin) synchrotron
emission [19, 20]. This serves as a strong motivation
for alternative scenarios.
Recently, several works considered the effect of
inverse-Compton (IC) scattering on the synchrotron
spectra [21, 22, 23, 24]. Due to the Klein-Nishina suppression, energetic electrons are cooled less efficiently
than low energy electrons, resulting in a hardening of
the electrons distribution. The resulting synchrotron

emission can be as hard as Fν ∝ ν 0 under the appropriate conditions.
A lot of theoretical attention was given to contribution from the photosphere, which is arguably the
most natural explanation to the hard slopes observed,
being inherent to the “fireball” model [25, 26, 27, 28].
The basic idea is very appealing: while no combination of synchrotron spectra can produce slopes harder
than Fν ∝ ν 1/3 (in the “slow cooling” regime) or
Fν ∝ ν −1/2 (in the “fast cooling” regime) , it is possible to produce the harder “Band” function by broadening Planck spectra. Thus, in recent years, theoretical research in this field was focused on mechanisms
that can broaden Planck spectrum.
Spectral broadening can be achieved in two ways.
First, energy dissipation below the photosphere produces a population of non-thermal electrons, which
emit radiation. Such a dissipation can result from
internal shocks, magnetic reconnection or collisional
heating. Since the dissipation is assumed to take
place in region of high optical depth, multiple Compton scattering dominates the spectra, which can be
broader than Planck if the optical depth is not too
high. This scenario gained broad interest recently
[29, 30, 31, 32, 33, 34, 35, 36, 37, 38, 39, 40]. Second, broadening is caused by contribution of off-axis
emission [41, 42, 43, 44, 45]. While off-axis photons
are sub-dominant as long as the inner engine is active, they broaden the Planck spectrum. They become
dominant once the inner engine decays. Quantitative
results depend on the jet geometry.
On the observational side, following pioneering
works by Ryde [46, 47], in recent years there are several successful attempts to identify a thermal (Planck)
component in existing broad-band spectra [17, 38, 48,
49, 50, 51, 52]. Such a “pure” Planck spectra can be
expected if (I) energy dissipation occurs very deep in
the flow or only outside the photosphere, and (II) the
photospheric radius is close to the coasting radius, so
that adiabatic energy losses are small. The clear identification of this component, albeit in only a limited
number of bursts, is a strong motivation for continuous theoretical research.

5.2. High energy emission: spectral
properties and delayed onset
Understanding the origin of the high energy (LAT)
emission is difficult, because of the confusing results:
while in many LAT bursts (e.g., GRB080916C) the
high energy component smoothly connects to the low
energy part, and is part of the “Band” function, in
others (e.g., GRB090902B) it is spectrally separated
(see Figure 1).
Clearly, emission from the photosphere cannot, by
itself, explain a separated spectral component at these
energies. Thus, within the context of the photospheric
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Figure 1: Spectra of GRB080916C (left, taken from [1, 16]) at different times and GRB 090902B (right, taken from
[14]) show a clear, “typical” broken power law shape, peaking at sub MeV, which is known as the “Band” function.
There are, however, qualitative differences: In GRB090902B there is an extra, high energy power law, which cannot be
fitted with the “Band” spectrum. The sub MeV peak of the emission is very hard, and can best be fitted by a
(multi-color) “Planck” function [17, 18]. The spectrum of GRB080916C, on the other hand, is much flatter, and does
not require an extra high energy component.

emission models, a second episode of energy dissipation above the photosphere is required in order to explain ∼GeV emission. Inclusion of this additional dissipation can provide very good fits to the data [18].
This scenario is thus consistent with a separation of
the spectral component (as in GRB09092B), as well
as with the observed delay of the high energy component. Alternatively, the spectral separation of this
component may result from a different origin: it was
suggested by several authors that while the “Band”
part has a leptonic origin, the high energy part may
have hadronic origin [53, 54, 55], or may originate
from an expanding “Cocoon” [56].
Many LAT GRBs show high energy emission which
seems to be smoothly connected to the low energy part, hinting towards common origin (e.g.,
GRB80916C). The temporal evolution of the decay at
these energies, Fν (t) ∝ t−1.5 is consistent with having external origin. Thus, it was proposed by several
authors [57, 58, 59, 60, 61, 62] that the high energy
component results from energy dissipation by the external shock, similar to the afterglow emission. Thus,
according to this view, the high energy emission is in
fact part of the afterglow emission, which naturally
explains the extension of the emission to late times.
On the other hand, a detailed spectral analysis showed
that at least part of the GeV emission must have internal origin [63, 64]. Moreover, the smooth spectral
extrapolation to the low energy part (the Sub MeV
peak and below) implies that either the low energy
part also has an external origin, in which case it is dif-

ficult to explain the hardness of the spectral slopes, or
that both components “conspire” to smoothly match.
Over all, the origin of the GeV emission is still uncertain, and more data is needed.

5.3. Jet Composition and dynamics
As photospheric emission is an inherent part of
the classical, baryonic “fireball” model, the fact
that it is not observed in most bursts challenges
this model. The lack of observed photospheric signal in GRB080916C was used to argue in favor of
magnetically-dominated outflow [65].
This idea has a firm theoretical basis. Significant
developments in numerical GRMHD codes in the past
few years enabled a detailed study of jet launching
[66, 67, 68]. These works mark the first steps towards realization of the Blandford and Znajek [69]
and Blandford and Payne [70] mechanisms, in which
the magnetic field plays a crucial role as energy mediator in jet production. Thus, if indeed these are the
jet launching mechanisms that work in nature, one
expects highly magnetized outflow, σ ≡ uB /ρc2 >> 1
close to the jet-launching site. Here, uB is the (electro) magnetic energy density and ρ is the baryon density.
Motivated by these results, in recent years there
were numerous attempts to study the properties of
magnetized outflows. While studies in this field are
not new and were done prior to Fermi era (e.g.,
[8, 71, 72]), Fermi’s recent results stimulated a re-
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sion phase in GRBs, which is rich in phenomenology,
and is poorly understood. While the general “fireball”
framework that was constructed during the 90’s still
holds, a lot of gaps in the theoretical understanding
still exist.
In recent years significant theoretical progress was
made in understanding the physics of the prompt
emission. I highlighted here a few active research areas in which, to my opinion, Fermi results were very
influential.
1. Progenitor, jet launching and composition. A renewed interest in magnetized models and magnetars as GRB progenitors had emerged, largely
stimulated by recent Fermi results. Research is
focused on all aspects of (relativistic) magnetized outflows, from jet launch, dynamics to the
observed signal.

Figure 2: Lightcurve of the short burst GRB090510 [15]
show clear indication for lag in the onset of the high
energy (LAT) photons with respect to the lower energy
(GBM) photons, by ∼second. Moreover, high energy
emission is long lasting: it extends several seconds after
the GBM emission decayed. Both the delay and the late
emission are typical for many LAT bursts.

newed interest. Research in this field is currently focused on bridging the theoretical gaps in all aspects
of magnetized jet physics: (I) creation of relativistic jets in magnetars [73, 74, 75, 76]; (II) dynamics,
energy dissipation and efficiency of magnetic reconnection and magnetized shock waves [77, 78, 79, 80,
81, 82]; (III) particle acceleration in magnetized outflows [83, 84], and (IV) the resulting radiative signature [32, 82, 85, 86]. While the current picture is far
from being complete, this is a very active research
field.
Finally, detection of high energy photons imply, using the opacity argument, high Lorentz factor, Γ ≃
103 in few LAT bursts [33, 87]. These values are more
than an order of magnitude higher than the typical
Lorentz factor in AGNs, Γ ≤ 30, and are not theoretically understood. Several works in recent years
were focused on finding new methods to determine the
Lorentz factor [88], and to find better constraints on
the Lorentz factor of the outflow. Indeed, a more advanced analysis using the assumption of multi-zone
emission, or taking geometrical corrections showed
that the Lorentz factor may not be as high, and may
be limited to few hundreds [89, 90].

2. Radiative processes and spectral properties. A
lot of effort was given to understanding the role
played by photospheric emission, and in particular mechanisms that can be used to broaden
Planck spectrum, so that it will resemble the
observed “Band” spectra. Effort is given to understanding signatures of magnetized outflows.
3. Jet dynamics and origin of high energy emission. In spite of numerous efforts, the origin
of high energy emission is still unclear. This is
because of the confusing results, which show in
many bursts smooth spectral extrapolation between the high energy and lower energy photons,
while a separate component in other bursts.
4. Accurate measurement of the Lorentz factor.
The high values of Γ ∼ 103 inferred by the existence of high energy photons are challenging.
They motivated a more careful analysis of the
data, which indeed show somewhat lower values. Still, no theoretical understanding of these
values exists.
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[23] F. Daigne, Ž. Bošnjak, and G. Dubus,
Astron. Astrophys. 526, A110+ (2011).
[24] E. V. Derishev, V. V. Kocharovsky, and
V. V. Kocharovsky, Astron. Astrophys. 372, 1071
(2001).
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Astrophys. J. 642, 995 (2006).
[31] D. Giannios, Astron. Astrophys. 457, 763 (2006).
[32] D. Giannios, Astron. Astrophys. 480, 305 (2008).
[33] K. Ioka, Progress of Theoretical Physics 124, 667
(2010).
[34] D. Lazzati and M. C. Begelman, Astrophys. J.
725, 1137 (2010).
[35] A. M. Beloborodov, Mon. Not. R. Astron. Soc.
407, 1033 (2010).
[36] Y.-Z. Fan, Mon. Not. R. Astron. Soc. 403, 483
(2010).
[37] O. Bromberg, Z. Mikolitzky, and A. Levinson,
Astrophys. J. 733, 85 (2011).
[38] F. Ryde, A. Pe’er, T. Nymark, M. Axelsson, E. Moretti, C. Lundman, M. Battelino,
E. Bissaldi, J. Chiang, M. S. Jackson, et al.,
Mon. Not. R. Astron. Soc. 415, 3693 (2011).
[39] K. Toma, X.-F. Wu, and P. Mészáros,
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for the AGILE collaboration
We will review the crucial AGILE gamma-ray SNR observations focusing on the evidence of
hadronic cosmic-ray acceleration that has been obtained so far. We discuss data on SNR IC443,
W28 and W44. We show that in all cases a consistent model of hadronic acceleration and interaction
with gaseous surroundings can be used to successfully explain the quite complex morphology and
spectral characteristics of the sources. AGILE, with its crucially important sensitivity near 100
MeV, is equipped to prove the existence of pi-zero emission.

dimonstrate that these are not compatible with the
electron population seen by radio continuum observations [6].
An hadronic scenario can instead adequately explain
this feature in the gamma-ray spectrum. In figure 2,
AGILE spectral data, together the radio spectral data,
are fitted with an hadronic model characterized by a
magnetic field B=70 µG and a density n =100 cm−3 .
A fit of the multi-wavelength data set with leptonic
models but no good combination of the parameters
exists that can fit W44 spectrum.

FIG. 1: SNR W44 as seen by AGILE for energies greater than
400 MeV

I.

SNR W44

The middle-aged ( 20000 yr) supernova remnants
W44 is located at 3.1 kpc from us. The AGILE/GRID
instrument detected gamma-ray emission from SNR
W44 in the energy range 50 MeV - 10 GeV with a significance of 15.8 sigma; gamma-ray ditribution shows
an extended source with a morphology well correlated
with the radio shell [9].
The AGILE energy band is complementary with respect to the band 0.2-30 GeV already investigated by
the Fermi/LAT instrument for the same SNR [1]. The
combination of the AGILE/GRID and Fermi/LAT
data allows to obtain a spectrum showing, with unprecedented precision, that the gamma-ray emission
from W44 is described by a broad peak around 1
GeV (see figure 2). With such an accurate spectrum,
we can precisely deduce the spectral parameters of
the parent particle population (energy of the spectral
break, spectral index below and above the break) and

FIG. 2: Hadronic model, characterized by B =70 G and n
=100 cm3, of the broad-band spectrum of SNR W44 superimposed with the radio (data points in red color) and
gamma-ray data of Fig. 2 (in blue color). TeV upper
limits are also shown. The yellow curve shows the neutral pion emission from the accelerated proton distribution. The green curves show the electron contribution by
synchrotron (dashed curve), Bremsstrahlung (solid curve),
and IC (dotted curve) emissions. The red curve shows the
total gamma- ray emission.

AGILE for the first time proved that Galactic Cosmic Rays are accelerated by SNRs. Moreover, W44
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spatial distribution shows that the gamma-ray emission originates in the shell of the SNR. The large
dimensions of the source, combined with the good
imaging capabilities of AGILE for E>400 MeV, allow
us to detect spectral variation along the SNR shell.
The energy-resolved spatial distribution shows that
the bulk of the emission in the 0.4-1 GeV band is generated in the northern part of the shell while most of
the emission in the 1-3 GeV energy band comes from
the southern part of the shell (see figure 3). These
observations are in agreement with several theoretical
models which predict that, at any given time, protons
are monochromatically injected in the ISM with an
energy depending on the magnetic field at that time
(see, for example, Gabici et al. 8). This will allow us
to deduce the energy of the protons currently emitted
by the different part of the SNR, which is crucial for
understanding the overall acceleration mechanism in
SNRs.

[10] assumes that the N cloud is closer to the CR acceleration site than the S cloud, considering the energy dependence of the diffusion coefficient. If protons diffuse in the interstellar medium with a diffusion coefficient given by D(E) = D0 E 0.5 the resulting
proton energy spectrum is suppressed below a threshold energy Et ∼ R4 t−2 where R is the distance from
the acceleration site and t the age of the SNR. Figure 5 shows the gamma-ray spectra produced by protons (through neutral pion decay) interacting with the
cloud N and S assuming respectively R = 9 and 4 pc.
This scenario can explain also the morphology of the
gamma-ray emission seen at different energies ranges

FIG. 3: AGILE intensity map for the W44 region in the en-

FIG. 4: AGILE counts map for W28. The blue circles indicate

ergy range 400MeV-1GeV (Red) and 1-3 GeV (blue). Green
contours show the radio continuum flux density at 1,4 GHz as
observed by the VLA (Castelletti et al, 2007)

II.

the location of the supernova remnant W28, the black contours
show the CO intensity emission.

SNR W28

W28 is a mixed morphology SNR with an age of
more than 35 000 years located at a distance of about
1.9 kpc. A system of massive molecular clouds is associated to the SNR as revealed by the CO (J = 0 →
1) observation carried by the NANTEN telescope [7].
Two main peaks in the molecular hydrogen distribution can be seen at R.A., dec = 270.4, -23.4 (cloud N)
and at R.A., dec = 270.2, -24.1 (cloud S, see fig. 4).
Molecular cloud distribution correlates nicely with the
gamma ray observations in both the TeV energy band
[3] and in the E > 400 MeV energy band observed by
AGILE. However the ratio between the TeV and the
multi-MeV emission is significantly different for the
cloud N and the cloud S. In figure 5 the gamma-ray
spectra for the two clouds are shown.
The interpretative scenario proposed in Giuliani et al.

FIG. 5: Combined AGILE and HESS gamma-ray photon spectra for cloud N (black) and cloud S (red). The curves represent
the gamma-ray spectra estimated (accordling to the model presented in the text) for the two clouds.
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3

FIG. 6: Upper row : Predicted gamma-ray emission for energies greater than 400 MeV (left column), 3 GeV (center column) and
400 GeV (right column) for SNR W28. Lower row : Maps produced from the AGILE, Fermi and HESS observations of SNR W28.

(see figure 6). Assuming that CRs are accelerated in
a spherical region (indicated by the blue circle), we
evaluated their tridimensional distribution, N(r,E,t),
around the SNR, N(r,E,t), as a function of particle
energy and SNR age, solving the diffusion equation :
dN (r, E, t)
∂
= D(E) ∇2 N +
[b(E)N ] + Q(E)
dt
∂E
where b(E) represents the energy losses, and assuming
an impulsive injection with a spectrum Q(E) ∼ E −2.2 .
Black countours in figure 6 show the distribution of
targets (molecular hydrogen) as derived by the observations of the NANTEN telescope.
The sky maps in the upper row of figure 6 refer to
the gamma-ray emission for energies greater than 400
MeV, 3 GeV and 400 GeV expected for an age of
40.000 yrs. We assumed that gamma-ray emission
is produced by p-p collision between accelerated protons and the nuclei of the molecular hydrogen. In the
lower row are shown the maps produced by the AGILE, Fermi and HESS W28 observations.

an evidence of the interaction is given by the observation of an high value of the ratio CO (J=2-1)/(J
=1-0) [11].
A TeV source has been detected both by MAGIC [5]
and VERITAS [2]. Thanks to the good angular resolution of the TeV telescopes it was possible to locate
the source in a small error box coincident with the
direction of the most massive cloud.
AGILE observed gamma-ray emission in this region
obtaining an error box which is not compatible with
the MAGIC and VERITAS error boxes [12]. The different position of the source in the TeV and gamma
energy ranges implies a difference in the CR spectrum
or in the target distributions. A possible interpretation can be given assuming, as in the case of W28,
a different distance of the emitting clouds which can
lead to a different spectrum of the accelerated protons
seen by the near/far clouds [4, 13].
TABLE I: Middle-aged SNRs seen by AGILE. Luminosity
is given for E > 100 MeV.

SNR
III.

SNR IC 443

IC 443 is a SNR lying at a distance of about 1.5
kpc in the Galactic anticenter direction. Radio, optical and X-rays emission show a shell structure clearly
visible, in correspondence of the interaction between
SNR and ISM that produces a shock. A system of
molecular clouds is also associated to the SNR, and

W28
IC 443
W44
W51C

Age Distance Luminosity
(years)
(kpc)
(erg/s)
> 35.000
1.9
3.3 × 1034
30.000
1.5
2.4 × 1034
20.000
2.8
6.5 × 1034
> 20.000
6.0
7.3 × 1034
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Plasma instabilities excited in collisionless shocks are responsible for particle acceleration. We
have investigated the particle acceleration and shock structure associated with an unmagnetized
relativistic electron-positron jet propagating into an unmagnetized electron-positron plasma. Cold
jet electrons are thermalized and slowed while the ambient electrons are swept up to create a partially developed hydrodynamic-like shock structure. In the leading shock, electron density increases
by a factor of about 3.5 in the simulation frame. Strong electromagnetic fields are generated in
the trailing shock and provide an emission site. These magnetic fields contribute to the electrons
transverse deflection behind the shock. Our initial results of a jet-ambient interaction with antiparallel magnetic fields show pile-up of magnetic fields at the colliding shock, which may lead to
reconnection and associated particle acceleration. We will investigate the radiation in transient
stage as a possible generation mechanism of precursors of prompt emission. In our simulations we
calculate the radiation from electrons in the shock region. The detailed properties of this radiation
are important for understanding the complex time evolution and spectral structure in gamma-ray
bursts, relativistic jets, and supernova remnants.

I.

INTRODUCTION

Particle-in-cell (PIC) simulations can shed light on
the physical mechanism of particle acceleration that

occurs in the complicated dynamics within relativistic shocks. Recent PIC simulations of relativistic
electron-ion and electron-positron jets injected into an
ambient plasma show that acceleration occurs within
the downstream jet [5, 22–25, 27, 28, 31, 32].

eConf C110509

402

2

2011 Fermi Symposium, Roma., May. 9-12
In general, these simulations have confirmed that
relativistic jets excite the Weibel instability, which
generates current filaments and associated magnetic
fields [18, 35] and accelerates, electrons [13, 28].
Therefore, the investigation of radiation resulting
from accelerated particles (mainly electrons and
positrons) in turbulent magnetic fields is essential for
understanding radiation mechanisms and their observable spectral properties.
Recently, synthetic spectrum has been obtained using RPIC simulations [6, 12, 16, 26, 29] in order to
examine “jitter radiation” [19, 20]. Further investigations are required to understand radiation mechanisms for gamma-ray bursts and variabilities in radiation from AGN jets.
II.

RECONNECTIONS

Recently, reconnection has been proposed for additional particle acceleration mechanism for AGN jets
and gamma-ray burst jets [8–11, 15, 17, 34, 40]. Various reconnection simulations have been performed;
RPIC simulations [3, 7, 30, 39], resistive relativistic
MHD (RRMHD) [14, 33, 38], and two-fluid [36, 37]
simulations. In addition, the Kelvin-Helmholtz instability (KHI) may also lead to particle acceleration [1].
In order to investigate the evolution of ejecta and
associated emission we inject jets containing a perpendicular magnetic field and associated convective
electric field (E = −vj × B⊥ ) varying the magnetic
field strength, i.e., magnetization parameter σ =
2
B⊥
/(4πnj γme c2 ) [2, 4]. These simulations are different from the previous simulations where jets were
injected into a perpendicularly magnetized ambient
plasma [13]. We have investigated the evolution of
colliding magnetized shells and calculate radiation as
has been done theoretically and for RMHD simulations in order to include self-consistent microscopic
effects [21].
Recent RPIC Simulations with Magnetized
Jets Colliding with Unmagnetized and
Anti-Parallel Magnetized Ambient Plasmas

at x = 500∆. The electron thermal velocity of jet is
e
vj,th
= 0.014c, where c = 1 is the speed of light. Radiating boundary conditions were used on the planes at
x = xmin & xmax . Periodic boundary conditions were
used on all transverse boundaries. The ambient and
jet electron-ion plasma has mass ratio mi /me = 16.
The electron/positron thermal velocity in the ambient
e
plasma is va,th
= 0.05c and the ion thermal velocity is
i
vth
= 0.022c where c = 1 is the speed of light.
As in previous papers [25], the “flat” (thick) jet fills
the computational domain in the transverse directions
(infinite width). Thus, we are simulating a small section of a relativistic shock infinite in the transverse
direction.
Figure 1 shows snapshots of the shocks generated by
a jet propagating into an ambient plasma at simula−1
tion time t = 1450ωpe
with magnetization parameter
2
2
ωce /ωpe = 1. Here the jet carries a By magnetic field
component with convective electric field component
Ez . Panels in the left column show a case with no
magnetic field in the ambient plasma, see the dotted
blue line in Fig 1c. Panels in the right column show a
case with an anti-parallel magnetic field (−By ) in the
ambient plasma, see the dotted blue line in Fig. 1d.
The anti-parallel magnetic field in the ambient leads
to dramatic evolution in the collision region as shown
on the right column. The electron density piles up
at the jet front (Fig. 1b), negative strong By (Fig.
1d) and positive strong Ez (Fig. 1f) are found and
indicate the occurrence of reconnection. In the case
of no ambient magnetic field, jet electrons and ions
propagate through the collision region (Figs. 1g and
1i), as opposed to the anti-parallel magnetized ambient that hinders jet particle propagation through the
ambient (Fig. 1b). In the relatively short simulation
time, electrons are accelerated promptly and strongly.
As shown in Fig. 1, the magnetic fields play an essential role in particle acceleration and, of course, in the
generation of radiation. In this proposal we will systematically investigate the effects of magnetic fields in
relativistic flow collisions including reconnection.

A.

We have performed simulations using a system with
(Lx , Ly , Lz ) = (2005∆, 65∆, 65∆) and a total of ∼ a
few million particles (8 particles/cell/species for the
ambient plasma) in the active grid zones [2]. In the
simulations the electron skin depth, λce = c/ωpe =
10.0∆, where ωpe = (4πe2 ne /me )1/2 is the electron
plasma frequency and the electron Debye length λe
is half of the grid size. Here the computational domain is three times longer than in our previous simulations [25]. The electron number density of the jet is
as same as the ambient electron density and γ = 15.
In this study the jets collide with the ambient plasmas

III.

ELECTRON-POSITRON JET AND
SYNTHETIC RADIATION

Figures 2a & b show the averaged (in the y−z plane)
jet (red), ambient (blue), and total (black) electron
density and electromagnetic field energy divided by
the total jet kinetic energy from one simulation [25].
The maximum density in the forward shocked region is
about five times the initial ambient density. The jetparticle density remains nearly constant up to near
the jet front. Current filaments and strong electromagnetic fields accompany growth of the Weibel instability in the trailing shock region.
The synthetic spectra shown in Figure 2c are obtained for emission from jets with Lorentz factors of
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FIG. 1: Snapshots of the collision of a perpendicularly magnetized jet with an unmagnetized (left column), or anti−1
parallel magnetized (right column) ambient plasma at simulation time t = 1450ωpe
(Choi, Min, & Nishikawa 2011). The
different panels show averaged values of the electron density (a) and (b), the magnetic field (c) and (d), the electric field
(e) and (f), the phase space of electrons (g) and (h), and the phase space of ions (i) and (j). Reconnection occurs for the
case involving anti-parallel magnetic fields and is indicated by the positive Ey component in Fig. 1f.

γ = 10, 20, 50, 100, 300 and 1000 with cold (thin
lines) and warm (thick lines) electrons (Nishikawa et
al. 2011a,b,c,d,e). The radiation from the jet electrons shows a Bremsstrahlung-like spectrum for the
eleven cases.

However, it should be noted that at higher frequency the spectral slopes in Figure 1c are less steep
than for a Bremsstrahlung spectrum. This is due to
the Lorentz factor spread of accelerated jet electrons
and a resulting higher average Lorentz factor. Additional spectral extension to high frequency is due to
electron scattering in the magnetic fields generated by
the Weibel instability [26].

IV.

CONCLUDING REMARKS

The recent simulations of colliding jets into ambient plasma with ant-parallel magnetic fields show
that drastic evolution of the shock with piled-up magnetic field with possible reconnection. At the colliding
shock electrons are accelerated strongly, which may
generate strong radiation. We will investigate this interesting evolution further including synthetic spectra.
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FIG. 2: Averaged values of (a): jet (red), ambient (blue), and total (black) electron density, and (b): electric (red) and
−1
magnetic (blue) field energy divided by the jet kinetic energy at t = 3250 ωpe
. (c): the spectra are for jets injected with
Lorentz factors of γ = 10, 20, 50, 100, 300 and 1000 with cold (thin lines) and warm (thick lines) electrons. The low
frequency slope is approximately 1.
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The secondary instrument onboard Fermi, the Gamma-ray Burst Monitor (GBM) is an all sky
monitor consisting of 14 scintillation detectors. When analysing transient events such as GammaRay Bursts (GRBs) and Solar Flares (SFs) the background is usually modelled as a polynomial (order
0-4). However, for long events the background may vary more than can be accounted for with a
simple polynomial. In these cases a more accurate knowledge of GBM’s background rates is required.
Here we present an alternative method of both determining the background and distinguishing lowlevel emission from the instrumental background.

I.

MOTIVATION

Launched into a low earth orbit in 2008, the Fermi
Gamma-Ray Space Telescope consists of two instruments, the Large Area Telescope (LAT) [1] which
uses a pair-production system of detection and the
Gamma-Ray Burst Monitor (GBM) [2] which consists of 14 scintillation detectors. Observing the entire
unocculted sky, the GBM has an energy range of 8
keV-40 MeV which overlaps with the lower end of the
LAT’s range, 20 MeV-300 GeV.
Fermi has an inclination of 26.5◦ , an altitude of
∼565 km and a period of ∼ 96 minutes. The primary
observation mode of is Sky Survey Mode, this optimises the sky coverage of the LAT whilst maintaining near uniform exposure. In this mode the satellite
rocks about the zenith (±50◦ formerly ±35◦ ) such
that the entire sky is observed for ∼30 minutes every 2 orbits (∼ 3 hours). In addition to this rocking
the satellite pointing alternates between the northern
and southern hemispheres each orbit. Due to the fact
that Fermi ’s instruments are deactivated in the South
Atlantic Anomaly (SAA), which is primarily in the
southern hemisphere, there is an exposure differential
of ∼15 % between observations in the north and south
hemispheres.
The GBM was optimised for the study of the
prompt emission from GRBs, which is characterised
by impulsive peaks with sharp rises, often highly
structured, and easily distinguishable against instrumental backgrounds. The timescale on which this
emission typically occurs is usually short enough that
the background can be modelled as a polynomial of
order 0-4. However, this method is not suited to resolving smoother long lived emission. The LAT has
observed long lived emission on the order of ks from
GRBs, which follows the prompt phase and usually

decays as a power law (e.g. for GRB090926A following the prompt emission in the LAT (∼25 s) the flux
decayed as power low (t−1.7 ) [3]).
To investigate whether such emission is detectable
in GBM and also to confidently determine the background for solar flares, we have implemented a method
for estimating the background which uses the rates
from adjacent days, when the satellite is at the same
geographical coordinates, to estimate the background
at the time of interest. This project has been motivated by the work of Connaughton [4], who employed
a similar technique with BATSE.

II.

METHOD

The orbit of Fermi is such that it will be at approximately the same geographical coordinates every
15 orbits (∼ 24 hrs). Therefore, it would seem that
the background at time T0 could be approximated by
averaging the rates at times T0 ±15 orbits. However,
this is not possible as the rocking angle of the spacecraft in sky survey mode is the same every 2 orbits
and as a result detectors which are pointed towards
the source at T0 will not be pointed towards it at T0
±15 orbits.
One solution to this is to use the rates from T0 ±30
orbits. An alternative is to use the average of the rates
from T0 ±14 orbits and T0 ±16 orbits to approximate
the rates from T0 ±15 orbits.
An obvious limitation of this technique is that it
cannot be employed to investigate GRBs for which the
satellite accepted an Autonomous Repoint Request
(ARR). When an ARR is trigged the telescope will
slew so that the GBM calculated position is within
the LAT FOV. A natural consequence of this is that
the periodic pointing is interrupted for the duration
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FIG. 1: Estimated background and source rates for detector NaI B (∼35-1000 keV) determined using ±14,16 (left panel)
and ±30 (right panel) orbits for region A. In each panel the upper plot is the source (yellow) and background (blue)
rates and the lower is the residual rates. In both cases the estimated rates agree well with the source rates.

of the ARR (∼2 hours, formerly 5 hours). This is unfortunate as it means that in general we cannot use
our method to search for extended emission in GRBs
with LAT detections where there is extended emission
in the MeV-GeV range, as these will usually trigger
an ARR.
An additional issue is the passage of the satellite
through the SAA which can cause elevated rates in
the detectors due to activation, particularly in the
BGO. The time spent in the SAA varies from orbit
to orbit due to the precession of Fermi (∼52 days).
This can lead to a systematic deviation between the
estimated background rates and the source rates (see
Section III A).

III.

BLANK SKY TESTS

In order to test the validity of the method, a blank
sky test was performed. Between May 2009 and April
2011 four regions with triggerless periods of ∼4 days
were selected and used as pseudo sources (see Table I).
An additional criteria in the selection of the blank sky
regions was that the regions offset ±14,15,30 orbits did
not contain and were not preceded by SAA passages.

TABLE I: Blank Sky test details: The four regions were selected with the criteria that they correspond to a period of
∼ 4 triggerless days and that the regions offset ±14,15,30
orbits from the zero time did not contain SAA passages.
Region
A
B
C
D

Date Zero Time (MET)
09/07/28
270470679
10/08/23
302922999
10/08/10
324800173
11/04/18
304200725

In order to determine which temporal selection provided the background most similar to the actual rate,
the background was estimated from T0 ±30 orbits and

TABLE II: Parameters from gaussian fit to histogrammed
residual rates, all variables have units of counts/s. The
fit parameters are quite similar for both ±30 and ±14,16
orbits.
±30

±14,16

Amplitude Mean Sigma Amplitude Mean Sigma
NaI

3087

-0.45

15

3970

-0.9

14.6

BGO

399

-0.26

38

518

-2.5

37

the average of T0 ±14,16 orbits for all regions. The
background was estimated for a duration of 3500 s
using the continuous CSPEC data (128 energy channels and temporal resolution of 4.096 s). Sample
lightcurves for detector NaI b for region A can be seen
in Figure 1.
The systematic difference between the estimated
rates and the actual rates was examined by histogramming the rate residuals from all the regions separately
for the NaI and BGO. In order to limit the effect of
interfering sources, the low energy channels of the NaI
(<25 keV) were not included. Excluding also the overflow channel gives an energy range of ∼25-1000 keV.
For the BGO only the first and overflow channels were
discarded, corresponding to an effective energy range
of ∼0.1-45 MeV. The results can be seen in Figure 2.
For each offset (±30 and ±14,16) the histogrammed
residuals were fit with gaussians, the parameters of
which can be seen in Table II. The fit parameters are
quite similar for ±30 and ±14,16 for both NaI and
BGO which implies that both offsets are equally valid
for estimating the background.

A.

Effect of SAA passage

Inspection of the residual lightcurves for a region preceded by an SAA passage showed that the
background estimated from ±30 orbits more closely
matched the observed rates following an SAA passage,
than that derived from ±14,16. This is demonstrated
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FIG. 3: Estimated background and source rates for detector B1 (0.1-50 MeV) determined using ±14,16 (left panel) and
±30 (right panel) orbits. In each panel the upper plot is the source (yellow) and background (blue) rates and the lower
is the residual rates. The systematic offset between the source and background rates arises due to activation following
SAA passage. This offset is much lessened for ±30 orbits.

in Figure 3. This is to be expected as the time spent in
the SAA for the ±30 orbit offset will be a closer match
for the passage time for the source region. For regions
where the effect of the SAA passage is negligible the
rates from ±30 and ±14,16 orbits closely match the
observed rates. This is beneficial as for these regions
they can be used interchangeably, allowing the background to be estimated with ±30 orbits if there is an
interfering source in ±14,16 orbits and vice versa.

which closely matches the source rates. Our study has
shown that the rates from ±30 and ±14,16 orbits can
be used interchangeably to estimate the background
at the time of interest unless there is an SAA passage
exit close to the time of interest, in which case the
rates from ±30 should be used.
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An issue currently under debate in the literature is how far from the black hole is the Fermi-observed GeV
emission of powerful blazars emitted. Here we present a clear diagnostic tool for testing whether the GeV
emission site is located within the sub-pc broad emission line (BLR) region or further out in the few pc scale
molecular torus (MT) environment. Within the BLR the scattering takes place at the onset of the Klein-Nishina
regime, causing the electron cooling time to become almost energy independent and as a result, the variation of
high-energy emission is expected to be achromatic. Contrarily, if the emission site is located outside the BLR,
the expected GeV variability is energy-dependent and with amplitude increasing with energy. We demonstrate
this using time-dependent numerical simulations of blazar variability.

1. Introduction
Blazars are by far the most common objects detected in the gamma-ray sky [Abdo et al. 2011]. Fermi
has detected blazar variability as short as a few hours
[e.g. Abdo et al. 2010]. During these flares, the GeV
luminosity has been known to increase by a factor
of up to several compared to its pre-flare luminosity.
Because blazars cannot be resolved at these energies
(or at any other energy, with the possible exception
of VLBA observations), it is impossible to determine
the location of these flares by direct detection.
To address this issue, we propose a diagnostic test
that utilizes Fermi variability data of short flares to
determine the location of the GeV emission in blazars.

2. Sources of Seed Photons
Relativistic effects determine which photon field is
dominant at varying distances from the central black
hole, and as a result the location of the GeV flaring site determines the dominant source of seed photons. The co-moving (jet frame) energy density of a
radiation field U 0 scales as differing factors of Γ depending on the direction from which the photons enter the emitting region [Dermer & Schlickeiser 1994,
Georganopoulos et al. 2001]. If the photon field is
isotropic U 0 ≈ Γ2 U . For photons entering the emitting region from behind the relativistically moving
blob U 0 ≈ U Γ−2 . If we assume a nominal FSRQ accretion disk luminosity of Ldisk ∼ 1045 erg s−1 and

that a fraction ξ = 0.1 of this radiation is reprocessed
by both the BLR and the MT, a typical luminosity
of the external radiation field is Lext ∼ 1044 erg s−1
[Ghisellini & Tavecchio 2009].
If the emission site is located within the BLR (at
R ∼ 1017 cm), the photon field can be considered
isotropic in the galaxy frame and its co-moving energy
−2
0
density is UBLR
≈ 2.6 Γ210 LBLR,44 RBLR,17
erg cm−3 .
Similarly, the MT photon field is isotropic inside the
BLR and its co-moving seed photon energy density
−2
−2
−3
0
Γ210 LM T,44 RM
.
is UM
T ≈ 2.6 × 10
T,18 erg cm
Clearly, inside the RBLR the co-moving BLR photon
field energy density dominates over that of the MT by
a factor of ∼ 100.
If the emission site is located at R ∼ 1018 cm
(within the MT) then the BLR UV photons enter
the emitting region practically from behind, so that
−2
−2
0
−3
UBLR
.
≈ 2.6 × 10−4 LBLR,44 RM
T,18 Γ10 erg cm
The IR photons from the MT retain the same co0
moving energy density previously given by UM
T ≈
−2
−2 2
−3
2.6 × 10 Γ10 LM T,44 RM T,18 erg cm . In this case,
therefore, it is the MT that dominates the co-moving
photon energy density.
These external photon field co-moving luminosities need to be compared to the synchrotron photon field energy density. If Rblob is the size of the
emitting blob, the co-moving synchrotron photon energy density is US0 ≈ 4πcRL2S Γ4 . The most plausiblob
ble assumption for the size of the emitting region,
however, is to set an upper limit to it by its variability timescale: Rblob = ctvar δ. We then obtain a
lower limit for the synchrotron energy density US0 ≈
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−6
−3
6.3 × 10−2 L46 t−2
, where we used a 6
var,6h Γ10 erg cm
hour variability scale, as seen in variability timescales
observed by Fermi [Abdo et al. 2010].
Although the synchrotron photon energy density is
substantially lower than the BLR photon energy density when the blazar emission site is within the BLR,
it is comparable or even higher than the MT photon energy density when the blazar emission site is
within the MT but outside the BLR. We briefly note
here if we want to have a blob of a given size Rblob
at a distance larger than R/Γ, [e.g. Marscher et al.
2008] the blob cannot occupy the entire cross section
of the jet. Our diagnostic hinges on the fact that if
the blazar emission site is located outside the BLR,
electron cooling occurs in the Thomson regime. This
is always true for the case of the MT photons being
dominant and it can be shown that if SSC photons
dominate, cooling still takes place within the Thomson regime for powerful FSRQs.

3. Cooling in the BLR vs Cooling in the
MT
The critical difference between the BLR and the
MT is the energy of the seed photons: photons originating from the BLR are UV photons (0 ≈ 10−5 )
while photons originating from the MT are IR photons (0 ≈ 10−7 ). This difference by a factor of ∼ 102
in typical photon energy is critical in that it affects the
energy regime in which electron cooling takes place,
and thus the energy dependence of the electron cooling time.
In powerful FSRQs the IC emission in high states
can dominate over the synchrotron emission by a factor of up to ∼ 100 [e.g. Abdo et al. 2010]. In cases of
high Compton dominance, the primary electron cooling mechanism is IC scattering. For electrons cooling in the Thomson regime (γ0 <
∼ 1, where both the
electron Lorentz factor γ and the seed photon energy
0 are measured in the same frame) the cooling rate
γ̇ ∝ γ 2 . For electrons with γ0 >
∼ 1 cooling takes place
in the Klein-Nishina (KN) regime with γ̇ ∝ ln γ [Blumenthal & Gould 1970]. Given that the BLR photons
are ∼ 102 more energetic than the MT photons, we
expect that if cooling takes place in the BLR, effects
of the transition from the Thomson to the KN regime
will be manifested in electrons of energy ∼ 10−2 times
lower than if the cooling takes place within the MT.
The effects of the transition between Thomson and
KN regimes on the electron energy distribution (EED)
and the resultant spectrum of the synchrotron and IC
emission have been studied before [e.g. Blumenthal
1971, Dermer & Schlickeiser 1993, Georganopoulos et
al. 2006, Kusunose & Takahara 2005, Manolakou et al.
2007, Moderski et al. 2005, Sikora et al. 2009, Sokolov
et al. 2004, Zdziarski 1989]. In short, because γ̇ ∝

Figure 1: Cooling time in the blob frame as a function of
co-moving electron energy γ. Top panel: Blazar emission
site located in the BLR. Bottom panel: Blazar emission
site located in the MT. The dotted lines represent the
various cooling mechanisms (blue = Thomson cooling,
red = KN cooling, green = synchrotron cooling), the
solid black line is the total cooling time. Plots were
calculated for the following values: seed photon energies:
0,BLR = 3 × 10−6 and 0,M T = 6 × 10−7 , energy
densities UBLR = 2.65 × 10−2 erg cm−3 , UM T = 3 × 10−4
erg cm−3 , a UB that corresponded to a Compton
dominance of ∼ 100, and Γbulk = 20.

γ 2 in the Thomson regime and γ̇ ∝ ln γ in the KN
regime, the cooling time τcool = γ/γ̇ scales as γ −1 in
the Thomson regime and as γ/ ln γ in the KN regime.
Because the cooling time is approximately energy
independent around γ0 ∼ 1, this energy-independent
cooling time will be manifested at energies lower by
a factor of ∼ 100 for cooling taking place in the BLR
compared to cooling taking place in the MT, since the
BLR seed photons have an energy higher than that of
the MT by a factor of ∼ 100. This can be seen in Fig.
1 where we plot the electron cooling time for a source
with a ratio of external photon field energy density U00
in the co-moving frame to co-moving magnetic field
energy density UB , U00 /UB = 100. This corresponds
to a factor of ∼ 100 Compton dominance (ratio of
inverse Compton to Synchrotron luminosity), similar
to what is observed in the most Compton dominated
sources.
The transition from Thomson cooling to KN cooling, and from KN cooling to synchrotron cooling can
also be seen in Fig. 1. If the electrons are cooling
on photons from the BLR, cooling takes place in the
Klein-Nishina regime and the cooling time scale is ap-
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proximately energy independent around γ0 ∼ 1 (Fig.
1, top panel). If the electron population cools on photons from the molecular torus, cooling takes place in
the Thomson regime (Fig. 1, bottom panel). The
cooling time is heavily energy dependent, and any
variations should consequently exhibit heavy energydependence.

4. The Diagnostic Test
The energy dependence of the cooling time results
in an energy dependence (or lack thereof) of variations: if the blazar emission site is located within the
BLR, variations should be achromatic. The energy
dependence of the variations can be used as a diagnostic test to determine if the GeV emission site is
located within the BLR. By comparing Fermi light
curves of flares at different energies, we propose that
the energy dependence of the light curve can be used
as a diagnostic test to rule out whether the GeV flare
originates in the BLR or MT.

Figure 2: Light curve at various energies (BLR seed
photons): 0 = 100 MeV, 0 = 1 GeV , 0 = 10 GeV.

4.1. Numerical Simulation Results
To demonstrate the effect of the energy independence or dependence of the electron cooling time on
the variability of a flare, we utilized a one-zone numerical model to simulate a flare. We initialized the
code with values appropriate for a high power blazar
with a Compton dominance of ∼ 100. For this particular simulation we assumed a source size R = 1016 cm,
bulk Lorentz factor Γ = 10, co-moving injected electron luminosity L = 2 × 1044 erg s −1 , maximum
electron Lorentz factor γmax = 105 , and electron index p = 2.5. For the case of a flaring region located
within the BLR we assumed an initial photon energy
0 = 3 × 10−5 and an energy density (in the galaxy
frame) UBLR = 2.6 × 10−2 erg cm−3 . For the case of
a flaring region located outside the BLR we assumed
an initial photon energy 0 = 6 × 10−7 and an energy
density UM T = 3 × 10−4 erg cm−3 . For each case
the magnetic field B was fixed to assume a Compton
dominance UEC /UB = 100.
The system behaves as expected, showing a noticeable difference in the decay rate as well as the amplitude of the flare depending on if the seed photons
originated from within or from outside the BLR (see
Figs. 2 and 3). This difference in decay rate and
amplitude can be used as a diagnostic test to differentiate between flares that take place inside or outside
the BLR.

4.2. Light-Crossing Time Effects
Because the GeV emitting region is not a point
source, any change in the luminosity of the blob will

Figure 3: Light curve at various energies (MT seed
photons): 0 = 100 MeV, 0 = 1 GeV, 0 = 10 GeV.

not be seen instantaneously. Instead, the observed decay time of the light curve is the result of the actual
decay time and the light-crossing time inherent in the
blob. To test whether the light-crossing time would
erase any difference in the light curves (as predicted
by our diagnostic) for the case of the emitting region
being located outside the BLR, we modeled the flux
of a source with light-crossing time tLC that is decreasing in flux. We assumed the flux of the source is
decaying exponentially, F (t) = F0 exp−t/tc , where tc
is the cooling time at a specific energy.
Our diagnostic predicts differences in the decay time
of the light curves for the case where the emitting
region is located within the MT; for the purposes of
this demonstration we assume cooling occurs in the
Thomson regime and as a result tc ∝ −1/2 . We plot
the resultant light
√ curves for cooling times differing by
a factor of 1/ 10 (i.e. energies differing by a factor
of 10). As evident in Fig. 4, even with light-travel
time effects convolved with exponential decay times,
the predicted differences in the decay times are still
preserved.
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Figure 4: Light curves with light-crossing time effects
factored in. Initial flux and light-crossing time are
normalized to 1. Light curves are plotted for energies
differing by a factor of 10.

energy dependent. In this case, the associated light
curves exhibit energy dependence of their decay times.
The energy dependence of the decay time of the
light curves is visible within the Fermi energies; these
differences can be used as a diagnostic test to determine whether the GeV emitting region is located inside or outside the BLR. These effects are observable
within the maximum measured error of Fermi observations and are not erased due to considering lighttravel time effects. If light curves from a sufficiently
bright and rapid flare [such as that in 3C 454.4; Abdo
et al. 2011] are compared at different energies, if the
GeV emitting site is located within the BLR, the decay times will exhibit no energy dependence, whereas
if the emitting site is located within the MT, the decay
times will exhibit energy dependence.

4.3. Feasibility Study
A flare that occurs outside the BLR should exhibit
energy dependent cooling times. Practical application of the diagnostic hinges on the requirement that
the decay times in different energy bands should have
detectable differences. To demonstrate this, we took
as a test case a flare of 3C 454.3 [Abdo et al. 2011]
and assume an exponential decay of the light-curve
F (, t) = Nb + N0 e−t/tc , where Nb and N0 are normalizing factors and tc is the energy-dependent cooling time. We assumed that the flaring site is located
outside the BLR (i.e. cooling occurs in the Thomson regime) because this is case where different decay
times need to be resolved. We created simulated data
points at 6-hour time intervals, applied the energydependent maximum error from the Fermi observations of the flare, and then fit a curve to the simulated data to obtain a cooling time. From this test, we
found that even within maximum observational error,
the decay times at different energies are still distinguishable.

5. Conclusions
We have presented a diagnostic test that utilizes
blazar variability to determine the location of the GeV
emitting site in blazars. The energy difference in seed
photons originating from the BLR versus seed photons
originating from the MT causes electrons within the
emitting site to cool in different energy regimes.
For the case where the GeV emitting site is located
within the BLR, cooling takes place at the onset of the
KN regime, and the resultant electron cooling time
is energy-independent. We have demonstrated that
the associated light curves exhibits decay times that
are approximately energy independent. Conversely,
for the case where the GeV emitting site is located
outside the BLR, cooling takes place in the Thomson regime and the electron cooling times are heavily
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We present the detection of pulsed gamma-ray emission from the Crab Pulsar above 100 GeV
with the VERITAS array of atmospheric Cherenkov telescopes [1]. Gamma-ray emission at theses
energies is not expected in present pulsar models. We find that the photon spectrum of pulsed
emission between 100 MeV and 400 GeV can be described by a broken power law, and that it
is statistically preferred over a power law with an exponential cut-off. In the VERITAS energy
range the spectrum can be described with a simple power law with a spectral index of -3.8 and a
flux normalization at 150 GeV that is equivalent to 1% of the Crab Nebula gamma-ray flux. The
detection of pulsed emission above 100 GeV and the absence of an exponential cutoff rules out
curvature radiation as the primary gamma-ray-producing mechanism. The pulse profile exhibits
the characteristic two pulses of the Crab Pulsar at phases 0.0 and 0.4, albeit 2-3 times narrower
than below 10 GeV. The narrowing can be interpreted as a tapered particle acceleration region in
the magnetosphere. Our findings require that the emission region of the observed gamma rays be
beyond 10 stellar radii from the neutron star.
I.

INTRODUCTION

One of the most powerful pulsars in gamma rays is
the Crab Pulsar [2, 3], PSR J0534+220, which is the
remnant of a historical supernova that was observed
in 1054 A.D. It is located at a distance of 6500 light
years, has a rotation period of ≈33 ms, a spin-down
power of 4.6×1038 erg s−1 and a surface magnetic field
of 3.78 × 1012 G [4].
Within the corotating magnetosphere, charged particles are accelerated to relativistic energies and
emit non-thermal radiation from radio waves through
gamma rays. In general, gamma-ray pulsars exhibit
a break in the spectrum between a few hundred MeV
and a few GeV. Mapping the cut-off can help to constrain the geometry of the acceleration region, the
gamma-ray radiation mechanisms and the attenuation
of gamma-rays. Based on previous measurements and
present theoretical understanding that the dominant
gamma-ray emission mechanism is curvature radiation, it is widely believed that the shape of the spectral
break is best described by an exponential cut-off.
Although measurements of the Crab Pulsar spectrum are consistent with a power law with exponential cut-off, flux measurements above 10 GeV are systematically above the best-fit model, suggesting that
the spectrum is indeed harder than a power law with
exponential cut-off [3, 5]. However, the statistical uncertainty of the previous data was insufficient to allow
a definite conclusion about the spectral shape. In this
paper we summarise the recent detection of the Crab
Pulsar above 100 GeV with VERITAS that rules out
that the spectrum above the break is described by an
exponential cut-off. In Section 2 we describe the ob-

servation and analysis. The results are presented in
Section 3 and we close the paper with a discussion in
Section 4.
II.

OBSERVATION AND ANALYSIS

VERITAS, the Very Energetic Radiation Imaging
Telescope Array System, is an array of four 12 m diameter imaging atmospheric Cherenkov telescopes located in southern Arizona, USA [6]. After evidence
for pulsed emission was seen in 45 hours of data from
the Crab Pulsar that were recorded between 2007 and
2010, a deep 62-hour observation was carried out on
the Crab Pulsar between September 2010 and March
2011. The observations were made in wobble mode
with a 0.5 degree offset. After eliminating data taken
under variable or poor sky conditions or affected by
technical problems, the total analysed data set comprises 107 hours of observations (97 hours dead-time
corrected) carried out with all four telescopes. The
data were taken with the standard VERITAS trigger setting, and analysed with the standard VERITAS
analysis tools.
A.

Event Reconstruction

In the analysis, the recorded atmospheric shower
images are processed with a standard moment analysis [7] and the energy and arrival direction of the
primary particle are calculated [8]. After event reconstruction, a selection is performed to reject events
caused by charged cosmic rays. The selection criteria were optimised a priori for highest sensitivity by
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FIG. 2: Enlarged view of the main pulse or P1 of the Crab
Pulsar pulse profile. See text.

assuming a simple power-law energy spectrum for the
Crab Pulsar with an index α = −4 and a flux normalisation of a few percent of the Crab Nebula flux
at 100 GeV. The analysis threshold is 120 GeV.
For the pulsar analysis, the arrival times of the selected events are transformed to the barycenter of the
solar system. After barycentering, the phase of the
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FIG. 1: VERITAS pulse profile of the Crab Pulsar at > 120 GeV. The shaded histograms show the VERITAS data. The
pulse profile is shown twice for clarity. The dashed horizontal line shows the background level estimated from data in the
phase region between 0.43 and 0.94. The data above 100 MeV from the Fermi-LAT [3] are shown beneath the VERITAS
profile. The vertical dashed lines in the panels mark the best-fit peak positions of P1 and P2 in the VERITAS data.
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FIG. 3: Enlarged view of the interpulse or P2 of the Crab
Pulsar pulse profile. See text.

Crab Pulsar is calculated for each event using contemporaneous ephemerides of the Crab Pulsar that
are published monthly by the Jodrell Bank telescope
[9].
The results were confirmed by a separate analysis of
the data made using an independent analysis package.

eConf C110509

416

3

2011 Fermi Symposium, Roma, May 9-12
III.
A.

RESULTS
Pulse Profile

The phase-folded event distribution, hereafter pulse
profile, of the selected VERITAS events is shown in
Figure 1. The most significant structures are two
pulses with peak amplitudes at phase 0.0 and phase
0.4. These coincide with the locations of the main
pulse and interpulse, hereafter P1 and P2, which are
the two main features in the pulse profile of the Crab
Pulsar throughout the electromagnetic spectrum. In
order to assess the significance of the pulsed emission,
we use the H-Test [10]. The test result is 50, which
translates into a statistical significance of 6.0 standard
deviations that pulsed emission is present in the data.
The pulse profile has been characterised by an unbinned maximum-likelihood fit; see the solid black line
in Figures 2 and 3. In the fit, the pulses are modeled
with Gaussian functions, and the background is determined from the events that fall between phases 0.5
and 0.9 in the pulse profile (referred to as the off-pulse
region).
The positions of P1 and P2 in the VERITAS
data are thus determined to lie at the phase values
−0.0026 ± 0.0028 and 0.3978 ± 0.0020, respectively
and are shown by the vertical lines Figure 1. The
full widths at half maximum (FWHM) of the fitted
pulses are 0.0122 ± 0.0035 and 0.0267 ± 0.0052, respectively. The pulses are narrower than those measured by Fermi-LAT at 100 MeV by a factor of two to
three. The energy-dependent narrowing of the pulses
is a strong probe of the nature of the magnetospheric
particle acceleration region and can be used to shed
some light on its geometry, electric field, and gammaray emission properties. If gamma rays observed at
the same phase are emitted by particles that propagate along the same magnetic field line [11], then a
possible explanation of the observed narrowing is that
the region where acceleration occurs tapers towards
the neutron star. However, detailed calculations are
necessary to explain fully the observed pulse profile.

B.

Spectral differences between P1 and P2

Along with the observed differences in the pulse
width, the amplitude of P2 is larger than P1 in the
profile measured with VERITAS, in contrast to what
is observed at lower gamma-ray energies where P1
dominates (see Figure 1). It is known that the ratio of the pulse amplitudes changes as a function of
energy above 1 GeV [3] and becomes near unity for
the pulse profile integrated above 25 GeV [5].
In order to quantify the relative intensity of the two
peaks above 120 GeV, we integrate the excess between
phase −0.013 and 0.009 for P1 and between 0.375 and

0.421 for P2. This is the ±2 standard deviation interval of each pulse as determined from the maximumlikelihood fit. The significance of the excess in these
regions is 4.7 standard deviations for P1 and 7.9 standard deviations for P2. The ratio of the excess events
and thus the intensity ratio of P2/P1 is 2.4 ± 0.6. If
one assumes that the differential energy spectra of P1
and P2 above 25 GeV can each be described with a
power law, dN/dE ∝ E α , and that the intensity ratio
is exactly unity at 25 GeV [5], then the spectral index
α of P1 must be smaller than the spectral index of P2
by αP2 − αP1 = 0.56 ± 0.16.
C.

Phase-averaged spectrum

The gamma-ray spectrum above 100 GeV was measured by combining the signal regions around P1 and
P2 defined above. This can be considered a good
approximation of the phase-averaged spectrum since
no “bridge emission”, which is observed at lower energies, is seen between P1 and P2 in the VERITAS data. However, the existence of a flux component that originates in the magnetosphere and is
uniformly distributed in phase cannot be excluded
and would be indistinguishable from the gamma-ray
flux from the nebula. Figure 4 shows the VERITAS phase-averaged spectrum together with measurements made with Fermi-LAT and MAGIC. In the energy range between 100 GeV and 400 GeV measured
by VERITAS, the energy spectrum is well described
by a power law dN/dE = A × (E/150 GeV)α , with
A = (4.2 ± 0.6stat + 2.4syst − 1.4syst) × 10−11 TeV−1
cm−2 s−1 and α = −3.8±0.5stat ±0.2syst . The detection of pulsed gamma-ray emission between 200 GeV
and 400 GeV, the highest energy flux point, is only
possible if the emission region is at least 10 stellar
radii from the star’s surface [12].

D.

The spectral energy distribution between
100 MeV and 300 GeV

Combining the VERITAS data with the FermiLAT data we can place a stringent constraint on
the shape of the spectral turnover. The previously
favoured spectral shape of the Crab Pulsar above
1 GeV was an exponential cut-off dN/dE = A ×
(E/E0 )α exp(−E/EC ), which is a good parametrisation of the Fermi-LAT [3] and MAGIC [5] data. We
note that the Fermi-LAT and MAGIC data can be
equally well parametrised by a broken power law but
those data are not sufficient to distinguish significantly
between a broken power law and an exponential cutoff. The VERITAS data, on the other hand, clearly
favour a broken power law as a parametrisation of
the spectral shape. The fit of the VERITAS and
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FIG. 4: Spectral energy distribution (SED) of the Crab Pulsar in gamma rays. VERITAS flux measurements are shown
by the solid red circles, Fermi-LAT data [3] by green squares, and the MAGIC flux point [5] by the solid triangle. The
empty symbols are upper limits from CELESTE, MAGIC, and Whipple. The bow tie and the enclosed dotted line give
the statistical uncertainties and the best-fit power-law spectrum for the VERITAS data using a forward-folding method.
The result of a fit of the VERITAS and Fermi-LAT data with a broken power law is given by the solid line and the
result of a fit with a power-law spectrum multiplied with an exponential cut-off is given by the dashed line. Below the
SED we plot χ2 values to visualise the deviations of the best-fit parametrisation from the Fermi-LAT and VERITAS flux
measurements.

Fermi-LAT data with a broken power law of the form
A × (E/E0 )α /[1 + (E/E0 )α−β ] results in a χ2 value
of 13.5 for 15 degrees of freedom with the fit parameters A = (1.45 ± 0.15stat ) × 10−5 TeV−1 cm−2 s−1 ,
E0 = 4.0 ± 0.5stat GeV, α = −1.96 ± 0.02stat and
β = −3.52 ± 0.04stat (see solid black line in Figure 2).
A corresponding fit with a power law and an exponential cut-off yields a χ2 value of 66.8 for 16 degrees
of freedom. The fit probability of 3.6 × 10−8 derived
from the χ2 value excludes the exponential cut-off as
a viable parametrisation of the Crab Pulsar spectrum.
IV.

dius of curvature in units of the light-cylinder radius
[13]. Though ξ can be larger than one, only with an
extremely large radius of curvature would it be possible to produce gamma-ray emission above 100 GeV
with curvature radiation. It is, therefore, unlikely
that curvature radiation is the dominant production
mechanism of the observed gamma-ray emission above
100 GeV. Two possible interpretations are that either
the entire gamma-ray production is dominated by one
emission mechanism different from curvature radiation or that a second mechanism becomes dominant
above the spectral break energy.

DISCUSSION

The detection of pulsed gamma-ray emission above
100 GeV provides strong constraints on the gammaray radiation mechanisms and the location of the acceleration regions. For example, the shape of the spectrum above the break can not be attributed to curvature radiation because that would require an exponentially shaped cut-off. Assuming a balance between
acceleration gains and radiative losses by curvature
radiation, the break in the gamma-ray
√ spectrum is
expected to be at Ebr = 24 GeV η 3/4 ξ, where η is
the acceleration efficiency (η < 1) and ξ is the ra-
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The Fermi Flare Advocate (also known as Gamma-ray Sky Watcher, FA-GSW) service provides for a daily
quicklook analysis and review of the high-energy gamma-ray sky seen by the Fermi Gamma-ray Space Telescope.
The duty offers alerts for potentially new gamma-ray sources, interesting transients and relevant flares. A public
weekly digest containing the main highlights about the GeV gamma-ray sky is published in the web-based Fermi
Sky Blog. During the first 3 years of all-sky survey, more than 150 Astronomical Telegrams, several alerts to the
TeV Cherenkov telescopes, and targets of opportunity to Swift and other observatories have been distributed.
This increased the rate of simultaneous multi-frequency observing campaigns and the level of international
cooperation. Many gamma-ray flares from blazars (like the extraordinary outbursts of 3C 454.3, intense flares
of PKS 1510-089, 4C 21.35, PKS 1830-211, AO 0235+164, PKS 1502+106, 3C 279, 3C 273, PKS 1622-253),
short/long flux duty cycles, unidentified transients near the Galactic plane (like J0910-5041, J0109+6134, the
Galactic center region), flares associated to Galactic sources (like the Crab nebula, the nova V407 Cyg, the
microquasar Cyg X-3), emission of the quiet and active sun, were observed by Fermi and communicated by
FA-GSWs.

1. Introduction and scope of the FA-GSW
service
The Large Area Telescope (LAT), on board the
Fermi Gamma-ray Space Telescope Atwood et al.
[2009], is a pair-conversion γ-ray telescope, sensitive to
photon energies from about 20 MeV up to > 300 GeV.
The LAT consists of a tracker (two sections, front and
back), a calorimeter and an anti-coincidence system to
reject the charged-particle background. Fermi LAT,
working in all-sky survey mode, is an optimal hunter
for high-energy flares, transients and new gamma-ray
sources, and is an unprecedented monitor of the variable γ-ray sky, thanks to the large peak effective area,
wide field of view (≈ 2.4 sr), improved angular resolution and sensitivity.
This all-sky monitoring is complemented by the
Flare Advocate (a.k.a. Gamma-ray Sky Watcher, FAGSW) duty, a scientific service belonging to the LAT
Instrument Science Operations and devoted to quicklook inspection and daily review of the gamma-ray
sky observed by Fermi LAT, performed with continuity for all the year through weekly shifts.
The FA-GSW service points out basic facts and
information about the γ-ray sky of potential interest for the LAT internal science groups, through a
day-by-day inspection and review of the all-sky photon count maps collected and of the quicklook science
pipeline results. Summaries about the sky surveyed

Figure 1: The public weekly Fermi Sky Blog (web
address: fermisky.blogspot.com). ATels posted and
other information about the day by day γ-ray sources
detected above 100 MeV are summarized every week in
this web digest.

and monitored by Fermi LAT, transients, flaring and
new sources on six-hour and 1-day time intervals are
communicated along with any relevant news to the external multiwavelength (MW) astrophysical community using the LAT-MW mailing-list1 . Furthermore

1 Sign up for “gammamw” mailing list at address:
http://fermi.gsfc.nasa.gov/ssc/library/newsletter/
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Figure 2: Left inset panel: diagram of the main general blocks of the Fermi LAT data processing flow at ISOC (SLAC,
Stanford University). The final astrophysical science data (FT1 and FT2 fits files) are sent to the Fermi Science
Support Center (FSSC) of the NASA Goddard Space Flight Center for public distribution to the scientific community.
Main panel: block diagram of Fermi LAT data processing with final steps of duty services covered by members of the
LAT collaboration in evidence (L1, Data Quality Monitor, DQM, Flare Advocate Gamma-ray Sky Watcher FA-GSW,
weekly shifts). In particular the Automated Science Processing (ASP, Level 2 processing) is outlined with the links to
the GRB automatic analysis pipeline and to the FA-GSW duty activity.

Astronomer’s Telegrams (ATels)2 , automatic burst
GCNs and special GCNs for blazar flares are distributed in addiction to weekly summary reports in
the “Fermi sky Blog”3 (Fig. 1). Thanks to this service joined with the public distribution of LAT data
at the FSSC4 the Fermi LAT collaboration is therefore able to promote and increase the rate of multifrequency collaborations and observations, maximizing
the scientific return and rate of international scientific cooperation of the Fermi mission. First seeds for
variability and MW follow-up and studies are often
triggered by the FA-GSW activity (see the LAT MW
Coordinating Group5 and Thompson, D. J. [2009]).

(ASP). The ASP analysis pipeline running on the final astrophysical science data (photon event files FT1,
and spacecraft data files FT2 fits files) is composed of
several scientific tasks (Fig. 2, and Cameron [2007],
Chiang [2007]):
• automatic analysis of gamma-ray bursts (impulsive transients) through refinement of parameters for LAT-detected GRBs, detection and
characterization of GRBs not detected onboard,
search and analysis of delayed high-energy afterglow emission;
• flux history monitoring based on maximumlikelihood method (gtlike science tool) of prede-

2. ASP infrastructure
This activity is based on the automated quicklook
data analysis of Level 2 (L2) at the Fermi LAT Instrument Science Operation Center (ISOC) of SLACStanford (Fig. 2). L2 processing (instrument monitoring pipeline, background monitoring, and quick
look science analysis) is triggered by the first availability of Level 1 (L1) processed data and performed
on longer time intervals (six hour, 1 day and 1 week)
referred therefore as Automated Science Processing

2 Web

address: http://www.astronomerstelegram.org
address: http://fermisky.blogspot.com
4 Web address: http://fermi.gsfc.nasa.gov/ssc/
5 Web address: https://confluence.slac.stanford.edu/x/YQw
3 Web

Figure 3: The all-sky photon count map above 100 MeV
accumulated in one week of Fermi LAT survey. All-sky
maps like this and automatic quick-look source detections
are investigated on 1-day and 6-hour time intervals day
by day by Flare Advocates. 3 bright blazars of the week
are labeled (3C 454.3, PKS 1502+106, 3C 279).
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Table I The 159 ATels posted divided for topics.
ATel type
Num.
Total Fermi ATels (on blazars mostly)
159
Fermi on Galactic sources
18
Fermi on the Sun
3
Swift results on ToOs triggered by Fermi 18
Fermi-Swift joined results
1
Fermi-Integral joined results
1
Fermi-WEBT joined results
1
Fermi-HESS joined results
1

3

to ASP and provided by the ASI Science Data
Center (ASDC, Roma)6 .

3. Some results
The role and activity of the FA-GSWs is therefore
twofold.
• Gamma-ray Flare Advocate task.
Flaring
sources approaching a daily flux of 10−6 photons
cm−2 s−1 deserves attention (detection, localization, flux, photon index checked, photon counts
maps and exposure maps are outlooked). Internal/public notes, ATels, Target of Opportunity
(ToO) are submitted, MW observing campaigns
are organized when needed.

Figure 4: Distributions of the 159 Astronomical
Telegrams (ATels) published on behalf of the Fermi LAT
Collaboration from July 24, 2008 (ATel#1628) to August
24, 2011 (ATel#3580), i.e. in about 3 years of
Fermi all-sky survey mission.

fined list of sources (called Data Release Plan,
DRP, sources) with subsequent addictions of
publicly announced sources (like flaring blazars
subject of ATels);
• blind guess-detection on all-sky photon counts
maps accumulated in 6-hours, 1-day, 1-week
intervals, through a fast method based on
two-dimensional Mexican Hat wavelet transform, thresholding and sliding cell algorithms
[Ciprini et al. 2007];
• transient and flare identification based on variability test;

Figure 5: Simultaneous γ-ray and multifrequency light
curves of the newly discovered γ-ray blazar PKS
1502+106 obtained during the MW campaign triggered
by the outburst detected by Fermi LAT. Data reported
in the panels are from Fermi -LAT (flux above 100 MeV),
Swift-XRT (0.3-10keV flux), Swift-UVOT (six-band
optical-UV fluxes), Kanata-TRISPEC (optical-near-IR
differential magnitude ∆V and ∆J bands and linear
polarization), and OVRO 40m (15 GHz flux). Adapted
from Abdo et al. [2010b].

• interactive LAT source catalogs;
• Multi-mission/multifrequency
tools
and
archives (like the error circle explorer and
the spectral energy distribution builder) linked

6 Web

address: http://fermi.asdc.asi.it
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Figure 6: Light curves of V407 Cyg in γ-rays from the
Fermi-LAT (top), optical (middle), and X-rays from
Swift (bottom). Adapted from Abdo et al. [2010a].

of the Fermi LAT Collaboration from July 24, 2008
(ATel#1628) to August 24, 2011 (ATel#3580) are
illustrated. The average rate of published ATels is
about one per week/shift.
More in detail the substantial menu of discoveries
triggered by the FA-GSW service is: many flares from
γ-ray blazars (the extraordinary outbursts of 3C 454.3
Fig. 7 and Abdo et al. [2011] large flares of PKS 1510089, 4C 21.35, PKS 1830-211, AO 0235+164, PKS
1502+106, Fig. 5, 3C 279, 3C 273, PKS 1622-253, 3C
66A, etc.); short/long activity duty cycles of bright γray blazars; unidentified transients near the Galactic
plane (like J0910-5041, J0109+6134, Galactic center
region) or associated to Galactic sources (like the Crab
nebula, the nova V407 Cyg Fig. 6 and Abdo et al.
[2010a], the microquasar Cyg X-3, the binary star system 1FGL J1018.6-5856), intense MeV emission from
the quiet and active sun.
The all-sky variability monitor of Fermi and
the continuous day-by-day service performed by
FA-GSWs represents the liaison between the
Fermi LAT Collaboration and the MW astrophysical/astroparticle community, always invited to
observe Fermi LAT sources and to propose MW
collaborations.
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The F-GAMMA program is a coordinated effort to investigate the physics of Active Galactic Nuclei
(AGNs) via multi-frequency monitoring of Fermi blazars. The current study is concerned with the
broad-band radio spectra composed of measurement at ten frequencies between 2.64 and 142 GHz. It
is shown that any of the 78 sources studied can be classified in terms of their variability characteristics
in merely 5 types of variability. The first four types are dominated by spectral evolution and can
be reproduced by a simple two-component system made of the quiescent spectrum of a large scale
jet populated with a flaring event evolving according to [1]. The last type is characterized by an
achromatic change of the broad-band spectrum which must be attributed to a completely different
mechanism. Here are presented, the classification, the assumed physical system and the results of
simulations that have been conducted.
I.

II.

INTRODUCTION

Among the most evident characteristics of blazars
is the intense variability at all wavelengths. Studies of
the variability characteristics, preferably with simultaneous data, can shed light on the physics driving
the energy production and dissipation in these systems [e.g. 2, 3]. The F-GAMMA program [see 4–6] is
a coordinated effort to explore exactly this very possibility by monthly monitoring of Fermi blazars. FGAMMA is covering mostly the radio cm to sub-mm
bands primarily with the Effelsberg 100-m, the IRAM
30-m and the APEX 12-m telescopes (although optical telescopes are participating as well, Fuhrmann et
al. in prep.) for roughly 60 prominent blazars.
The cause for the variability itself has been long debated. The “shock-in-Jet” model suggested by [1], is
the most accepted one and attributes the variability
to shocks propagating down the jet. The basic assumption is that changes at the onset of the jet, (e.g.
changes in the injection rate, the magnetic field, bulk
Lorentz factor etc.) cause the formation of shocks,
which then suffer first Compton, then synchrotron and
finally Adiabatic losses. This is the main model prediction which is used in the following.

The observations discussed here have been conducted quasi-simultaneously with the Effelsberg 100m and the IRAM 30-m telescope (the combined spectra coherency time is a few days) within the FGAMMA program [4–6]. The 100-m telescope has
been observing between 2.64 and 43.05 GHz at 8 frequencies and the 30-m telescope at 86 and 142 GHz
(details in Fuhrmann et al. in prep., Nestoras et al.
in prep., Angelakis et al. in prep.). In the current
study only data collected until June 2011, have been
used.
The data reduction includes: (a) Pointing correction, (b) Elevation dependent gain correction, (c)
Atmospheric opacity correction, (d)Absolute calibration (sensitivity correction). The overall uncertainties
reached for the F-GAMMA program are of the order
of 0.5 - 5 % for Effelsberg and of the order of ≤ 10 %
for IRAM. More details can be found in [7] as well as
in Angelakis et al. (in prep.), Fuhrmann et al. (in
prep.) and Nestoras et al. (in prep.).

III.
A.

Here it is argued that (a) the variability patterns
can be classified in only 5 phenomenological types and
(b) the different phenomenological classes can be reproduced with a simple system composed of a quiescent spectrum populated by a flaring event evolving
according to the “shock-in-Jet” model.

OBSERVATIONS AND DATA
REDUCTION

ANALYSIS

Phenomenological Classification of the
Variability Patterns

The visual inspection of the examined sources reveals a plurality in spectral features as well as in the
variability pattern that different sources exhibit. Despite the apparent complexity it appears that any of
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FIG. 1: The prototypes of the 5 types and their sub-types.

the 78 sources studied here, can be classified in one
among only five phenomenological classes on the basis of its variability pattern, which are termed numerically from 1 to 5 (more details will be given by Angelakis et al. in prep.). Four of them show also sub-types
which however do not deserve a separate type and are
named after the main type followed by the letter “b”.
The prototype sources are shown in Figures 1(a)–1(i).
Their phenomenological characteristics, are:
Type 1: is clearly dominated by spectral evolution.
At an instant in time the spectrum appears convex
and its peak is drifting within the observing bandpass from high towards lower frequencies, covering a
significant area in the S −ν space. The convex component is smoothly changing towards an ultimate flat or
mildly steep power-law which is then followed by consequent events. There is no evidence for a stable steep
spectrum. The lowest frequencies in the bandpass are
remarkably variable indicating that the activity seizes
at frequencies much lower than the lowest in our bandpass. The prototype source is shown in Figure 1(a).
Type 1b: As a sub-class of the previous one, type 1b
shows similar characteristics except that the lowest
frequency does not show as intense variability. The
activity seizes around this part of the band-pass (see
Figure 1(b)).
Type 2: is also dominated by spectral evolution. The
basic characteristic of this case is the fact that the
flux density at the lowest frequency during the steepest spectrum phase is higher than that during the inverted spectrum phase. Moreover, the maximum flux

density reached by the flaring events is significantly
above that at the lowest frequency. This implies that
the observed steep spectrum is not a quiescent spectrum but rather the “echo” of an older, yet recent,
outburst. The prototype of this type is shown in Figure 1(c).
Type 3: Type 3, shown in Figure 1(d), is also dominated by spectral evolution. The identifying characteristics of this type are: (a) the fact that the lowest
frequency practically does not vary and, (b) the maximum flux density level reached by outbursts is comparable to that at the lowest band-pass frequency. This
phenomenology leaves hints that the events seize very
close to the lowest frequency of the band-pass and
hence a quiescent spectrum is becoming barely evident.
Type 3b: Type 3b, shown in Figure 1(e), is very similar to type 3. Here however the quiescent spectrum
is seen clearly at least at the 2 lowest frequencies.
Type 4: Sources of this type spend most of the time
as steep spectrum ones which are sometimes showing
an outburst of relatively low power propagating towards low frequencies. A representative case is shown
in Figure 1(f).
Type 4b: This type includes persistently steep spectrum cases as it is shown in Figure 1(g).
All previous classes, are clearly dominated by spectral evolution. There exists a class of sources for which
the variability happens self-similarly without signs of
spectral evolution. Those are grouped in a separate
type with two sub-types:

eConf C110509

425

3

2011 Fermi Symposium, Roma., May. 9-12
Type 5: In this case the spectrum is convex and follows an “achromatic” evolution. That is, it shifts its
position in the S − ν space preserving its shape. This
is shown clearly in Figure 1(h).
Type 5b: This type shows, in principle, characteristics similar to the previous one but there occurs a
mild yet noticeable shift of the peak (Sm , νm ) towards
lower frequencies as the peak flux density increases.
A characteristic case is shown in Figure 1(i).
This classification is done solely on the basis of
the phenomenological characteristics of the variability pattern shown by the radio spectra within a given
band-pass. As it is discussed in the next section, it
appears that all the phenomenology for types 1–4b
can be naturally explained with the same underlying
system observed under different circumstances.

B.

A Physical Interpretation of the Variability
Types 1 – 4b

The phenomenological types 1 – 4b discussed earlier
can be reproduced by the same simple two-component
system, made of: (a) A power-law quiescent spectrum attributed to the optically thin emission (largescale jet and recent flaring events) and (b) the convex
synchrotron self-absorbed spectrum of a current outburst superimposed on the quiescent part. The assumed configuration is presented in Figure 2 where
the shaded areas denote the observing band-pass.
The phenomenology shown there captures the system
(solid line) at an instant in time and the spectral shape
that would be observed depends on: (a) the position
of the shaded areas relative to the high and low frequency peak (i.e. the peak of the outburst) and (b)
the width of the band-pass relative to the width of
the bridge between the optically thick part of the outburst and the steep part of the quiescent spectrum.

FIG. 2: The assumed two-component system. The different variability types can
be reproduced with the appropriate modulation of the relative position and relative
broadness of the band-pass denoted by the
grey shaded areas.

C.

Reproducing the Observed Phenomenologies
1 – 4b

Following the hypothesis that all the observed
events are the reflection of the same process, namely
shocks evolving in jets seen with different frequency
band-passes at different evolutionary stages, the
shock-in-jet model [1, 8] has been applied to reproduce
their temporal evolution. The followed approach is
presented in [9] where the flaring event passes different
radiative evolutionary stages (Compton, Synchrotron
and Adiabatic stage). Simulations have been made for
a large fraction of the parameter space. In Figure 3
are presented only three cases of sources at z = 1.5
but of different luminosity. From these plots it is already clear that the assumed scenario can reproduce
most of the observed phenomenologies.

IV.

These two quantities can be modulated by the combination of (a) the redshift and (b) the source intrinsic properties. The redshift changes the relative position of the band-pass allowing a different part
of the spectrum to be sampled. The source intrinsic
properties imply that different sources show different
spectral characteristics (e.g. peak frequency of the
outburst, peak flux density excess of the outburst over
the quiescent spectrum, broadness of the valley etc.).
More importantly, the dynamical evolution of a flaring
event, is a function of the source intrinsic properties
and introduces a third parameter (c) the flare specific
properties which is determining the characteristics of
the variability pattern.
In order to examine whether the assumed model
can reproduce the observed phenomenologies, some
characteristic cases have been evaluated.

DISCUSSION

The variability patterns of the studied blazars can
be categorized in (a) spectral evolution dominated
cases and (b) self-similarly varying convex spectra
ones. This implies that there must exist two distinct
mechanisms causing variability. This refers to the
available baseline (roughly five years) meaning that
sources of type 5 and 5b could still show spectral evolution over longer time scales. An additional element
that points towards a different variability mechanism
is the persistency of the spectral shape, in the case of
type 5 and the fashion of change in the case of type 5b
which is not seen in cases of clear spectral evolution.
Of the 78 examined sources, 8 show achromatic
variability. The interesting characteristics is that the
cases that show a mild spectral evolution (type “5b”),
the turnover flux and frequency Sm and νm , are evolv-
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(a)powerful source at z = 1.5.

(b)medium source at z = 1.5.

(c)weak source at z = 1.5.

FIG. 3: Three characteristic cases of the system assumed for the reproduction of the phenomenologies of types 1–4b.

ing in an anti-correlated fashion (see e.g. Figure 1(i)).
Apart from the fact that all of them show the clear
presence of a large scale jet even at 2 cm (as it is shown
form the MOJAVE images Kellermann et al. 10) no
other peculiar property has been identified so far. Possible mechanisms that are examined to be producing
this variability include: opacity effects, changes in the
magnetic field structure, changes in the Doppler factors and geometrical effects.
None of the studied sources has shown a switch of
type over the baseline of the F-GAMMA program, neither between types of the same underlying mechanism
(i.e. 1–4b) nor between types with different underlying mechanism (i.e. types 1–4b and types 5, 5b). This
suggests that the mechanisms producing the variability is either a fingerprint of the source or the conditions that determine it change over longer time scales.
It would be essential to observe whether a source can
switch from achromatic to an evolution dominate type
or even further whether it exhibits periods of either
variability flavor. In any case, the persistency of the
evolution dominated types implies that the power deposited in each event for a certain source is not varying significantly from one event to the other. Further
investigations to investigate this statement are underway and will be presented elsewhere.
Concerning the evolution dominated case, it seems

that the [1] model provides a precise reproduction of
the observed phenomenology and most importantly,
over a range of intrinsic parameters covered by the FGAMMA sample. Studies to examine whether other
variability mechanisms can reproduce the observed
phenomenology (shapes, time scales etc.) are needed.
In any case, any successful model could be used for
reversing the process and be used for calculating physical parameters from the observed spectra.
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In cosmic-ray physics, large field of view experiments are triggered by a number of signals laying
on different angular scales: point-like and extended gamma-ray sources, diffuse emissions, as well
as large and intermediate scale cosmic-ray anisotropies. The separation of all these contributions
is crucial, mostly when they overlap with each other. Needlets are a form of spherical wavelets
that have recently drawn a lot of attention in the cosmological literature, especially in connection
with the analysis of CMB data. Needlets enjoy a number of important statistical and numerical
properties which suggest that they can be very effective in handling cosmic-ray and gamma-ray data
analysis. An application of needlets to astroparticle physics is shown here. In particular, light will
be thrown on how useful they might be for estimating background and foreground contributions.
Since such an estimation is expected to be optimal or nearly-optimal in a well-defined mathematical
sense, needlets turn out to be a powerful method for unbiased point-source detections. In this paper
needlets were applied to two distinct simulated datasets, for satellite and EAS array experiments,
both large field of view telescopes. Results will be compared to those achievable with standard
analysis tecniques in any of these cases.

Introduction

Over the last decades very high energy cosmic-ray
experiments made great headway in sensitivity and
duty-cycle, providing huge amounts of very high quality data. At the present time space telescopes are
operated with angular resolution as good as few tens
of arcminutes. Large field of view ground-based telescopes easily achieve 1 deg capability in reconstructing the primary arrival direction. Every day experimenters cope with problems like resolving sources
close to each other or separating them from diffuse
or extended back/foreground or enhancing the significance of the detection, as well as defining the shape of
extended sources or giving accurate estimation of directional anisotropies. For instance, ARGO-YBJ observed very intense localized excesses of cosmic rays,
10◦ − 30◦ wide [1]. The contribution of these regions
must be carefully considered when looking at gammaray sources nearby and viceversa. The Cygnus region
may present similar problems, because many known
gamma-ray sources are there within few degrees. The
case of crowded regions is quite common in satellite
experiments as sensitive as Fermi-LAT, mostly when
parts of the Galactic plane are considered (think of
the Vela region or the Galctic center).
In the framework of the standard analysis techniques, if the density in a certain direction on the
sphere is considered as it is, no information can be
obtained about the angular scales which the signal
comes from in that point. To get exactly such information, the harmonic expansion can be used, but in
this case no localization in the real space can be obtained anymore. A very good tradeoff is represented
by the wavelet expansion, where the exactness of the
harmonic expansion is given up in favour of the possibility of having good localization properties in real

and harmonic domain at the same time. This is the
reason why a growing interest has been devoted in
the last five years to the application in a cosmological environment of a new form of spherical wavelets,
called needlets. Needlets were introduced in the mathematical literature by [2], see also [3] for extensions
and generalizations; several applications to Cosmic
Microwave Background data data have also been implemented: see for instance [4, 5]. More recently, a
few papers have focussed on the use of needlets to develop estimators within the thresholding paradigm, in
the framework of directional data, which provide the
mathematical formalism for cosmic rays experiments
[6].
In this paper, we shall first review briefly the main
features of needlets and the explain how their properties make them a very promising tool for cosmic rays
data analysis. To point out how effective they may
be either for satellite or ground experiments, needlets
are applied here to two distinct simulated datasets,
which reproduce the data acquisition of Fermi-LAT
and ARGO-YBJ. The second section is then aimed
at describing the simulation. Afterwards, we present
applications of needlet procedures on the simulated
dataset. A final section summarizes results and discusses perspectives for further research.

I.

NEEDLETS CONSTRUCTION AND MAIN
PROPERTIES

Needlets enjoy quite a few important properties
that make them very suitable for spherical data analysis. Indeed, needlets do not rely on any tangent plane
approximation and they are perfectly adapted to standard packages; their main property is the capability
of unfolding directional data in the harmonic space,
so that every order j of needlets contains power only
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from within a certain range in the l space. In the
real space for any fixed angular distance the tail of
the needlets decay faster than any polynomial, i.e.
quasi-exponentially as the frequency increases. It is
worth noticing that for needlets the exact reconstruction property holds, i.e. back-transform exists giving
the input signal within numerical accuracy.
We do not give details about needlets construction
here (on this purpose, see [2, 7]). Nonetheless, we recall that the needlet idea has been extended by Geller
and Mayeli [3] with the construction of so called Mexican needlets, see also [5] for numerical analysis and
implementation in a cosmological framework. Mexican needlets have localization properties in real space
even better than standard needlets, that is why they
were applied to get the results presented here.
Numerical codes have been developed by the author
to compute the needlet estimators βbjk for any sky map
containing density information. Some other codes are
publicly available [8] and results reported here have
been suitably cross-checked. The index j refers to the
needlet order, while k runs along the pixels into which
the sphere has been discretized (the Healpix package
is used here [9], with the “ring” numbering scheme).
When the needlet transform is numerically computed, three parameters are important, i.e. j0 (the
first order computed) and nj (how many needlet orders are computed) and B > 1 which is a number used
to pass from the j-th order to the (j + 1)-th. A golden
rule to be used is that the order j contains power
mostly from multipoles in the range [B j−1 , B j+1 ][15].
If mexican needlets are used, one more parameter is
important, p, which describes how fast needlets go to
zero in the harmonic space.
We shall now consider the analysis of data from cosmic rays observatories, following classical approaches
to wavelet-based density estimation. An idea that we
shall pursue is to implement thresholding estimates,
as discussed for instance by [6]. More precisely, we
can consider the nonlinear estimate fbn∗ (x) obtained
by suitably weighting the needlet coefficients in the
back-transform. The weight function wjk (βbjk ) is some
nonlinear function that “shrinks” beta towards zero.
Such estimates can be shown to be robust and nearly
optimal over a wide class of density functions and different loss functions, i.e. figures of merit by which to
measure when the estimate is ”close” to the density
to be estimated.
Hereafter, we will name source-map the sky-map as
it comes from the experiment; beta-maps those containing the coefficient estimators βbjk ; reconstructed
maps or back-transformed maps, those obtained after
the application of the inverse needlet transform.

II.

NEEDLET ORDERS AND ANGULAR
SCALES

As for any mathematical transform, the effectiveness of needlets lies in the chances that they offer
to the analyst when handling data in the transform
space. In this sense, it is crucial to understand how
certain given signals are represented in the transform
space. Even more, in which part of the transform
space the highest power of the signal is saved. On this
purpose, the golden rule outlined in the previous section is an important basic tool. More in detail, many
figures of merit can be defined to characterize the performance of the needlet transform, mostly looking at
the reconstructed signal. Just to give an example, we
introduce here two quantities which can be evaluated
for simulated signal from point-like sources:
• ρr = NrR /NrS , where r is a certain angular distance from the source and R and S stand for “reconstructed” and “sampled” respectively. ρr is
the ratio of the number of events reconstructed
within r from the source to the number of events
sampled in the same region;
q

Pnr  R
S
S 2 /n , where
• hδr i =
r
i=1 (Ni − Ni )/Ni
the bin index i takes values [1, nr ] corresponding to angular distances from the source (0, r).
NiR and NiS indicate the number of events in
the ith bin for the “reconstructed” and “sampled” map respectively. hδr i is the square root
of the χ2 of the reconstructed radial distribution
to the sampled one, after normalizing it to the
bin number. Smaller hδr i, higher the confidence
that not only the integral, but also the shape
of the reconstructed signal reproduces well the
sampled one.
To properly characterize the method, we computed
ρr and hδr i for many combinations of parameters
(B, j0 , nj ), for both standard and Mexican needlet,
as well as for many source extensions and intensities.
Many detector point spread functions (PSFs) were accounted for, too.
By way of example, figure 1 reports schematic views
of ρr and hδr i as functions of j0 and nj . To realize it,
we simulated a source emitting 106 events, assuming
a gaussian PSF with σ = 1◦ and applied the Mexican
needlet transform (B = 1.6, p = 1, j0 = 1, nj = 15).
To oversimplify the example, no fore/background contributions are superimposed. The radius chosen to
evaluate ρ and hδi was r = 3σ and no background contribution is taken in consideration. For both plots, the
first order used to reconstruct the signal is represented
on the horizontal axis, while the vertical axis number
of orders used. The color scale represents the values
of ρ3σ and hδ3σ i. For instance, bins (5, 6) contain the
values of ρ3σ and hδ3σ i obtained from the map reconstructed with needlet orders 5 → 10. What is easy
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tecarlo simulation. Results reported in the section V
are obtained in this way.
Simulation is the main way, but not the only one.
If what the experimenter considers noise [16] is uniformly distributed in the sky region under consideration, then the βbjk average and r.m.s. of may be estimated in a small peripheral corner. This technique
has the advantage to estimate the background directly
from data, but values obtained are the same for all
pixels considered. Results reported in the section V
are obtained in this way.
2
Once the variances σjk
= h(βbjk − hβbjk i)2 i are obtained, they can be used to evaluate the significance
of the observed signal in the beta-space, i.e. to implement the detection procedure directly in the real
space.

2
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IV.

0

14

j0

FIG. 1: Representation of the reconstruction properties of
the Mexican needlet transform. Upper plot: ρ3σ . Lower
plot: hδ3σ i. See text for definition and details.

noticing is that the two plot are somehow conjugate.
Where the ratio ρ3σ is close to 1, the error hδ3σ i is
close to 0 and viceversa. It happens in the top-left
part of the schemes, representing cases where almost
all the beta-maps computed in the transform are used
in the reconstruction. Nonetheless a very good reconstruction can be obtained also with less expensive
choices: e.g. if orders 5 − 11 are used, more than 95%
of events will be part of the reconstruction and the
signal shape will be good too, because the error is less
than 5%.

III.

THRESHOLDING

For the most part, analysis coincides with selecting only those βbjk which are above a certain threshold (thresholding). Such threshold can be defined on
the basis of local criteria (e.g. pixels are kept only
that are within ψ from the considered region, block
thresholding), as well as statistical hypotheses. For in2
stance, the variance-maps σjk
, however estimated, can
be used as term of comparison, to get rid of the nonsignificant coefficients. We define here a soft thresholding technique whose results will be presented in the
next sections. Let us introduce the weight functions
!
bjk /σjk − T
1
β
wjk (βbjk ) =
1 + tanh
2
L

where T is a certain threshold, passing which the
weight function goes from 0 to 1. The L parameter is
related to the width of the transition region.

β-MAPS AND SIGNIFICANCE
ESTIMATION
V.

To fully exploit the potential of needlets, analysis can be carried out in the beta space, i.e. handling beta-maps. Selections and operations can be
made there, after which data may be backtansformed
if needed. As often in the real space the analysis is performed on the basis of what the experimenter expects
in case the signal is not there (null detection hypothesis), all the same knowing how beta-maps would look
like in absence of signal is essential.
If there exists a reliable way of simulating how the
sky would appear without the signal under study, an
estimation of the average and the r.m.s. of the βbjk
is easily achievable, what can be used as reference in
managing the data in the beta space. This method
gives an ad-hoc estimation for every pixel, although it
inherits all the systematic uncertainties from the Mon-

ARGO-YBJ AND FERMI-LAT
SIMULATION

The first application of needlets to real high energy astrophysics occurred for the ARGO-YBJ experiment [10]. ARGO-YBJ is an air shower array able
to detect the cosmic radiation at an energy threshold of a few hundred GeV. Here we reproduce the
analysis reported there, by simulating data from three
years of data acquisition of the ARGO-YBJ detector.
The trigger rate, the duty-cycle, the field of view and
the angular resolution have been suitably reproduced.
Charged cosmic rays have been simulated isotropically, according to what reported in [11]; intermediate
scale anisotropies have been added according to [1].
As far as TeV gamma-ray sources are concerned, the
Crab nebula, Mrk421, Mrk501, MGRO1908 and the
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Cygnus region were included in respect of the average spectra reported in the literature. No large scale
anisotropies is there.
To give an idea of what the method might obtain if
applied to satellite-borne experiments, needlets have
been applied also on a simulation of 1 year of data
taking of Fermi-LAT. All 1451 sources present in the
1FGL catalogue have been simulated. The galactic
diffuse emission has been simulated using a Fermi
collaboration template[17] and the extragalactic diffuse emission has been sampled with spectral index
-2.4. Neither electrons or albedo photons have been
accounted for.
There is some oversimplification in neglecting the
detector response function, as well as in considering
the exposure to be uniform all over the sky. No deep
study of denoising properties have been performed yet,
then this work has to be considered as preliminary
with respect to other similar wavelet applications to
cosmic ray physics (see for instance [13]).

VI.

RESULTS FOR THE ARGO-YBJ
SIMULATION

The figure 2 represents the beta-map obtained for
the ARGO-YBJ simulated map, order 5. As we expect
from the corresponding angular scale ((1.6)5 ∼ 17◦ ),
intermediate scale anisotropies [1] are well visible.

FIG. 2: Beta-map from the simulated ARGO-YBJ sky.
Mexican needlet transformation with B = 1.6, p = 1,
j = 5. The color scale indicates the intensity of the beta
coefficients. Mollweide projection, equatorial coordinates.
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FIG. 3: Significance distribution of the pixels of the 9th
order beta-map from the simulated ARGO-YBJ sky.

a background random copy (background subtracted).
The fit results are µ = −0.0005 ± 0.0011 and σ =
1.0014 ± 0.0021, as it should be (χ2 /d.o.f. = 38.9/37).
The distribution of the signal map significantly deviates from the gaussian trend. The contribution of the
sources is well visible from 3.5 up to 10 s.d. There is
also a small excess below −3 s.d., whose origin is due
to the shape of the needlet function.
As anticipated in the previous sections, this method
allows to estimate the significance of every excess directly in the β space, with no need of signal-smoothing
or averaging. Moreover, it must be recalled that a
given signal may be there in two or more j orders
and that the significance estimated here refers to the
single-order.
Finally it comes an example of application of the
“soft thresholding” method. We set T = 3 and
L = 0.2 for orders j = 5 − 11[18] of the Mexican
needlet transform (B = 1.6 and p = 1), then got
the reconstructed map. These choices are optimized
for point-like sources. A zoom of the result around
the Crab nebula is given in figure 4. The source is
well visible and no fluctuations typical of images from
EAS arrays are there. The number of events reconstructed within 5◦ from the nominal source position is
(114 ± 3)103, to be compared with that obtained from
standard analysis techniques (e.g. [14]) (116 ± 2)103
and that simulated 115234.
VII.

To evaluate the significance of the signal with
respect to the estimated background, we used an
independent background estimation Bk as mean
map and sampled 1000 random background copies
Bki , i = 1, . . . , 1000; every map has been needlet2
transformed to compute the variance σjk
These maps
were directly used to calculate the significance of the
content of the k th bin in the j th beta-map: βjk /σjk .
For instance, the figure 3 shows the distribution of
β9k /σ9k . The curve represents the gaussian fit to the
βb9k /σ9k distribution, where β̂9k is the transform of

-4

RESULTS FOR THE FERMI-LAT
SIMULATION

The figure 5 reports two examples of needlet analysis applied to the Fermi-LAT simulation aforementioned. Mexican needlet transform has been applied,
with B = 1.6, j0 = 0 and nj = 16; p = 1 as usual.
If we group the beta-maps in low and high multipole
contributions, j = 1−7 and j = 8−15 respectively, figures 5(a) and 5(b) are obtained. The former sky map
shows the diffuse emission along the galactic plane, as
well as extended contributions from the most powerful
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FIG. 4: Signal of the Crab region reconstructed with the
Mexican needlet technique. Parameters of the transform:
B = 1.6, p = 1, j = 5 − 11, soft thresholding [3.0, 0.2]

point sources (Cygnus region, Vela, Crab). Therefore,
needlets reveal themselves as a promising tool for investigating diffuse emissions too, treating point-like
sources as noise. On the other hand, in figure 5(b)

these sources are well visible, together with some noise
at high angular frequencies, to be got rid of via thresholding algorithms (see ahead). What is most noticeable is that no trace of diffuce emission around the
galactic plane is left: aside the point sources within
b = ±5◦ no events lay in the reconstructed map.
To finish with, we report here one more application
of the soft thresholding algorithm. It has been applied to retrieve sources in the Cygnus region, which
is known to have quite a complex morphology. The
figure 6(a) reports all events that have been simulated
therein: diffuse contributions and point sources. The
beta-maps have been filtered estimating the average
and the r.m.s. in a corner of the region under consideration (see the caption for details). The figure 6(b)
reports the backtransform map realized with orders
j = 9 − 14 after threholding with T = 5 and L = 0.2.
It can be appreciate how the sources appear to be well
separated from each other and very few residual noise
events remain. On the other hand, the figure 6(c)
reports the sources as they were pre-set in the simulation (i.e. without the diffuse background). Although
caution is opportune because of the strong oversimplification of the analysis, the comparison of this figure
to the previous one is a strong indication of how powerful the needlet approach might be in resolving point
sources in crowded regions.
VIII.

(a)

CONCLUSIONS AND PERSPECTIVES

Recently, needlets drew the attention of the scientific community for their important applications in
data-analysis of cosmological data as a new form of
spherical wavelets. We presented here some applications of the needlet transform to high energy cosmic ray physics, showing the very good properties
of localization.The needlet transform is sensitive in
the whole harmonic domain, provided that enough
orders of needlets are computed. In particular, the
application to a simulation of the ARGO-YBJ and
the Fermi-LAT data-sets found again the well-known
intermediate scale anisotropy at low orders and the
point gamma-ray sources at higher orders, thus showing the possiblity of decting sources directly in the
needlet space. The significance of the beta-maps is
carried out quite easily if the background distribution is known and the variance of the beta coefficients
may be used to threshold the signal in the beta space,
which turned out to be a very promising technique.

(b)

FIG. 5: Mexican needlet backtransform of the Fermi-LAT
simulated dataset. Parameters of the transform: B = 1.6,
p = 1. (a): used j = 1 − 7. (b): used j = 8 − 15. The
color scales indicate the number of events reconstructed in
each map (scale expanded in (a)). Mollweide projections.
Galactic coordinates.
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FIG. 6: Mexican needlet application to the Cygnus region in the simulated Fermi-LAT sky map. (a): all events
simulated (point sources plus diffuse emission). (b): backtransform map (used j = 9 − 14, block thresholding in
(ra.,de.)= (299.5◦ , 39.0◦ ), radius 2◦ ). (c): pre-set sources.
The color scales indicate the number of events. Mollweide
projections. Galactic coordinates.
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We investigate the feasibility of implementing a system that will coordinate ground-based optical telescopes to
cover the Fermi GBM Error Circle (EC). The aim of the system is to localize GBM detected GRBs and facilitate
multi-wavelength follow-up from space and ground. This system will optimize the observing locations in the
GBM EC based on individual telescope location, Field of View (FoV) and sensitivity. The proposed system will
coordinate GBM EC scanning by professional as well as amateur astronomers around the world. The results of
a Monte Carlo simulation to investigate the feasibility of the project are presented.

1. Introduction
Gamma-ray bursts (GRB) are bursts of gammarays that arguably signal the birth of a black hole
somewhere in the universe. Based on the duration
and spectrum, two classes of bursts have been observed [Kouveliotou et al. 1993]: those that last less
than two seconds and have on the average hard spectra
(short GRBs), and those that last longer than two seconds and are spectrally softer (long GRBs). The exact
nature of the GRB progenitors is unknown, although
it is possible that long GRBs come from the collapse
of massive, rapidly rotating stars [Woosley et al. 2006,
Woosley & Bloom 2006] and short GRBs result from
the merger of compact objects [Eichler et al. 1989,
Narayan et al. 1992]. Regardless of the progenitor
system, accretion onto the resulting compact object is
thought to create a highly relativistic jet. The prompt
gamma-ray emission from the GRBs may arises from
the internal shocks due to collisions of faster shells
with slower ones ejected earlier by the central engine. The subsequent softer multi-wavelength emission, referred to as the afterglow, may be due to the
collision of the fireball with the extra-stellar material [Piran et al. 1999, Rees & Meszaros 1994].
Our understanding of GRBs progressed very rapidly
after the detection of multi-wavelength afterglows.
Well localized, favorably positioned GRBs get fairly
good multi-wavelength afterglow coverage. Currently,
the leading GRB afterglow detection mission is Swif t
which detects 90–100 GRBs annually. Most of the
Swif t GRBs get observed by various instruments
around the world because of its rapid arc-minute localization capability. Compared to Swif t, F ermi
Gamma-ray Burst Monitor (GBM) detects about 250
burst per year but with poor localization. The Error Circle (EC) of F ermi GBM detected bursts is

too large for a single telescope to observe effectively.
The typical statistical uncertainty of the GBM burst
location is about 3.3 degrees. However, when combined with the systematic uncertainty of 3.8 degrees [Briggs et al. 2009], the total burst location uncertainty is ∼ 5.0 degrees (i.e., 5.0 degree error radius).
Naturally, a brighter burst will have a smaller GBM
EC than a weaker burst.
Even though the localization is poor, GBM detected
bursts have very good timing and spectral information including crucial Epeak measurements (Epeak is
the peak energy of the GRB νFν spectrum). If there
is a method to localize GBM detected GRBs to a few
arc-seconds uncertainty, then large telescopes can do
deeper follow–up observations to determine the redshift of the burst and also potentially identify any
emerging supernova. In addition, Swif t can also slew
quickly to the GBM burst in order to observe the Xray afterglow and obtain its light curve in X-ray wavelengths.
Based on Swif t observations about ∼ 60% of GRBs
have optical counterparts [Gehrels et al. 2009]. These
optical counterparts are detected by various observatories with R magnitudes ranging from 14 to 22 within
few hours after the burst [Fiore et al. 2007]. Thus, it
is reasonable to assume about 60% of the GBM detected GRBs also have optical counterparts with similar brightness distribution. If we were able to cover
the entire GBM EC within about 24 hours after the
burst it is conceivable that we would be able to find
optical afterglows of ∼150 GRBs per year, which is
more than the total number of burst Swif t detects
per year.
Due to the small energy range (15-150 keV) of the
Swif t Burst Alert Telescope (BAT), Swif t measurements alone cannot constrain the Epeak of all BAT detected bursts [Sakamoto et al. 2009]. In contrast, due
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to the wide energy range (8 keV - 40 MeV) of GBM,
all GRBs detected by GBM have fairly good Epeak
measurements. Hence, addition of possibly another
∼100 bursts per year with good Epeak and redshift
measurements may allow us to explore the validity of
various GRB luminosity relations and to conduct detailed GRB Hubble diagram studies.
We have investigated the feasibility of using a
system to do coordinated monitoring of the BAT
field-of-view (FoV) for prompt optical emission from
GRBs [Ukwatta et al. 2011]. The study showed that
with the current instrumentation, performing such a
coordinated monitoring is not practical mainly due to
the BAT’s very large FoV. However, a similar coordinated observing campaign can be used to find the
optical afterglow of GBM detected bursts. The GBM
EC is much smaller than the BAT FoV and observers
do not need to continuously monitor the field to detect
the optical afterglow. This enables a given observatory to perform multiple observations inside the GBM
EC and thereby increase the chance of a afterglow detection.
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Figure 1: The number of localized bursts as a function of
the FoV for 25 participating telescopes. Various curves
corresponds to different number of observations (or
number of patches) a given telescope can perform.
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1. The project will significantly enhance the value
of GBM as a GRB discovery instrument.
2. Potentially increase the number of burst with
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The basic proposal is to design a system to facilitate scanning of the GBM EC for optical emission
from GRB afterglows. This observing program will
be specially aimed at amateur astronomers around
the world. Proliferation of amateur telescopes with
high quality CCD cameras has opened a new avenue to study optical emission from GRBs. The basic objective of the system is to coordinate a significant number of ground based telescopes to scan different patches of the GBM EC in order to find the
location of the optical afterglow. Unlike the GCN
system [Barthelmy et al. 1998] which sends notices
to large number of recipients, this system will send
customized targeted messages to individual registered
telescopes. These individual messages will be sent via
email or socket connections and they will have one or
more assigned pointing locations for each telescope.
The target telescopes can be either robotic or nonrobotic. The selection of various patches in the GBM
EC will be done based on the number of available telescopes, individual telescopes’ physical location, Field
of View (FoV) and sensitivity. It is also reasonable
to assume that these telescopes can observe multiple patches of the GBM EC, which will increase the
chances of detection significantly.
Some of the important impacts of the proposed
project are:
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Figure 2: The number of localized bursts as a function of
number of participating telescopes in the program
assuming each telescope can observe 20 patches.

good timing, spectral and redshift measurements.
3. The project will allow and attract the participation of amateur astronomers and their telescopes.
In order to investigate the feasibility of the project,
we performed a Monte Carlo simulation to study the
probability of detection of optical afterglows from
F ermi GBM GRBs. We assumed that GBM detects
about 150 GRBs with optical afterglows (total rate
is 250 per year) per year distributed isotropically in
the sky and throughout the year. We have distributed
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telescopes in such a way that they roughly trace the
major cities in the world. Then for each burst we
tracked the path of the Sun and selected a set of telescopes away from the Sun and within few hours from
the burst location to scan the GBM EC. We also calculated the illuminated fraction of the Moon’s disk
(fmoon ) at the time of each burst. The probability, P ,
of finding a GRB was estimated by
P = 1 − (1 − p)n .

(1)

Here n is the total number of independent attempts
to observe, with probability of success, p. In this case
n is equal to the product of number of available telescopes and number of patches each telescope can observe. We calculated the probability of success, i.e.,
the probability of detecting a given burst afterglow
per observation using the following equation.
p=

Tel. FoV Solid Angle
×(1.0−fmoon)×68%. (2)
GBM EC Solid Angle

Note that typically the one σ GBM EC is 10.00 ×10.00.
We repeated this procedure for every simulated burst,
while changing the total number of telescopes participating in the program, the FoV of telescopes, and
total number of patches a given telescope can cover.
The results of our simulation are shown in Figure 1
and Figure 2. For these particular simulations we have
assumed that all the telescopes have the same FoV
and all telescopes can cover some constant number of
patches in the GBM EC. Furthermore, we assumed
that these telescopes will be able to observe assigned
sky patches within a few hours after the burst. Hence,
in the simulation we used only telescopes which are
within a few hours (∼ 6 hours) of the burst location.
The number of participating telescopes in the observing program was varied from 20 to 100.
Figure 1 shows the number of localized bursts (P ×
Total Number of Bursts) as a function of the FoV of
participating telescopes. Here we have fixed the number of participating telescopes to 25. Various curves
correspond to different number of patches that each
telescopes can observe. Figure 2 shows the number of
localized bursts as a function of number of participating telescopes in the program assuming that each telescope can observe 20 patches. The six curves shown in
the plot correspond to various field of views. According to the simulation, with 60 telescopes participating
it is possible to detect about 40 GRB optical afterglows per year using telescopes with FoV of 0.60 ×0.60 .
This value is close to the value of a typical FoV of an
amateur telescope. It is also interesting to note that
if we have about 10 telescopes participating with FoV
of 1.00 × 1.00 , then it is possible to detect about 25
GRB afterglows per year. In order to put these values
into perspective we point out that thus far, no one has
managed to observe optical afterglow of a GRB based
only on a GBM localization (the GBM has been detecting GRBs for more than three years).

It is also worth noting that not all the GBM locations will have a statistical error of 3.3 degrees. About
a third of the GRBs will have a statistical error less
than this value. About 10% will have error of 1 degree
or less. In such cases the GBM EC radius will be less
than 5 degrees and may be as small as 4 degrees. Obviously, for those cases we have a much higher chance
of detecting the afterglow.
A schematic block diagram of a potential software
system is shown in the Figure 3. The system has two
components: 1) a Scheduling System that will assign
various observing patches to participating telescopes,
and 2) a Online System that will let observers to upload their images and search for candidate transients.
The algorithms in the Scheduling System will check
the GBM EC observability of each participating telescope and assign them to different parts of the GBM
EC. In doing this the algorithm will consider individual telescopes’ FoV, sensitivity and local weather conditions. In addition, it will also assign more than one
patch for each astronomer. On average an amateur astronomer may receive about 40 notices per year. The
exposure time for each patch depends on many factors
such as aperture, seeing, type of CCD camera etc and
typically may vary from 1 to 30 mins. The probability of success depends on the telescope configuration
(FoV, sensitivity), local weather and sky conditions,
and the number of patches observed. However, every amateur observer who submits an observation to
the system will get credit for their effort by being a
co-author of the subsequent GCN notice that results
from a successful detection.
The Online System is envisioned to have a web interface where the participants can submit their observations. It will also have online tools that will compare
the submitted observations with existing catalogs and
search for the optical afterglow of the GRB. If one of
the observations has a positive detection then the system will initiate a follow– up observation to establish
whether the candidate source is fading. If the candidate is found to be fading (telltale signature of a GRB
afterglow) then the magnitudes of the two images will
be determined and a GCN circular will be sent.

3. Summary and Conclusions
We investigate the feasibility of implementing a
system that will coordinate ground based telescopes
(both amateur and professional) to scan the GBM EC
in order to localize GBM bursts. Unlike the GCN system, proposed system will send individual customized
messages to telescopes to observe certain patches in
the GBM EC. The scientific objective of the system
is by localizing GBM detected burst, we will be able
to increase the number of GBM bursts with mutilwavelength followups potentially with redshifts measurements. These measurements are scientifically very
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Figure 3: Schematic block diagram of a potential system to localize GRB bursts.

important because there are hints that GBM bursts
may represent significantly different burst population.
Based on our simulation, we can detect about 25
GRB afterglows per year using just 10 telescopes with
1.00 × 1.00 field-of-view. With more telescopes participating in the program, we should be able to detect
many more afterglows and study a potentially interesting burst population that is currently inaccessible
to the GRB community.
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Origin of extragalactic γ-ray background (EGRB) is still a matter of debate. EGRB can either have truly
diffuse or unresolved discrete point sources origin. Majority of the Fermi and EGRET detected identified
sources are blazar. So, they are expected to be a significant contributors to the EGRB. In order to estimate
their contribution to the EGRB one needs to construct their luminosity functions. Here, we examine and
construct the evolution and luminosity function of blazars using first LAT AGN catalog. We consider both pure
luminosity and pure density evolution models for flat spectrum radio quasars (FSRQs). We also describe the
methodology to estimate the contribution from misaligned blazars to the EGRB.

1. Introduction
Observational γ-ray astronomy got a massive boost
after the launch of the Fermi Gamma-ray Space Telescope (Fermi) on 11th June, 2008. The Large Area
Telescope (LAT) onboard Fermi provides an increase
in sensitivity by more than an order of magnitude over
EGRET and AGILE.
The origin of extragalactic γ-ray background
(EGRB) is one of the fundamental unsolved problem in astrophysics. EGRB can arise from some diffuse processes like black hole evaporation, large scale
structure formation, matter-antimatter annihilation,
etc (e.g., [1, 2, 3]). Alternatively, due to the limited
instrument sensitivity, unresolved γ-ray sources could
contribute significantly to the observed EGRB.
Recently, the EGRB has been rederived from Fermi
Large Area Telescope (LAT) data [4]. EGRB is consistent with a featureless power law of index (2.41±0.05).
The integrated flux above 100 MeV is (1.03 ± 0.17) ×
10−5 photon cm−2 s−1 sr−1 .
Fermi already detected ∼ 1500 sources in 11 months
of observation (First Fermi catalog; [5]) and is expected to detect many more. In contrast to the less
than 100 active galactic nuclei (AGNs) in the EGRET
catalog, the first Fermi-LAT AGN catalog [6] consist of ∼ 600 blazars. Fermi also detected 11 nonblazar AGN [7], three normal (M 31, LMC and Milky
Way) and two starburst galaxies (M 82 and NGC 253).
Thus, Fermi provides an excellent opportunity to understand the origin of EGRB.
Since the dominant class of identified EGRET and
Fermi sources are blazars, they are expected to con-

tribute to the EGRB. The contribution from blazars
to the EGRB is estimated using two different approaches:
(a) Considering a relationship between the blazar γray luminosity with their luminosity at some other
wavelength, their γ-ray luminosity function is assumed to be the scaled luminosity function at that
wavelength (e.g., [8, 9, 10, 11, 12, 13, 14, 15, 16]).
(b) Constructing the γ-ray luminosity function directly from observed γ-ray blazars (e.g., [17, 18, 19,
20]).
In an earlier work [17, 18] following a similar approach of Chiang & Mukherjee [19] but with almost
twice the number of sources, we constructed the γ-ray
luminosity functions of flat spectrum radio quasars
(FSRQs) and BL Lacs from EGRET-detected sources
only. We found strong positive evolution for FSRQs,
while BL Lacs did not show any significant evolution. The maximum contribution from blazars to
EGRB was found to be ∼ 20%. However, due to
the limited number of sources in the EGRET catalog,
the luminosity function and hence, the contribution
from blazars was not well constrained. Mücke & Pohl
[21] estimated the contribution from FSRQs and BL
Lacs to the EGRB in the context of AGN unification
paradigm, and found that unresolved blazars (both
“aligned” and “misaligned”) contribute 20% − 40%
to the EGRB. In a similar approach, Dermer [22]
estimated that FSRQs and BL Lacs contribute ∼
10% − 15% and 2% − 3% at 1 GeV respectively. From
the first three months of Fermi observation, Abdo
et al. [23] found that FSRQs exhibit strong evolution while BL Lacs show no evolution. Using the 1st
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2. Evolution of blazars
We study the luminosity evolution of blazars by
considering a sample that consists of sources from first
LAT AGN catalog having 5σ or above detection significance with γ-ray flux (E > 100 MeV) > 5 × 10−8
ph cm−2 s−1 . Abdo et al. [24] showed that FermiLAT detects spectrally hard sources at flux level generally fainter than those of soft sources. They showed
that the LAT sample (including all sources) is complete above 7 × 10−8 ph cm−2 s−1 (Figure 1 of Abdo
et al. [24]). However, the maximum photon index
for blazars is 2.98, much lower than the maximum
photon index of all sources of 1st Fermi catalog, and
from figure 1 of Abdo et al. [24], one can see that the
blazar sample is complete to a flux below 7 × 10−8
ph cm−2 s−1 . As a secondary check to the completeness of our sample above 5 × 10−8 ph cm−2 s−1 , we
performed the < V /Vmax > test of this sample and
obtained < V /Vmax > that matches within 1σ of a
sample of limiting flux 7×10−8 ph cm−2 s−1 . Our sample consists of 118 FSRQs. and 39 BL Lacs (25 with
known z). The < V /Vmax >FSRQ comes out to be
0.63 ± 0.03, which indicates strong evolution. For BL
Lacs (with known z sources only), < V /Vmax >BLLac
comes out to be 0.49 ± 0.06, which indicates no significant evolution. If we include the sources with
unknown z considering they are at the average z of
the sample, < V /Vmax >BLLac comes out to be
0.55 ± 0.05. Since, a good fraction of BL Lacs in our
sample do not have redshift information, it is not possible to construct a meaningful luminosity function of
BL Lacs at this moment.
We consider both pure luminosity evolution (PLE)
and pure density evolution (PDE) for FSRQs.
Both power law ((1 + z)β ) and exponential
(exp(T (z)/τ )) evolution function have been considered. Here T (z) denotes look-back time. The mod-
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Fermi catalog, Abdo et al. [24] found from the source
count distribution that the point source contribution
is ∼ 16% of the EGRB.
Here, we construct the luminosity function of FSRQs and BL Lacs following the methodology described in Bhattacharya, Sreekumar & Mukherjee
[17]. Utilizing the Fermi observed sources we construct a complete source list, apply the V /Vmax
method to search for the presence of evolution, find
parameters by modified V /Vmax method, and finally construct the luminosity function using 1/Vmax
method and maximum likelihood estimator.
In the next section we discuss the evolution of blazar
source class. We discuss in section 3 the luminosity
function construction of FSRQs. The methodology to
calculate the misaligned blazars contribution to the
EGRB is given in section 4. We conclude with our
discussion in section 5.

1
0.8
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0.4
0.2
0

0

1

PDE

V
Figure 1: Upper panel: The variation of < Vmax
> with
evolution parameter β. Lower Panel: The variation of KS
test probability with β.

ified < V /Vmax > method is used to find the evolution parameter. For the optimum parameter value,
V /Vmax is expected to be uniformly distributed between 0 and 1, thus < V /Vmax >= 0.5. We find
τP LE = 0.21+0.05
−0.02 . For each value of evolution parameter (τ ), the distribution of V /Vmax is compared with
a uniform distribution using KS-test which shows distribution of V /Vmax is uniform for τP LE = 0.21+0.05
−0.02 .
The optimum value of βP LE is found to be 2.1+0.2
−0.4 .
Similarly, for pure density evolution, the parameter
values of exponential and power law evolution models
+0.5
are, τP DE = 0.17+0.07
−0.03 and βP DE = 3.1−0.8 respectively. The upper panel of Fig 1 shows the variation
of < V /Vmax > with different values of power law
PDE parameter βP DE . Horizontal dotted lines show
the 1σ error in < V /Vmax >.
We derived the average γ-ray photon index (sγ ) following the methodology given in [17, 25]. The values
of < sγ > for FSRQs and BL Lacs are 2.45 ± 0.16 and
2.17 ± 0.22 respectively.

3. Luminosity function construction of
FSRQs
For pure luminosity evolution, after de-evolution of
the sources at z = 0, we constructed their luminosity function by 1/Vmax method which suggests a luminosity function described by a broken power law.
We then used maximum Likelihood function for the
redshift distribution of sources, considering a broken
power law luminosity function,

φ(L0 ) = φ0 ×

L0
LB

!−α1

L0 ≤ LB ,

= φ0 ×

L0
LB

!−α2

L0 > LB .

(1)
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Figure 2: Likelihood parameters contour plot of
luminosity function for power law PDE model. Upper
Panel: 68.3%, 95.4% and 99% (∆logL = 1.15, 3.08, 4.61
respectively) likelihood contour plot (in to out) for α1 ,
LB (left), α1 (middle), α2 and α2 (right), LB . Lower
Panel: variation of negative log likelihood values for LB
(left), α1 (middle) and α2 (right). the intersections of the
solid line with the curve represents the 1σ value.

Table I Luminosity Function Parameters
τP LE
βP LE
τP DE
βP DE

power law PDE model

0.6

112

1

LB (in 1046 erg s−1 )
2.48+0.82
−0.33
11.68+2.12
−1.61
61.93+21.68
−15.20
59.73+11.71
−9.02

exponential PLE model

60
40

30

−log Likelihood

Histogram of FSRQs
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L /10

1

α

46
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erg s

70

B

L /10

2

80

erg s

−1

90

α1
1.5 ± 0.3
1.5 ± 0.2
2.0 ± 0.1
1.8 ± 0.1

α2
4.5+0.8
−0.3
7.1+2.4
−1.1
3.7+0.4
−0.2
4.0+0.3
−0.2

Here φ(L0 ) is the de-evolved luminosity function and
φ0 is the normalization of the luminosity function.
The break luminosity (LB ) and the lower and upper
end index (α1 and α2 respectively) are constrained by
maximizing the likelihood function.
For pure density evolution, we consider a similar
form of luminosity function and constrained the parameters by maximizing the Likelihood function for
the redshift distribution of sources.
The derived luminosity function parameters values
are given in Table I. Fig 2 shows the contour plots
of different luminosity function parameters for power
law PDE model.
The normalization constant of luminosity function
has been determined by equating the total number
of FSRQs in our sample to that expected from the
model luminosity function. The source distribution
(dN/dz) has been over plotted with the model distribution for PLE and PDE models in Fig 3. Exponential and power law evolution models are considered for
both PLE and PDE models.

0
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3
4
Redshift (z)

5

Figure 3: Distribution of FSRQs with redshift.
Histogram shows the Fermi observed distribution. The
red curves represent PLE models. The black curves
represent PDE models. solid and dash curves are
exponential and power law models respectively.

4. Misaligned blazar contribution
According to the AGN Unification scenario, FR II
galaxies are the parent population of FSRQs whereas,
FR I galaxies are the parent population of BL Lacs.
The AGN jet emission is expected to fall very rapidly
with increasing jet to line-of-sight angle. Nevertheless,
considering the large population of these misaligned
blazars compared to nearly-aligned ones, these sources
could contribute significantly to EGRB. Fermi has already detected 11 misaligned blazars.
The observed jet luminosity L(θ) at a jet to line-ofsight angle (θ) can be written as
L(θ) = L(0) × ξ(θ)

(2)

From the knowledge of ξ(θ) one can in principle, estimate the contribution from off-axis AGNs to the
EGRB.

4.1. Construction of ξ(θ)
Our aim is to model the SED of all Fermi-detected
off-axis sources using standard leptonic models with
structured jets. From the knowledge of these SED
modeling and VLBI observations one can fix the emission processes in the jet and other jet parameters and
can construct ξ(θ). Next step is to constrain ξ(θ)
by comparing γ-ray detected misaligned blazars with
equivalent on-axis objects (by matching sources with
similar jet power, Γ) and then validate our predictions
by modeling few misaligned blazars that are not detected by Fermi.
From the observed γ-ray luminosities of off-axis
sources and their jet inclination angle one can also
construct ξ(θ). The difference in the observed γ-ray
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3C120

showed that the redshift of the peak in the number
density of FSRQs is luminosity dependent. Hence,
they considered luminosity dependent density evolution for FSRQs (similar to that of radio-quiet AGN).
They considered a much lower limiting flux (∼ 10−8
ph cm−2 s−1 ) and hence, a much larger sample (186
FSRQs) than us.
For misaligned blazars, we plan for SED fitting of
all detected off-axis sources and then construct ξ(θ)
from model. This work is under progress and will be
reported elsewhere.
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Figure 4: SED modeling of misaligned blazars 3C 120

luminosities between two radio galaxies can arise from
two different reasons:
a) due to their different jet to line-of-sight angle,
b) due to their different intrinsic luminosities.
If one considers that the total radio luminosity is
a tracer of unbeamed luminosity, then after an appropriate scaling, one can construct ξ(θ) from scaled
γ-ray luminosities and jet inclination angles of off-axis
sources.
We have initiated this work. Our aim is to analyze
Fermi data to date on radio galaxies and model it to
derive jet parameters. We have completed the analysis
and the SED modeling of 3C111 and 3C120 (Figure 4
shows the SED fitting of 3C 120.)
Both the sources are well fitted with simple SSC
emission model. Γ is also ∼5 for both the sources.

5. Discussion
Using first Fermi catalog, we investigated the luminosity function and nature of evolution of FSRQs and
BL Lacs separately in γ-rays. The nature of evolution
of FSRQs and BL Lacs as found in this work, are in
agreement with earlier works (e.g., [17, 19]). We considered both PLE and PDE models for FSRQs. Both
power law and exponential evolution functions have
been considered. The luminosity function is considered to be of a broken power law form and the parameters are found using likelihood analysis. From this
analysis it is not possible to strongly conclude on the
true evolution model. Fig 3 suggests that PDE model
explains observations marginally better than that of
PLE model. In contrast to earlier works of determination of luminosity function from γ-ray observations [17, 19, 20], our derived luminosity function is
well constrained. In a recent work, Ajello et al. [26]
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Important informations on the origin and the propagation mechanisms of cosmic rays may be
provided by the measurement of the anisotropies of their arrival direction. In this paper the observation of anisotropy regions at different angular scales is reported. In particular, the observation of
a possible anisotropy on scales between ∼10◦ and ∼30◦ may be a key-detection for speculations on
the presence of unknown features of the magnetic fields the charged cosmic rays propagate through,
as well as to potential contributions of nearby sources to the total flux of cosmic rays. Evidence of
new weaker few-degree excesses throughout the sky region 195◦ ≤ R.A. ≤ 315◦ is also reported.
Introduction

As the most part of cosmic rays (CRs) are charged
nuclei, their arrival direction is deflected and made
isotropic by the action of galactic magnetic field
(GMF) that they propagate through before reaching
the Earth atmosphere. In such a field, the gyroradius
of CRs is given by ra.u. = 100 RTV , where ra.u. is in
astronomic units and RTV is in TeraVolt. It must be
taken as a reference value, because the GMF is the
superposition of regular field lines and chaotic contributions, the strength of both them being still under
debate. Data available today gives for the local total
intensity the value B = 2 ÷ 4 µG.
Actually, deviations from the isotropy are expected
to occurr as a consequence of the particular realization of the random distribution of cosmic ray sources
and magnetic field lines in the galaxy [1]. In this
framework, the amplitude of the anisotropy is proportional to the rigidity, that is why it is expected to be
seen at high energies (above few hundreds TeV). However, different experiments [2–7] observed an energydependent ”large scale” anisotropy in the sidereal
time frame, well below that threshold. The amplitude is about 10−4 - 10−3 , suggesting the existence
of two distint broad regions, one showing an excess of
CRs (called ”tail-in”), distributed around 40◦ to 90◦
in Right Ascension (R.A.). The other a deficit (the
”loss cone”), distributed around 150◦ to 240◦ in R.A..
The origin of these anisotropies is still unknown. Some
authors claim that the observations may be due to a
combined effect of the regular and turbolent GMF [8],
or to local uni- and bi-dimensional inflows [9]. Other
studies suggest that it can be explained within the
diffusion approximation taking into account the role
of the few most nearby and recent sources [1, 10].
Easy to understand, more beamed the anisotropies
and lower their energy, more difficult to fit the standard model of CRs and GMF to experimental results.
That is why the evidence of the existence of a medium
angular scale anisotropy contained in the tail-in region by the Tibet ASγ [11] and Milagro [12] collabo-

rations in rcent years was rather surprising. Similar
small scale anisotropies has been recently claimed to
be observed by the Icecube experiment in the Southern hemisphere [7]. So far, no theory of CRs in the
Galaxy exists which is able to explain few degrees
anisotropies in the rigidity region 1-10 TV leaving the
standard model of CRs and that of the local GMF
unchanged at the same time.
From the experimental viewpoint, observing
anisotropy effects at the level of 10−4 with an air
shower array is a difficult job, because of the intrinsic difficulties that this kind of apparatus has to cope
with in estimating the exposure.
Finally, the observation of a possible small angular
scale anisotropy region contained inside a larger one
rely on the capability for suppressing the anisotropic
structures at larger scales without, at the same time,
introducing effects of the analysis on smaller scales.
In this paper the observation of CR anisotropy at
different angular scales with ARGO-YBJ is reported
as a function of the primary energy.

I.

THE ARGO-YBJ EXPERIMENT

The ARGO-YBJ experiment, located at the YangBaJing Cosmic Ray Laboratory (Tibet, P.R. China,
4300 m a.s.l., 606 g/cm2 ), is an air shower array able
to detect the cosmic radiation at an energy threshold
of a few hundred GeV. The full detector is in stable
data taking since November 2007 with a duty cycle
greater than 85%. The trigger rate at the threshold
is 3.6 kHz. The detector characteristics and performance are described in [13].

II.

DATA ANALYSIS AND RESULTS

In order to study the anisotropy at different angular scales the isotropic background of CRs has been
estimated with two methods: the equi-zenith angle
method [14] and the direct integration method [15].
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The equi-zenith angle method, used to study the
large scale anisotropy, is able to eliminate various spurious effects caused by instrumental and environmental variations, such as changes in pressure and temperature that are hard to control and tend to introduce
systematic errors in the measurement. The method
uses data coming from all the angular scales, so that
potential small structures are not separated from the
underlying large scale modulation.
The direct integration method, based on timeaverage, rely on the assumption that the local distribution of the incoming CRs is slowly varying and the
time-averaged signal may be used as a good estimation
of the background content. Time-averaging methods
act effectively as a high-pass filter, not allowing to
inspect features larger than the time over which the
background is computed (i.e., 15◦ /hour×∆t in R.A.).
The time interval used to compute the average spans
∆t= 3 hours and makes us confident the results are
reliable for structures up to ≈35◦ wide.

A.

Large Scale Anisotropy

The observation of the CR large scale anisotropy by
ARGO-YBJ is shown in the figure 1 at different primary energy up to about 25 TeV. The data used in this
analysis was collected by ARGO-YBJ from 2008 January to 2009 December with a reconstructed zenith
angle ≤ 45◦ . The so-called ‘tail-in’ and ‘loss-cone’ regions, correlated to an enhancement and a deficit of
CRs, are clearly visible with a statistical significance
greater than 20 s.d.. The tail-in broad structure appears to dissolve to smaller angular scale spots with
increasing energy. It should be stressed that the energies reported in the figure 1 refer to the median energy
of all nuclei triggering the experiment.
To quantify the scale of the anisotropy we studied
the 1-D R.A. projections integrating the sky maps inside a declination band given by the field of view of
the detector. Therefore, we fitted the R.A. profiles
with the first two harmonics. The resulting amplitude of the first harmonic is plotted in the right plot
of figure 2 where is compared to other measurements
as a function of the energy. The ARGO-YBJ results
are in agreement with other experiments suggesting
a decrease of the anisotropy first harmonic amplitude
with increasing energy.

B.

FIG. 1: Large scale CR anisotropy observed by ARGOYBJ as a function of the energy. The color scale gives the
relative CR intensity.

FIG. 2: Amplitude of the first harmonic as a function of
the energy, compared to other measurements.

Intermediate Scale Anisotropy

The figure 3 shows the ARGO-YBJ sky map in
equatorial coordinates. The analysis refers to events
collected from November 2007 to May 2011 after the
following selections: (1) ≥25 shower particles on the
detector; (2) zenith angle of the reconstructed showers

≤50◦. The triggering showers that passed the selection were about 2·1011 . The zenith cut selects the
declination region δ ∼ -20◦ ÷ 80◦ . According to the
simulation, the median energy of the isotropic cosmic
ray proton flux is E50
p ≈1.8 TeV (mode energy ≈0.7
TeV).
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FIG. 3: Intermediate scale CR anisotropy observed by ARGO-YBJ. The color scale gives the statistical significance of
the observation in standard deviations.
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FIG. 4: Size spectrum of the regions 1 and 2. The vertical
axis represents the ratio between the events collected. The
upper scale shows the corresponding proton median energy
(see text).

The most evident features are observed by ARGOYBJ around the positions α ∼ 120◦ , δ ∼ 40◦ and
α ∼ 60◦ , δ ∼ -5◦ , positionally coincident with the regions detected by Milagro [12]. These regions, named
“region 1” and “region 2”, are observed with a statistical significance of about 14 s.d.. The deficit regions parallel to the excesses are due to a known effect of the analysis, that uses also the excess events
to evaluate the background, artificially increasing the
background. On the left side of the sky map, several
possible new extended features are visible, though less
intense than those aforementioned.
The area 195◦ ≤ R.A. ≤ 315◦ seems to be full of

few-degree excesses not compatible with random fluctuations (the statistical significance is more than 6 s.d.
post-trial). The observation of these structures is reported here for the first time and together with that of
regions 1 and 2 it may open the way to an interesting
study of the TeV CR sky.
To figure out the energy spectrum of the excesses,
data have been divided into five independent shower
multiplicity sets. The number of events collected
within each region are computed for the event map
as well as for the background one. The ratio of these
quantities is computed for each multiplicity interval.
The result is shown in the figure 4. Region 1 seems
to have spectrum harder than isotropic CRs and a
cutoff around 600 shower particles (proton median
energy E50
p = 8 TeV). On the other hand, the excess
hosted in region 2 is less intense and seems to have
a spectrum more similar to that of isotropic cosmic
rays. The steepening from 100 shower particles on
(E50
p = 2 TeV) is likely related to efficiency effects.
Further studies are on the way.
The figure 5 reports the amplitude of the region1
and 2 anisotropies as a function of the UT. Time unit
is the Modified Julian Date. It can be appreciated
that no time evolution of the anisotropies are there,
nor evidence of correlation of the emission.

III.

CONCLUSIONS

This paper reports the observation of CR anisotropy
at different angular scales with ARGO-YBJ, as a
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FIG. 5: Region 1 (upper plot) and 2 (lower plot) relative
intensity as a function of UT.

function of the primary energy. The large scale CR
anisotropy has been clearly observed up to about 25
TeV. Evidence of existence of different few-degree excesses in the Northern sky (the strongest ones positionally coincident with the regions detected by Milagro in 2008) is reported. The time distribution of the
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The Fermi Gamma-ray Space Telescope, as an all-sky survey and monitoring mission, is producing daily/weekly
sampled gamma-ray light curves for dozens of blazars and other high-energy sources. Highlights on MeV-GeV
gamma-ray variability properties of these sources are reported together with a few remarks about some multiwaveband observing campaigns led by Fermi and targeted to known or newly discovered gamma-ray blazars.

1. Gamma-ray MeV-GeV band variability
of Fermi blazars

are therefore limited only by the source brightness and
by the ability to coordinate other telescopes (Fig. 1).

The Large Area Telescope (LAT), on board the
Fermi Gamma-ray Space Telescope Atwood et al.
[2009], is a pair-conversion γ-ray telescope, sensitive to
photon energies from about 20 MeV up to > 300 GeV.
The LAT consists of a tracker (two sections, front and
back), a calorimeter and an anti-coincidence system to
reject the charged-particle background. Fermi LAT,
working in all-sky survey mode, is an optimal hunter
of high-energy flares, transients and new gamma-ray
sources, and is an unprecedented monitor of the variable γ-ray sky, thanks to the large peak effective area,
wide field of view (≈ 2.4 sr), improved angular resolution and sensitivity.
The entire γ-ray is observed every 2 orbits (∼ 3
hours) representing a continuous monitor for variability and transients allowing the collection of regular
daily/weekly-sampled light curves for dozens of GeV
sources. Multiwavelength (MW) observing campaigns

Figure 1: Multi-waveband (a.k.a. multiwavelength, MW,
multifrequency) variability observed from radio-band to
TeV γ-rays. Yellow shaded polygon roughly represents
the timescales range probed for variability at different
energy bands (i.e., measures in the power density spectra
versus the spectral energy distribution space, PDS-SED
plane). The Fermi LAT instrument is exploring a large
portion of this plane. Adapted from Wagner [2001].

Figure 2: Top panel: daily-bin γ-ray flux light curve of
blazar 3C 454.3 (100 MeV - 200 GeV band, red/gray
points, main panel) between MJD 55070 and 55307 (2009
Aug. 27 2010 Apr. 21). Dashed black lines mark period
over which the SF, PDS and Wavelet analysis are
conducted (using improved resolution with 3 hour bins).
The light curve of the previous 2008 JulyAug. flare,
shifted by 511 days, is also shown (violet/dark-grey tiny
points). Insets show blow-ups of the two periods (A and
B on the plot) when the largest relative flux increases
took place (red/gray filled, blue/dark open,
green/light-gray filled data points corresponding to daily,
6-hour, 3-hour bin fluxes, respectively). Bottom left
panel: SF of the 3h-bin flux light curve for the period
MJD 55140-55259 (2009 Nov. 5 - 2010 Mar. 4, black
dashed lines in the top panel) and corresponding PDS
(inset). Bottom right panel: 2D contour plot of the
continuous Morlet wavelet transform power density of the
same light curve (thick black contours: 90% confidence
levels of true signal features against white-noise and
red/flickering noise background; cross-hatched region:
cone of influence dominated by spurious power of
time-frequency edges). From Ackermann et al. [2010].
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Figure 3: Main panel : 31.5-month (945-day) light curve of the integral γ-ray flux above 200 MeV in weekly time bins
of blazar PKS 1830-211, from 2008 August 04, to 2011 March 7 (MJD 54682.65 to 55627.65). This is an example of the
Fermi LAT capabilities in high-energy temporal variability monitoring. Inset panels: 12-hour bin light curves detailing
the period around the mild flare of October 2009 (A interval), detailing the period around the large outburst of
October 2010 (B interval) and the secondary double flare of December 2010 and January 2011 (C interval).

Figure 4: Results from γ-ray light curves extracted in fixed 1-month bins over the first 2 years of Fermi LAT all-sky
survey for the 886 blazars/AGNs of the clean source sample of the second Fermi LAT Source Catalog, 2FGL. Left
panel : variability index versus isotropic γ-ray luminosity (red/grey: FSRQs; blue/black: BL Lac Objects). Dashed line
represents the 99% confidence level for a source to be variable. Central panel : distribution of the temporal PDS
power-law indexes (α = β + 1) for the FSRQs (red/continuous line) and BL Lac objects (blue/dashed line) of the
sample evaluated in time domain using first order structure function (SF) analysis (blind power-law index β estimation
using a maximum lag of 2/3 of the total light curve range). Cumulative power density spectra (PDS) for bright FSRQs
(red/top line) and BL Lac objects sub-samples (blue/bottom line) showing similar slopes (inset). From Ackermann et
al. [2011]. Right panel : scatter plot of the weekly-binned variability auto-correlation (DACF) crossing times in the rest
frame of the source (corrected for z and beaming) versus the total apparent isotropic γ-ray luminosity (E > 300 MeV)
in the co-moving frame for 15 bright LAT blazars that are also part of the MOJAVE program. 3C 454.3 is out of the
plot range (with ∆tcross
rest = 254.3) weeks and log 10 (LE ) = 48.1. Adapted from Abdo et al. [2010a], Ackermann et al.
[2011].

Irregular and aperiodic variability is found in
blazars at all the timescales and at all the energies (MW variability). EGRET already showed that
blazars have a high-energy component in their spectral energy distributions (SED) and are the largest
class of variable γ-ray sources, although it was limited by statistics, while Fermi is observing low γ-ray

brightness states too (example: BL Lac in Fig. 6).
Of the studied Fermi LAT blazars, 2/3 are variable
and high states are less than 1/4 of the total light
curve range [Abdo et al. 2010a]. Flat Spectrum Radio Quasars (FSRQs) and low energy peaked BL Lac
objects (BL Lacs) show the largest relative variance
(Fig. 4), while high-energy peaked BL Lacs display
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Figure 5: Radio, mm, optical (flux, polarization), UV, X-ray, γ-ray fluxes light curves obtained by Fermi coordinated
MW campaigns (PKS 1502+106, left, 3C 279, right). Adapted from Abdo et al. [2010b], Abdo et al. [2010c].

a lower variable but persistent emission. Sources like
PKS 1510-08, PKS 1502+106 (Fig. 5 and 6), 3C 454.3
(Fig. 2), 3C 279 (Fig. 5), PKS 1830-211 (Fig. 3), 4C
21.35, 4C 38.41 (all FSRQs) and AO 0235+164, 3C
66A (both BL Lacs) are among the brightest, most
variable, and isotropically luminous blazars seen by
Fermi . For bright flares even intra-day light curves
have been extracted as can be seen, for example, in
Fig. 2 and 3.

fractional variability during outburst appears similar
to its longer term mean in the few objects studied in
detail.

Discrete autocorrelation function (DACF) and
structure function (SF, Fig. 4 and 2) analysis showed
different patterns, autocorrelation times and powerlaw PDS indices (1/f α fluctuations, where f = 1/t)
implying different variability modes for each source
(more flicker, α ≃ 1 or more Brownian, α ≥ 2, dominated). 3C 454.3 is a fully Brownian γ-ray source
while other powerful blazars have values half-way between the two modes. Average power spectral density
analysis (PDS) in frequency, f , domain over the blazar
subclasses points out α slopes from 1.3 to 1.6 [Abdo
et al. 2010a, Ackermann et al. 2011]. No evidence for
persistent characteristic γ-ray timescale(s) is found.
Flare profiles are mostly symmetric (in part because
of superimposing flares and large bin smoothing). The

Fermi-driven MW observing campaigns are shedding light on the PDS-SED plane (i.e. timescaleenergy parameter space). Broad-band MW studies
are addressed mostly to cross-correlation and timelag analysis, to time-resolved SED modeling, to the
search for orphan flares and spectral hysteresis, to
the analysis of γ-ray vs synchrotron amplitude ratios
and emission peaks and to the study of the radio-γray connection and source populations. Simultaneous
MW observations are crucial also for the identification
of newly discovered γ-ray sources.
In order to define and better constrain physical parameters, processes and emission components, to clarify the role of the central engine, jets and their interplay, the jet composition and structure in AGNs

2. Multi-waveband blazar variability
through observing campaign led by
Fermi
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4) Cross-correlation analysis with optical polarization
provides important clues on jet physics. 5) The location of emission site can be both inside and outside the
broad line region (BLR). 6) Magnetic fields are complex but can be highly ordered and jet-aligned during
γ-ray flares. 7) In some cases bright γ-ray flares seem
to occur after ejections of superluminal radio knots.
Two examples of composite MW light curves obtained
from Fermi blazar campaigns (PKS 1502+106 and 3C
279) are reported in Fig. 5, Abdo et al. [2010b], Abdo
et al. [2010c].
In conclusion Fermi LAT, in the frame of blazars
and other AGNs science, is demonstrating very good
capabilities in the field of γ-ray variability analysis
and radio-gamma-ray connection and is showing an
optimal synergy with the Swift mission.
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The Fermi Large Area Telescope (LAT) [1] consists of 16 towers, each incorporating a tracker made
up of a stack of 18 pairs of orthogonal silicon strip detectors (SSDs), interspersed with tungsten
converter foils. The strip numbers of the struck strips in each SSD plane are collected by two read
controllers (RCs), one at each end, and nine RCs are connected by one of eight cables to a cable
controller (CC).
The tracker readout electronics limit the number of strips that can be read out. Although each
RC can store up to 64 hits, a CC can store maximum of only 128 hits. To insure that the photon
shower development and backsplash in the lower layers of the tracker don’t compromise the readout
of the upper layers, we artificially limit the number of strips read out into each RC to 14, so that
no CC can ever can see more than 126 hit strips.
In this contribution, we explore other configurations that will allow for a more complete readout
of large events, and investigate some of the consequences of using these configurations.

I.

INTRODUCTION

The Large Area Telescope (LAT) [1] is the main instrument on the Fermi Gamma-ray Space Telescope,
which was launched in June 2008 and has been surveying the gamma-ray sky since then. The data collected
have led to numerous discoveries in this previously
relatively unexplored energy regime.
The LAT consists of 16 towers in a 4x4 array, each
incorporating a tracker and a cesium-iodide-based
calorimeter, all surrounded by an tiled scintillator
anti-coincidence detector.

II.

HIT TRUNCATION IN THE TRACKER
DATA BUFFERS

Each tracker module contains 36 planes of siliconstrip detectors, paired orthogonally in 18 layers interspersed with tungsten foils. The hit strip numbers and associated information in each of the tracker
planes are read out into buffers in two read controllers
(RCs), one at each end of the plane, and nine RCs
are read into a buffer in one of eight cable controller
(CC), where the data are stored for assembly into the
complete event. Each RC can accommodate up to
64 strips, but the CC can only accept the first 128.
If there are more than 128 hits, those from the top
planes are lost first, potentially leading to a serious
loss of resolution on the reconstructed photon direction.
So we limit the number of hits in each RC so that
the CC buffer is never completely filled. For events
with many hits, this strategy tends to confine the hit
loss to the lower planes, where the photon has started
to shower, and where the tracker is sensitive to backsplash due to low-energy photons from the calorimeter, just below the tracker.
Figure 1 shows a simulated high-energy photon

FIG. 1: A truncated event

showering in the tracker, with no limits on the number of hits read out. This can be done in simulation,
but not in the real detector. As the shower develops,
the number of hit clusters (green x’s) in each layer
increases. The blue lines indicate the tracks found by
our new pattern-recognition algorithm [2].
The inset shows the same event, but now the hit
buffers are truncated as they would be in the standard
configuration of the LAT readout electronics. (See
next panel.) Many of the hits in the lower layers are
lost; the teal bars show the regions that become insensitive. Because of the missing hits, the lower parts
of the tracks are displaced, and this contributes to a
shift in the reconstructed direction of the found tracks
away from the true direction, and thus in the inferred
photon direction. For this event, the shift is 0.03◦ .
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FIG. 2: Standard readout configuration

FIG. 4: Original event with tapered readout

FIG. 3: Proposed readout configuration

III.

A PROPOSED CONFIGURATION [3]
WITH FEWER LOST HITS

Figure 2 is a schematic representation of the standard configuration of the tracker readout, for one of
the two orthogonal directions. Note the two read controllers on each plane, each of which reads out the hits
in half of the plane. All the planes are configured in
the same way. In the actual readout, each read controller can accept 14 hits; here, for illustration, we set
the buffer limit to three. In this event, the dark green
arrow represents a photon showering in the tracker.
The gray arrows indicate the direction of the information flow. The red x’s are the recorded hits, and we
show the lost hits in black. Note that in this event
the hits towards the center of the plane are the ones
affected.
The proposed configuration, shown in Figure 3,
takes advantage of the fact that the width of the
shower in a tracker plane is typically much smaller
than the half-width of the plane, so that the hits tend
to fall into one half or the other. Instead of splitting
the plane, we read out all the hits at one end, and

double the buffer size. In the next plane, all the hits
are read out at the other end. The maximum number of hits presented to each cable controller stays the
same, but we now can use the currently often wasted
capacity of the end farthest from the hits.
In this example, we lose only two hits in the new
configuration, instead of the five in the standard. The
remaining lost hits fall outside of the shower core, and
will only marginally affect the tracking. This is a general feature of this configuration, since the hits are
lost from the ends, rather than from the middle of the
plane. As a variation of this configuration, we can taper the buffer limits, so that the buffer size is smaller
at the top of the tracker, where there are fewer hits,
allowing us to use the extra capacity at the bottom.
The example we will use below tapers from 12 hits
at the top to 49 at the bottom. Readout configurations are defined in the onboard software, and can be
uploaded to the orbiting instrument.
IV.

IMPROVEMENT IN ANGULAR
RESOLUTION

In Figure 4, we show the original event, read out
with a tapered configuration, as described above.
Note that even though there are still lost hits, the
overall situation is much closer to the ideal one.
In Figure 5, we compare the angular deviations
of the reconstructed tracks from the true direction
(“PSF”s), for the configurations discussed above, for
an event sample consisting of photons with a 1/E energy spectrum (uniform in log(E)), and incident on
the LAT at 45◦ to the vertical, and with a minimal
cut on the overall quality of the reconstruction. We select the subsample with energies between 10 and 300
GeV that convert in the upper (thin radiator) section
of tracker. The energy, angle and conversion point are
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We should also compare the simulation to real data,
first by using the restricted configuration with existing
data, and eventually by running tests on-orbit with
the proposed configuration(s). At the same time, we
need to consider other effects of such a change. Some
possibilities are: degradation of the hardware trigger,
principally through possible changes in timing; decreased ability to identify out-of-time tracks (ghosts),
because of loss of granularity of the detailed trigger
TABLE I: Quantitative results

FIG. 5: PSF for the various configurations

all chosen to maximize the truncation effect. We include one extra configuration, called “restricted.” This
is similar to the standard configuration, except that
the maximum number of hits in an RC is restricted
to eight. This configuration allows us to compare the
effects of truncation in the simulation to those in the
real data, since our existing data can be truncated a
posteriori to simulate the restricted configuration.
To make the plot, we choose all events for which
the PSF for the standard configuration is below two
degrees. Since there are only three events between one
and two degrees, the exact location of this cut is not
crucial.

V.

QUANTITATIVE RESULTS AND
DISCUSSION

To make a quantitative comparison, we take the
means of the distributions in the previous panel, cutting the distributions off at five degrees. The qualitative conclusion doesn’t depend on this cut. The results
of this simple study, shown in Table I, indicate that
there is definitely something to be gained by adopting
one of the proposed configurations. (Recent studies
suggest that similar gains can be achieved using configurations which allow the CC buffers to overflow, but
which provide a fuller reconstruction of events which
originate in the lower part of the tracker.)
Before making a serious proposal for a change of
configuration we need to do a more realistic study,
using photons at all angles, and background events.

[1] Atwood, W. B., et al., The Large Area Telescope on
the Fermi Gamma-ray Space Telescope Mission, ApJ
697, 1071 (2009), 0902.1089.
[2] Tracy Usher, Tree-Based Tracking – a global approach

Configuration Average Angular
Deviation
Ideal
0.071◦
(no truncations)
tapered
0.074◦
alternate 28
0.077◦
standard
0.092◦
restricted
0.144◦

information; and increased time to reconstruct the
events off-line, which can be significant for our combinatoric algorithm.
Finally, now that we’re aware of this issue, we can
tune our reconstruction algorithms to mitigate the effect of the missing hits.
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Multi-wavelength light curves of bright gamma-ray blazars (e.g., 3C 454.3) reveal strong correlations across wavebands, yet striking dissimilarities in the details. This conundrum can be explained
if the variable flux and polarization result from both (1) modulation in the magnetic field and relativistic electron content imparted at the jet input and (2) turbulence in the flow. In the Turbulent
Extreme Multi-Zone (TEMZ) model being developed by the author, much of the optical and highenergy radiation in a blazar is emitted near the 43 GHz core of the jet as seen in VLBA images,
parsecs from the central engine, as indicated by observations of a number of blazars. The model
creates simulated light curves through numerical calculations that approximate the behavior of turbulent plasma—modulated by random fluctuations of the jet flow—crossing a cone-shaped standing
shock system that compresses the plasma and accelerates electrons to highly relativistic energies. A
standing shock oriented transverse to the jet axis (Mach disk) at the vertex of the conical shock can
create a variable nonthermal seed photon field that is highly blueshifted in the frame of the faster
jet plasma, leading to highly luminous, rapidly variable γ-ray emission.

I.

INTRODUCTION

The variability of blazars from radio to γ-ray frequencies has long been a challenging problem that
theoretical models have yet to solve. The causes of
this futility include complexity in the data, which in
the past have been undersampled in both time and frequency. The routine all-sky survey mode of the Fermi
Large Area Telescope (LAT), plus the concerted effort
by many research groups to provide commensurate
data at other wavebands, are combining to provide
new data sets that are sufficiently rich to both test
existing scenarios for blazar emission and stimulate
the design of new models. The hope is that finding
the correct explanation for the variations will allow us
to use the data to infer the structure of the jet as close
to the black hole as possible.
The author is leading a collaboration dedicated to
amassing extensive multi-waveband fluxes, polarization, and parsec-scale images over time. This has led
to the recognition that the current array of models
with, at most, a few emission zones are unable to reproduce some prominent aspects of the observational
data. This work summarizes the relevant characteristics of the data and introduces a new numerical,
many-zone scheme that can potentially explain many
aspects of the observed behavior of blazars.

II.

LOCATION OF GAMMA-RAY FLARES

Successful modeling of blazar emission requires that
we identify the location(s) where the flares occur. In
order to do this, the author and his collorators use
their extensive multi-waveband data to determine the
timing between when a high-energy flare occurs and
when a superluminal knot passes through the “core”
on millimeter-wavelength Very Long Baseline Array

(VLBA) images. (The core is an approximately stationary, bright, compact feature at one end of the
jet on sub-milliarcsecond (parsec) scales. At millimeter wavelengths, it has observed properties that
are similar to those expected from a standing conical
shock.[3, 5]) They employed this method in an analysis
of BL Lac in 2005 to determine that there are multiple
sites of X-ray and optical flares in the jet: upstream of
the core and within the core.[10] It appears that flares
occur as enhanced plasma (higher magnetic field and
particle density) in the jet flow passes through these
regions. Evidence for this is provided by the quasar
PKS 1510−089, which exhibited a series of γ-ray and
optical flares in early 2009 as the optical polarization
position angle χ rotated systematically by ∼ 720◦. As
this rotation ended, a bright superluminal knot passed
through the core at (to within the uncertainties) the
date of an extremely bright optical/γ-ray flare. The
last flare therefore took place either in or very close
to the core.
Further evidence that the majority of flares at γ-ray
(and usually other) frequencies originate in or near
the millimeter-wave core comes from the coincidence
in timing of millimeter-wave and γ-ray flares.[8] However, the γ-ray peak usually occurs during the rise of
the mm-wave flux, leaving the possibility that the γray event takes place somewhat upstream of the core.
The author’s group monitors the structure of the jets
of 35 Fermi-detected blazars with the VLBA at 7 mm.
After three years of this program, preliminary analysis
finds that 43 γ-ray flares were simultaneous within errors with the appearance of a new superluminal knot
or a major outburst in the core at 7 mm. This compares with only 13 cases in which either a γ-ray flare
occurred without a corresponding mm-wave event, or
a mm-wave flare or superluminal knot ejection had no
γ-ray counterpart. (Four of these blazars had other γray flares that d id correspond to a mm-wave event.)
In addition, five blazars that were quiescent at γ-ray
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energies were also quiescent at 7 mm.
The evidence is therefore clear that most (but not
all) of γ-ray flares occur near or in the mm-wave core.
The challenge is then to create a model within this
context that is capable of reproducing the observed
characteristics of the multi-waveband variability of
blazars.

III.

OBSERVED PROPERTIES OF BLAZAR
VARIABILITY

Over the past decade, a number of detailed studies
of long-term, well-sampled light curves of blazars at
various regions of the electromagnetic spectrum have
uncovered some patterns that should be incorporated
in theoretical models. One is the power spectral density (PSD) of the flux variations, which in blazars is
generally has a red noise spectrum, meaning a power
law with steep slope.[1, 4, 16] This suggests that a
random process modulates the emission. For synchrotron and inverse Compton radiation, the random
process must govern fluctuations in the magnetic field
and density of relativistic electrons. Turbulence is a
likely cause of such fluctuations. This hypothesis is
supported by the degree of linear polarization, which
indicates the level of disorder of the magnetic field
vectors across the emission region. If we approximate the turbulence in terms of N discrete cells, each
with its own magnetic field orientation, the mean degree of polarization should be p ∼ pmax N −1/2 , where
pmax ≈ 0.75 is the fractional polarization in the presence of a uniform magnetic field.[2] A typical optical
polarization is of order 10%, hence we can surmise
that there are ∼ 60 turbulent cells present at optical
wavelengths. The polarization tends to be lower at
millimeter wavelengths.[7] This can be explained if the
emission region is larger than at optical wavelengths,
encompassing more turbulent cells. Finally, the timescale of variability is generally shorter at higher frequencies between the radio and optical bands.[15] This
can result from averaging of the fluctuations over more
cells at longer wavelengths.
Close examination of multi-waveband outbursts
provides further evidence for chaotic behavior superposed on more systematic trends. The quasar 3C 279
is a prime example. Figure 1 presents 2.4 years of light
curves at γ-ray, X-ray, and optical wavelengths, and
in the 7 mm core (as seen in VLBA images). Times
when a new superluminal knot passes the 7 mm core
coincide with various events: (1) the beginning of the
largest γ-ray and optical outburst, (2) an “orphan” Xray flare, and (3) a flare that occurred simultaneously
at γ-ray, optical, and X-ray energies. In addition, a
major outburst in the core started before the γ-ray
flare at RJD 5460-5480 (where RJD = JD−2450000).
Furthermore, a period of quiescence occurred contemporaneously at γ-ray, X-ray, and optical bands be-

FIG. 1: Multiwavelength light curves of the quasar 3C 279
from August 2008, when regular γ-ray monitoring by
Fermi began, to the end of 2010. Note the overall similarity of the γ-ray and optical light curves but also the
differences in the detailed variations. The vertical arrows
in the bottom panel indicate times when new superluminal radio knots passed the core on 7 mm VLBA images.
The flux of the core plotted includes the blended flux of
the new knot until it separates from the core by more than
0.1 milliarcsec. Data are from Marscher et al. (in preparation).

tween RJD 5300 and 5440. It is clear that the relationships among the wavebands are complex. Other
blazars with multiple outbursts—e.g.,PKS 1510−089
in 2009 [11, 12] and 3C 454.3 in late 2010 (Wehrle et
al., in preparation) exhibit similar complexities alongside obvious (and statistically significant) correlations.
The difference between γ-ray and optical fluctuations is particularly noteworthy. For magnetic field
strengths between ∼ 0.2 and 1 G, as is usually inferred
in the optical synchrotron-emitting regions, electrons
of the same energies (thousands times the rest-mass
energy) radiate at both optical wavelengths and 0.110 GeV energies. The implication is that something
besides the number of such electrons is changing to
produce the variations in flux. The synchrotron flux
depends on the magnetic field strength B as well as
its direction, number of radiating electrons Nre , and
Doppler factor δ, while the inverse Compton flux depends on only the latter two. If the seed photons
that are scattered arise from outside the jet, they are
blueshifted in the plasma frame, in which case the γray emission is more sensitive to δ. Since the γ-ray
flux usually (but not always) fluctuates with higher
amplitude than does the optical flux, either B is anti-
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FIG. 2: Multi-waveband flux and degree P and electricvector position angle χ of optical polarization vs. time
for BL Lac in 2011. Note rapid variations in P and χ,
indicative of a turbulent magnetic field. Data are from
Marscher et al. (in preparation).

correlated with N0 (which seems unlikely on physical grounds), the highest-energy electrons are created
mainly in cells with magnetic fields pointing almost
toward the observer (after correction for relativistic
aberration), or the Doppler factor varies considerably
across the emission region. The last of these possibilities is a feature of “jet-in-jet” models involving magnetic reconnection events [6] or relativistically turbulent motions.[17] These have been proposed to explain
extremely short time-scales of variability of the TeV
γ-ray emission of some blazars.
BL Lac (Fig. 2) provides another example of an
object whose multi-waveband light curves, polarization, and changes in sub-milliarcsecond-scale structure support the scenario in which turbulence plays a
major role in the nonthermal emission. A number of
γ-ray flares are seen, but their relationship to optical
and X-ray variations is complex. In 2011, the blazar
became paticularly active at all wavebands starting
about RJD = 5700, as a new superluminal knot was
passing through the core at 43 GHz (as occurred during all of the main γ-ray flares seen in Fig. 2). The
optical polarization became highly chaotic until just
after a rapid TeV flare was observed by VERITAS.[18]
Another γ-ray flare near RJD = 5865 occurred during
a major X-ray and radio outburst after another superluminal knot appeared, while the optical flux was
fluctuating rapidly and χ(opt) was again chaotic. Turbulence is a natural way for the jet to produce these
types of variations.[14]

FIG. 3: Sketch of geometry adopted in the TEMZ model.
Top: View down the jet, whose cross-section is divided
into many cylindrical cells. Actual calculations displayed
in Figs. 4-6 use 271 cells across the jet. Bottom: Side-on
view. Cylindrical cells appear as rectangles. The conical
shock compresses the flow & accelerates electrons. The
Mach disk, if present, is at the axis, oriented transverse to
the flow.

IV.

TURBULENT EXTREME MULTI-ZONE
(TEMZ) MODEL

The author is developing a model in which much
of the optical and high-energy radiation in a blazar
is emitted parsecs from the central engine. The main
physical features are a turbulent ambient jet plasma
that passes through a conical standing shock wave
(recollimation shock) in the jet. The model can generate short time-scales of optical and gamma-ray variability by restricting the highest-energy electrons radiating at these frequencies to a small fraction of the
turbulent cells, perhaps those with a particular orientation of the magnetic field relative to the shock
front (Summerlin & Baring 2012). Because of this,
as well as radiative energy losses as the plasma advects beyond the shock front, the volume filling factor
at high frequencies is relatively low. Such a model is
consistent with the (1) red-noise power spectra of flux
variations in blazars, (2) shorter time-scales of variability of flux and polarization at higher frequencies,
(3) mean polarization levels as well as fractional deviations from the mean that are higher at optical than at
lower frequencies, (4) apparent rotations in polarization position angle that are really just random walks
of the projected magnetic field direction, (5) breaks in
the synchrotron spectrum by more than the radiative
loss value of 0.5, and (6) flares that are often sharply
peaked or contain multiple maxima, both of which
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FIG. 4: Two simulated spectral energy distributions
(SEDs) from the TEMZ code. In both cases, the left side
of the SED is from synchrotron radiation, while the right
component is from inverse Compton scattering. For the
latter, the seed photons are from IR from dust (dashed
curve) and synchrotron plus SSC emission from the Mach
disk (solid curve).

are not reproduced by single- or few-zoned models.
The dependence of items 2-4 on frequency is directly
related to the change in spectral index beyond the
break, according to the model.
The model includes synchrotron radiation, inverse
Compton scattering (IC) of seed photons from hot
dust [observed in 4C21.35 9], and IC of synchrotron
plus synchrotron self-Compton (SSC) radiation from
relatively slowly moving plasma in a Mach disk (shock
oriented perpendicular to the axis in cylindrically
symmetric jets) at the conical shock’s vertex. If
the Mach disk is present, this is the dominant—and
variable— source of seed photons, since the emission
is Doppler boosted in the frame of the turbulent cells.
The combined effects of non-uniform electron energy
distribution, different magnetic field orientations for
different turbulent cells, and light-travel delays often
cause time lags and/or single waveband (“orphan”)
flares (see Figs. 4-6 for sample output from preliminary computations). Thus, the model can qualitatively reproduce some of the puzzling features of observed multi-waveband light curves of blazars. In addition, the discrete γ-ray/optical correlation function
is similar to that observed in blazars, with zero mean
lag but considerable spread about this value.
In the future, the author plans to develop the
TEMZ model by adding the following capabilities:

FIG. 5: Sample TEMZ light curves: optical synchrotron
radiation (black, dashed curve) and inverse Compton γray flux. Seed photons for the latter are synchrotron and
first-order SSC emission from the Mach disk. Red arrow
points to an orphan γ-ray flare.

1. “Peculiar” velocities of the cells relative to the
mean flow, as expected for turbulence or magnetic
reconnections. This is probably necessary to reproduce intra-day γ-ray variability with high apparent
luminosities.[6, 17]
2. Full SSC calculation, with seed photon field for
each cell including retarded-time emission from all
other cells. This is relevant mainly to BL Lac objects
with γ-ray to synchrotron integrated flux ratios <
∼ 1.
It will require translation of the code from Fortran to
C++ and parallelization to run on a supercomputer.
3. Refine the calculation of pair-production absorption at high γ-ray energies and synchrotron selfabsorption at low frequencies. The code currently
does this crudely in order to save computation time.
These sources of opacity affect the spectral energy distribution (SED) at millimeter wavelengths and at γray energies above a few GeV.
4. Split each cell into ∼ 10 sub-cells for a more refined
calculation, to allow intra-day variability. The current
scheme assigns uniform physical properties across each
cell. Because of the acute angle of the conical shock,
this requires long, thin cells (see Fig. 3).
5. Calculate the polarization of X-rays from inverse
Compton scattering, in the anticipation that this can
be measured by GEMS (launch scheduled for 2014)
for some blazars during γ-ray/X-ray flares to add additional constraints on models.
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FIG. 6: Sample TEMZ light curves: optical synchrotron
radiation (black) and inverse Compton γ-ray emission
(red). Seed photons for the latter are from thermal infrared emission by a dusty torus.

V.

CONCLUSIONS

While analyzing light curves as a series of distinct
flares can be a convenient way to study the physical
conditions that exist at different flux states of a blazar,
the statistics of light curves indicates that noise processes dominate. The degree and variability of linear
polarization also lead directly to a picture in which the
magnetic field has a major chaotic component, which
can result from turbulence. The higher polarization
and stronger variability at shorter wavelengths further
suggests that the volume filling factor of the emission
decreases with frequency. While this can arise from
radiative losses after electrons are energized at a shock
front [13, 14], the break in the synchrotron spectrum
is usually greater than the change from spectral index α to (α + 0.5) expected from this process. A
sharper break can occur if electrons can be accelerated to higher energies only over a smaller fraction of
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the total volume.
The author is incorporating these requirements into
a qualitatively new paradigm for both the multiwaveband variability of blazars and the appearance
of superluminal radio knots. Stochastic variations in
the jet flow — changes with time of the magnetic field
and electron density at the jet input, perhaps driven
by fluctuations in the accretion flow or magnetic field
configuration in the central engine — combined with
turbulence within the flow cause the variability in
emission as the plasma crosses standing shocks on parsec scales in the jet. Seed photons for inverse Compton scattering can come from thermal infrared emission by a hot dust torus, synchrotron radiation from
the turbulent plasma, or synchrotron plus first-order
SSC radiation emitted beyond a Mach disk, which is a
small, strong shock oriented perpendicular to the jet
axis that slows the flow down to subsonic speeds. The
emission from the Mach disk is highly blueshifted in
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The W49 region is a prime target for ground-based Cherenkov imaging telescopes such as H.E.S.S. since it hosts
a star forming region (W49A) and a supernova remnant interacting with molecular clouds (W49B). The 106 M⊙
Giant Molecular Cloud W49A is one of the most luminous giant radio Hii regions in our Galaxy and hosts several
active, high-mass star formation sites. The mixed-morphology supernova remnant W49B has one of the highest
radio surface brightness of all the SNRs of this class in our Galaxy and is one of the brightest ejecta-dominated
SNRs in X-rays. Infrared observations evidenced that W49B is interacting with molecular clouds and Fermi
recently reported the detection of a coincident bright, high-energy gamma-ray source. Observations by the
H.E.S.S. telescope array resulted in the significant detection of VHE gamma-ray emission from the W49 region,
compatible with gamma-ray emission from the SNR W49B. The results, the morphology and the origin of the
VHE gamma-ray emission are presented in the multi-wavelength context and the implications on the origin of
the signal are discussed.

1. Introduction
The W49 region is a prime candidate to observe with ground-based Cherenkov telescopes such as
H.E.S.S. since it hosts a star forming region (W49A)
and a mixed morphology supernova remnant interacting with molecular clouds (W49B).
W49A is one of the most luminous giant Hii region in the Galaxy [20]. In the core (∼ 15 pc) of
this 106 M⊙ Giant Molecular Cloud of 100 pc in total
extension [19], ∼ 30 ultra-compact Hii regions, each
hosting at least one massive star (earlier than B3) are
resolved in radio [15]. From the proper motion of the
strong H2 O masers it hosts, the distance of W49A is
estimated to be 11.4 ± 1.2 kpc [7].
The progenitor of W49B is thought to be a supermassive star that created a wind-blown bubble in a
dense molecular cloud in which the explosion occured
[10] as revealed by IR and X-ray observations. The
detection of Mid-IR lines from shocked molecular hydrogen is an evidence that W49B is interacting with
molecular clouds [18]. From Hi absorption analyses,
its distance was estimated to be ∼ 8 kpc [17]. More
recent VLA observations show that W49B could be
associated with W49A [4], extending the range of possible distances for this object (8 kpc < D < 12 kpc).
Its age is estimated to be between 1 kyr and 4 kyrs
[8, 16]. In Radio, the supernova remnant shell is resolved with a size of ∼ 4′ . W49B is also detected by
the Fermi-LAT at a level of 38σ with 17 months of

data [1].
The discovery of VHE γ-rays from the W49 region
is reported in the next section. These preliminary
results are then discussed.

2. H.E.S.S. Observations and Analysis
Results
H.E.S.S. is an array of four 13 m diameter imaging
Cherenkov telescopes situated in the Khomas Highlands in Namibia at an altitude of 1800 m above
sea level [see e.g. 3, 6]. The standard H.E.S.S. run
selection procedure was used to select observations
taken under good weather conditions. This resulted
in a dataset comprising 60 hours of observations (live
time) on W49B and W49A. Data were analysed using the Model Analysis as described in [12]. This
analysis was performed on W49A and W49B, using
the standard cuts which include a minimum charge
of 60 photoelectrons resulting in an energy threshold
of ∼ 260 GeV. The analysis regions were defined apriori as circles of 0.1◦ centered on the nominal position of W49A (l = 43.17◦, b = 0.0◦ ) and W49B
(l = 43.27◦, b = −0.19◦ ). The results presented below were also confirmed by independent analyses such
as those described in [13] or [2].
Figure 1 shows the resulting excess map smoothed
to the H.E.S.S. Point Spread Function (PSF) (68%
containment radius R68 = 0.066◦). An excess of 191
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Figure 1: H.E.S.S. excess map of the W49 region
obtained with the Model Analysis. The map is smoothed
to the H.E.S.S. PSF shown in the caption. The stars
marks W49B and W49A nominal positions.

Figure 2: Detail of Figure 1 centered on W49B. The
black contours are the error contours at 68%, 95% and
99% of the fitted position assuming point-like emission.
The green circle is the Fermi-LAT fitted position at 95%
C.L. The white contours show the radio emission as seen
by NVSS.

VHE γ-rays is detected towards W49B by H.E.S.S.
with a statistical significance of 8.8σ using an integration radius of 0.1◦ . An excess of VHE γ-rays is also detected in the direction of W49A with a significance of
more than 4.4σ. The best fit position of the TeV emission is found to be (l = 43.258◦ ±0.008◦, b = −0.188◦ ±
0.01◦ ) assuming point-like emission. As shown on Figure 2, this is well coincident with the brightest radio
part of the W49B remnant and with the GeV emission fitted position (l = 43.251◦ − b = −0.168◦, with
an error radius of 0.024◦ at 95% C.L.[1]).
The TeV excess visible towards W49A is in good coincidence with the densest part of the molecular cloud
as observed by the 13 CO Galactic Ring Survey [9] as
can be seen on Figure 3.
The differential energy spectrum of the VHE γ-ray
emission towards W49B was derived above the energy
threshold of 260GeV selecting the events inside a circular region of 0.1◦ around the supernova remnant
nominal position. The spectrum obtained for W49B
is well described (χ2 /dof = 39.6/38) by a powerlaw model defined as dN/dE = N0 (E/1T eV )−Γ
with Γ = 3.1 ± 0.3stat ± 0.2syst and N0 = 2.3 ±
0.4stat ± 0.6syst 10−13 cm−2 s−1 TeV−1 . This corresponds to an integral flux above 1TeV of 1.1±0.3stat ±
0.3syst 10−13 cm−2 s−1 , equivalent to ∼ 0.5% of the
Crab nebula flux above the same energy. As can be
seen on Figure 4, the GeV [1] and TeV gamma-ray
spectra are in remarkably good agreement.

Figure 3: Integrated Map of the 13 CO(J = 1 − 0)
Galactic Ring Survey between vLSR = 0 km/s and
20 km/s. This velocity range corresponds to the distance
to W49A. The white contours are from the H.E.S.S.
excess map shown in Figure 1.

3. Interpretations
W49B

The most straight forward interpretations for the
origin of the signal are particle acceleration either by
a pulsar or by the SNR shock. No observations suggest the presence of a pulsar or pulsar wind nebula in
W49B. The spatial coincidence of the TeV emission
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This led to the significant detection of TeV gammaray emission coincident with the supernova remnant
W49B at a significance level of 8.8σ. The position of
the emission is compatible with the brightest part of
the radio emission from the SNR as well as with the
GeV emission. Energy spectra in the GeV and TeV
bands are in very good agreement. Given the very
high GeV luminosity and the fact that the SNR is interacting with dense material, a hadronic scenario is
favored.
These observations also resulted in evidence for
gamma-ray emission in the direction of the star forming region W49A. Analyses are still ongoing in order
to confirm this promising preliminary result.

Figure 4: Combined GeV and TeV energy spectrum
obtained by the Fermi-LAT (green) and H.E.S.S. (red).
The H.E.S.S. spectrum was extracted from a circular
region of 0.1◦ around the nominal position of W49B.

with the brightest part of the radio shell and GeV
emission points toward emission from particle accelerated at the shock as predicted, for instance by the
diffusive shock acceleration theory (DSA) [e.g. 5]
Since the shock is observed to be interacting with
the molecular cloud in which the supernova exploded,
very-high energy γ-ray emissions from the decay of π 0
mesons is expected to be enhanced proportionnaly to
the target mass. Furthermore, the large GeV gammaray luminosity [1] of ∼ 1036 erg s−1 seems to be difficult to explain with IC scattering only. The detection of W49B at GeV and TeV emission is therefore a
rather compelling argument in favour of a hadronic
nature of the accelerated particles. More detailed
studies are in progress to understand and constrain
the emission processes in W49B.
W49A

Star forming regions are potential acceleration sites
of VHE particles. This can, for instance, occur at the
shocks created by the strong winds of the numerous
massive stars they generally host. Recently, the presence of two expanding shells as well as gas ejections
were found in W49A [14]. The shells seem to have a
common origin in the cloud core and a total kinetic
energy of ∼ 1049 ergs. The gas ejections are likely to
have the same origin as the expanding shells and a
total energy of ∼ 1050 ergs.

4. Conclusion
The W49 region was observed by the H.E.S.S. telescope array, yielding ∼ 60h of good quality data.
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[3] K. Bernlöhr et al., Astropart. Phys. 20, 111
(2003).
[4] C. L. Brogan and T. H. Troland, ApJ 550, 799
(2001).
[5] L. O. Drury, Reports on Progress in Physics 46,
973 (1983).
[6] S. Funk et al., Astropart. Phys. 22, 285 (2004).
[7] C. R. Gwinn et al., ApJ 393, 149 (1992)

eConf C110509

462

4

2011 Fermi Symposium, Roma., May. 9-12
[8]
[9]
[10]
[11]

U. Hwang et al., ApJ 532, 970H (2000)
J. M. Jackson et al., ApJS 163, 145 (2006)
J. W. Keohane et al., ApJ, 654 (2006)
D. A. Moffett and S. P. Reynolds, ApJ 437, 705
(1994).
[12] M. de Naurois and L. Rolland, Astropart. Phys.
32, 231D (2009)
[13] S. Ohm, C. Van Eldik and K. Egberts, Astropart.
Phys., 31, 383O (2009)

[14]
[15]
[16]
[17]
[18]
[19]
[20]

T. C. Peng et al., A&A 525A, 107R (2010)
C. G. de Pree et al., APJ 482, 307D (1997)
J. P. Pye et al., MNRAS 207, 649 (1984).
V. Radhakrishnan et al., ApJS 24, 49 (1972).
W. T. Reach, AAS 208, 6150R (2006)
R. Simon et al., ApJ 551, 747 (2001)
L. F. Smith et al., A&A 66, 65S (1978)

eConf C110509

463

1

2011 Fermi Symposium, Roma., May. 9-12

Fermi Bubble: Giant Gamma-ray Bubble structure in the Milky Way
Meng Su
Institute for Theory and Computation, Harvard-Smithsonian Center for Astrophysics, 60 Garden Street,
Cambridge, MA 02138 USA

Data from the Fermi-LAT reveal two large gamma-ray bubbles, extending 50 degrees above and below the
Galactic center, with a width of about 40 degrees in longitude. The gamma-ray emission associated with these
bubbles has a significantly harder spectrum (dN/dE ∼ E −2 ) than the inverse Compton (IC) emission from
electrons in the Galactic disk, or the gamma-rays produced by decay of pions from proton-ISM collisions. There
is no significant spatial variation in the spectrum or gamma-ray intensity within the bubbles, or between the
north and south bubbles. The bubbles are spatially correlated with the hard-spectrum microwave excess known
as the WMAP haze; the edges of the bubbles also line up with features in the ROSAT X-ray maps at 1.5 − 2
keV. We argue that these Galactic gamma-ray bubbles were most likely created by some past large episode of
energetic events in the Galactic center.

1. Introduction
Two giant gamma-ray lobes, we refereed as the
Fermi bubble, have been discovered in our Galaxy
from the Fermi-LAT data [1]. The bubble structure
extends ∼50 degrees above and below the Galactic
center (GC), with a width of ∼40 degrees in longitude. The north and south bubbles are symmetric
with respect to the galactic plane and the minor axis
of the galactic disk, and both have relatively sharp
edges. The gamma-ray signal reveals similar morphology to the previously discovered structures in microwave, named WMAP haze [2, 3]. We also found
well allocated features in the ROSAT X-ray maps at
1.5 keV towards the GC.
As we will discuss, the sharp edges, bilobular shape,
and apparent centering on the GC of these structures
suggest that they were created by some large episode
of energy injection in the GC, such as a past accretion
onto the central supermassive black hole, or a nuclear
starburst in the last ∼10 Myr.

2. Fermi Bubbles
The Fermi Large Area Telescope (LAT; see [4]; [5];
as well as the Fermi homepage1 ) is a pair-conversion
telescope with a wide field of view, and covers the
energy range from about 30 MeV to 300 GeV. For
our analysis, the detected events have been binned
into a full sky map with different energy range using
HEALPix.2 We construct maps of front-converting
and back-converting events separately, smooth to a
common PSF, and then combine them [1]. We use the

1 http://fermi.gsfc.nasa.gov/

Fermi-LAT 1-year Point Source Catalog,3 and subtract each point source from the maps in each energy
bin, using estimates of the PSF from the Fermi science tools. Each map has been smoothed after point
source subtraction by the appropriate kernel to obtain
a Gaussian PSF of 2◦ FWHM (Please see [1, 6] for
details of data analysis including map construction,
smoothing, masking etc.)
The dominant galactic gamma-rays originate from
π 0 gammas produced by CR protons interacting with
the ISM. We use the Schlegel, Finkbeiner, & Davis
(SFD) map of Galactic dust, based on far IR data
[7], as the spatial tracers of the ISM. In Figure 1, we
show the full sky Fermi maps at 1 − 5 GeV and 5 − 50
GeV after subtracting the SFD dust and a simple disk
model to best reveal the Fermi bubble features. The
purpose of this disk template subtraction is to reveal
the structure deeper into the plane, and allow a harder
color stretch. The disk model mostly removes the IC
gamma-rays produced by cosmic ray electrons interacting with the interstellar radiation field (ISRF) including CMB, infrared, and optical photons, such electrons are thought to be mostly injected in the Galactic
disk by supernova shock acceleration before diffusing
outward [1].
Although photon Poisson noise is much greater in
the 5 − 50 GeV map, we identify the Fermi bubble
structure with similar morphology to the structure in
the 1−5 GeV map, noth present the north/south symmetry with respect to the Galactic plane. If the Fermi
bubble constitute the projection of a three dimensional two-bubble structure symmetric to the Galactic
plane and the minor axis of the Galactic disk, taking
the distance to the GC R⊙ = 8.5 kpc, the bubble centers are approximately 10 kpc away from us and ∼5
kpc above and below the Galactic center, extending
up to roughly 10 kpc as the most distant edge from

2 HEALPix

software and documentation can be found at
http://healpix.jpl.nasa.gov, and the IDL routines used in
this analysis are available as part of the IDLUTILS product at
http://sdss3data.lbl.gov/software/idlutils.

3 Available

from http://fermi.gsfc.nasa.gov/ssc/data
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Figure 1: Full sky residual maps after subtracting the SFD dust and disk templates from the Fermi-LAT 1.6 year
gamma-ray maps in two energy bins. Point sources are subtracted, and large sources, including the inner disk
(−2◦ < b < 2◦ , −60◦ < ℓ < 60◦ ), have been masked. Two large bubbles are seen (spanning −50◦ < b < 50◦ ) in both
cases. Right panels: are the same as the left panels but with apparent large scale features marked with color lines
overplotted on the maps. Green dashed circles above and below the Galactic plane indicate the approximate edges of
the north and south Fermi bubble respectively. Two blue dashed arcs mark the inner (dimmer) and outer (brighter)
edges of the northern arc – a feature in the northern sky outside the north bubble. The red dotted line approximately
marks the edge of Loop I [1].

GC has |b| ∼ 50◦ . No structures like this appear in
GALPROP models, and in fact GALPROP is often run with
a box-height smaller than this. Because the structures
are so well centered on the GC, they are unlikely to
be local.
In the right panels of Figure 1, we illustrate the
edges of the Fermi bubble and some other features.
We find that the Fermi bubble have distinct sharp
edges, rather than smoothly falling off as modeled in
[6]. Besides the two bubbles symmetric with respect to
the Galactic plane, we find one giant northern arc that
embraces half of the north bubble, that extends from
the disk up to b ∼ 50, with ℓ ranging from roughly
−40◦ to 0◦ . It has a brighter and sharper outer edge in
the 1−5 GeV map. On a even larger scale, we identify
a fainter structure extended up to b ∼ 80◦ , with ℓ
ranging from roughly −80◦ to 50◦ which corresponds
to the North Polar Spur emission associated with Loop
I [9]. In the 1−5 GeV map, we also identify a “donutlike” structure in the south sky with b ranging from
roughly −35◦ to 0◦ and ℓ from roughly 0◦ to 40◦ .
To study the sharp edges of the bubbles at high
latitude more carefully, we examine the (projected)
intensity profiles along arcs of great circles passing
through the estimated centers of the north and south
bubbles (more details see [1]). The results are shown
in Figure 2 for the averaged (1 − 2) + (2 − 5) GeV
maps. In both north and south bubbles, the edges are
clearly visible; in the south, this is true even before

any templates are subtracted. For both of the north
and south bubbles, no significant edge-brightening or
limb-brightening of the bubbles is apparent from the
profiles, the flux is fairly uniform inside the bubbles.
In order to reveal the energy spectrum of the Fermi
bubble, and quantitatively study the intensity flatness of the bubble interiors, we have performed a
careful regression template fitting in [1]. We maximize the Poisson likelihood of a simple diffuse emission model involving 5-templates. In this model, we
include the SFD dust map as a tracer of π 0 emission which is dominant (or nearly so) at most energies on the disk and significant even at high latitudes, the simple disk model, the bubble template,
the Loop I template, and a uniform background as
templates to weight the Fermi data properly. We
compute the Poisson log likelihood for different choice
of templates in [1]. We refer to Appendix B of [6]
for more details of the likelihood analysis. The fitting is done with regions of |b| > 30◦ . In Figure
3, we show spectra for π 0 emission, bremsstrahlung
and inverse Compton scattering calculated using a
sample GALPROP model (tuned to match locally measured protons and anti-protons as well as locally measured electrons at ∼ 20 − 30 GeV), as an indication
of the expected spectral shapes. The spectra for the
SFD and the simple disk template reasonably match
the model expectations. The dust map mostly traces
the π 0 emission, and the simple disk model resem-
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Figure 2: Intensity as a function of radial distance from the bubble edge, averaged over great circle arcs intersecting
the bubble center and lying at |b| > 28◦ . Results are shown for (left) the southern bubble, and (right) the northern
bubble, for the averaged 1 − 2 and 2 − 5 GeV maps. Different lines show the results at different stages of the template
regression procedure and the corresponding errors are plotted (see [1] of the error analysis).
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Figure 3: Correlation spectra for the 5-template fit employing a simple disk model for the IC (and to a lesser degree
bremsstrahlung) emission from supernova-shock-accelerated electrons. The SFD-correlated spectrum is shown by the
red short-dashed line which roughly traces π 0 emission (the gray dashed line indicates a GALPROP prediction for π 0
emission). The disk-correlated emission is shown by the green dashed line, which traces the soft IC (gray
triple-dot-dashed line) and bremsstrahlung (gray dot-dashed line) component. The spectrum of the uniform emission,
which traces the isotropic background (including possible cosmic-ray contamination), is shown as a dotted brown line.
The solid orange line indicates the spectrum of emission correlated with Loop I, which has a similar spectrum to the
disk-correlated emission. Finally, the blue dot-dashed line shows the spectrum correlated with the Fermi bubble
template. The fitting is done over the |b| > 30◦ region.

bles a combination of IC and bremsstrahlung emission.
The spectrum for emission correlated with the Fermi
bubble is clearly significantly harder than either of
these components, consistent with a flat spectrum in
E 2 dN/dE. This fact coupled with the distinct spatial

morphology of the Fermi bubble indicates that the IC
bubbles are generated by a separate electron component. We also note that the spectrum of the bubble
template falls off significantly at energy less than 1
GeV. This feature is robust with respect to the choice
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of templates.

3. Comparison with ROSAT X-ray
Features
The ROSAT all-sky survey provides full-sky images with FWHM 12’ at energies from 0.5 − 2 keV.4
We compare the morphology of the X-ray features in
ROSAT 1.5 keV map with the edges of the Fermi bubble in detail in [1]. The limb brightened X-ray features
align with the edges of both the north and south Fermi
bubble. Hints of the whole north bubble are also visible in ROSAT, as well as two sharp edges in the south
that trace the south Fermi bubble close to the disk.
We subtract the ROSAT 1.0 keV soft X-ray map from
the 1.5 keV map to clean up the foreground emission.
We find that the more extended Loop I feature has
a softer spectrum than the X-ray features associated
with the bubble edges, and is largely removed after
subtraction. The dominant edges features strikingly
overlap with the edges of the Fermi bubble at lower
latitude. No other noticeable large scale features appear in the residual X-ray map which do not appear in
the gamma-rays. The appearance of the X-ray edges
in the ROSAT 1.5 keV map, coincident with the Fermi
bubble edges, strongly supports the physical reality of
these sharp edges.

4. Comparison with WMAP Microwave
Haze
The WMAP haze is the residual remaining in
WMAP microwave data after regressing out contributions from thermal dust, free-free, and “soft synchrotron” traced by the Haslam 408 MHz radio survey [9]. Therefore, it is by construction harder than
the Haslam-correlated emission. In [1] we performed a
detailed morphological comparison of the south Fermi
bubble at 1 − 5 GeV with the southern part of the
WMAP microwave haze at 23 GHz (K-band). The
edge of the Fermi bubble, marked in green dashed
line in the top right and lower right panels, closely
traces the edge of the WMAP haze. The smaller latitudinal extension of the WMAP haze may be due to
the decay of the magnetic field strength with latitude.
These striking morphological similarities between the
WMAP microwave haze and Fermi gamma-ray bubble can be readily explained if the same electron CR
population is responsible for both excesses, with the
electron CRs interacting with the galactic magnetic

field to produce synchrotron, and interacting with the
ISRF to produce IC emission.

5. Summary and Discussions
We have identified two large gamma-ray bubbles in
Fermi maps containing 1.6 years of data. They have
approximately uniform surface brightness with sharp
edges, neither limb brightened nor centrally brightened, and are nearly symmetric about the Galactic
plane. The bubbles extend to 50◦ above and below
the Galactic center, with a maximum width of about
40◦ in longitude. These “Fermi bubble” have a spatial morphology similar to the WMAP microwave haze
[2, 3]. The ROSAT soft X-ray 1.5 keV map also reveals hard-spectrum features that align well with the
edges of the Fermi bubble. The similarities of the
morphology and hard spectrum strongly suggest that
the WMAP haze and the Fermi bubble share a common origin.
To better reveal the bubble structures, we use spatial templates to regress out known emission mechanisms. We found that the Fermi bubble have an energy spectrum of dN/dE ∼ E −2 , significantly harder
than other gamma-ray components. Both the morphology and spectrum are consistent with the two
bubbles having the same origin and being the IC counterpart to the electrons which generate the microwave
haze seen in WMAP. Even setting aside the WMAP
haze, the Fermi bubble are unlikely to originate from
excess π 0 emission, and the ROSAT data suggest that
the bubbles are hot and underdense rather than overdense. The morphology of the Fermi bubble strongly
disfavor the hypothesis that a significant fraction of
the high energy gamma rays observed by Fermi in the
bubble region are photons directly produced by dark
matter annihilation.
The Fermi bubble structures were likely created by
some large episode of energy injection in the GC, such
as a past accretion event onto the central supermassive black hole, or a nuclear starburst in the last ∼10
Myr. Jets originating from AGN activity can potentially accelerate CR electrons to high energies, and
transport them rapidly away from the GC. An alternate source for the large required energy injection is
a nuclear starburst (see [1] for more discussion on the
origin of Fermi bubbles).
The eROSITA5 and Planck 6 experiments will provide improved measurements of the X-rays and microwaves, respectively, associated with the Fermi bubble, and so may help discriminate between these scenarios.

5 http://www.mpe.mpg.de/heg/www/Projects/EROSITA/main.html
4 http://hea-www.harvard.edu/rosat/rsdc.html

6 http://www.rssd.esa.int/index.php?project=Planck
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