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Overview

✦ in addition to the energy spectrum and average intensity, the diffuse 
background contains angular information

✦ if the diffuse emission originates from an unresolved source population, 
rather than from a truly isotropic, smooth source distribution, it will contain 
fluctuations on small angular scales due to the variation in the number 
density of sources in each sky direction

✦ if these fluctuations are different from those expected from Poisson noise 
due to finite event statistics, we could use these fluctuations to identify the 
presence of unresolved source populations, such as dark matter

✦ the energy-dependence of the anisotropy can reveal/constrain the presence 
of multiple source populations and help identify specific populations
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Using the angular information in the diffuse gamma-ray 
background to identify dark matter and other source classes
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Credit: NASA/General Dynamics

The Fermi Gamma-ray Space Telescope

✦ 20 MeV to > 300 GeV

✦ angular resolution ~ 0.1 deg 
above 10 GeV

✦ FOV ~ 2.4 sr

✦ uniform sky exposure of ~ 
30 mins every 3 hrs

✦ excellent charged particle 
background rejection
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densities from radio data and dust reddening measurements
affect the distribution of HI in the local region (HI column
density). To quantify the uncertainty connected to the
residual count fraction, we used the nominal model and
examined the variation of the derived EGB when different
subregions of the jbj> 10! sky are fitted (subregions of
jbj> 10! sky). No single component dominates the un-
certainties shown in the lower half of Table I. We caution
that the uncertainties for the model components cannot be
assumed to be independent. Hence, there is no simple
relationship between the combination of individual com-
ponents and the total formal uncertainty.

The large statistics allow subsamples of the total data set
to be used as a cross check. We repeated our analysis for
events passing our enhanced selection with (1) different
on-board trigger rates and (2) conversions in the thin or
thick sections of the tracker [11]. The first subsample
ensures that we have properly estimated the residual CR
background, while the second checks that the small frac-
tion of misreconstructed Earth albedo events that enter the
LAT in the back section do not affect the result. The
derived EGB spectrum for these subsamples is completely
consistent with that derived from the full data set using the
same analysis procedure.

Finally, we note that our analysis also indicates a sig-
nificant detection of the combined solar disk and extended
solar IC emission. This finding will be explored in more
detail in a separate study.

Discussion.—Figure 4 shows the spectrum of the EGB
above 200 MeV derived in the present analysis, and from
EGRET data [2,24]. Our intensity extrapolated to 100MeV
based on the power-law fit I">100 MeV# $ "1:03%
0:17# & 10'5 cm'2 s'1 sr'1 is significantly lower than
that obtained from EGRET data: IEGRET">100 MeV# $
"1:45% 0:05# & 10'5 cm'2 s'1 sr'1 [2]. Furthermore, our
spectrum is compatible with a featureless power law

with index ! $ 2:41% 0:05. This is significantly softer
than the EGRET spectrum with index !EGRET $ 2:13%
0:03 [2]. To check that the different spectra are not due
to the instrumental point-source sensitivities, we adopt
F">100 MeV# $ 10'7 cm'2 s'1, comparable to the
average EGRET sensitivity, and attribute the flux of all
detected LAT sources below this threshold to the EGB. We
obtain an intensity Ires">100 MeV# $ "1:19% 0:18# &
10'5 cm'2 s'1 sr'1 and a spectrum compatible with a
power law with index !res $ 2:37% 0:05. Therefore, the
discrepancy cannot be attributed to a lower threshold for
resolving point sources. Our EGB intensity is comparable
to that obtained in the EGRET reanalysis by [24] with an
updated DGE model, ISMR">100 MeV# $ "1:11% 0:1# &
10'5 cm'2 s'1 sr'1. However, our EGB spectrum does not
show the distinctive harder spectrum above *1 GeV and
peak at(3 GeV found in the same EGRET reanalysis. We
note that the LAT-measured spectra are softer above
*1 GeV than those measured by EGRET also for the
DGE at intermediate latitudes [20] and for the Vela
Pulsar [25].
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FIG. 4 (color). EGB intensity derived in this work compared
with EGRET-derived intensities taken from Rable 1 in [2] and
Table 3 in [24]. Our derived spectrum is compatible with a
simple power law with index ! $ 2:41% 0:05 and intensity
I">100 MeV# $ "1:03% 0:17# & 10'5 cm'2 s'1 sr'1 where
the uncertainties are systematics dominated.
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What is making the large-scale isotropic diffuse background (IGRB)?
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✦ many astrophysical sources are guaranteed to 
contribute to the diffuse emission, e.g.:
✦ blazars (but maybe only ~15-25%!)
✦ star-forming galaxies
✦ millisecond pulsars

✦ unknown/unconfirmed source classes could 
also contribute:
✦ dark matter
✦ ???

✦ relatively featureless total intensity spectrum 
= lack of spectral handles to ID individual 
components

Credit: NASA/DOE/International LAT Team
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FIGURE 1. (a) Diffuse extragalactic #-ray background from analyses of EGRET data, shown by filled [38] and open [42] data
points, compared to model calculations of the contributions to the EGRB for FSRQs and BL Lac objects, and total AGNs [14], star-
forming galaxies [35], starburst galaxies [46], structure shocks in clusters of galaxies [21, 6], and GRBs [12]. (b) Fitted EGRET and
predicted redshift distributions of FSRQs and BL Lac objects [12]. (c) Fitted EGRET size distribution, and predictions for different
flux levels [12].

required. They obtained best-fit values through the maximum likelihood method that gave an AGN contribution to the

EGRET #-ray background at the level of ! 25%.
Stecker & Salamon [40] postulated a radio/#-ray correlation in blazars, and tried to correct for the duty cycle and #-

ray spectral hardening of flaring states. They found that essentially 100% of the EGRET #-ray background arises from
unresolved blazars and AGNs. In later work [41], they predict that GLAST will detect ! 5000 blazars to a flux level
of! 2"10#9 ph(> 100 MeV)/(cm2-s), which will be reached with GLAST after! 4 years. They did not, however, fit
the blazar redshift distribution to provide a check on their model, nor distinguish between flat spectrum radio quasar

(FSRQ) and BL Lac objects.

The crucial underlying assumption of this approach, which has been developed in recent work [18, 33], is that there

is a simple relation between the radio and #-ray fluxes of blazars. Because a large number of EGRET #-ray blazars
(primarily FSRQs) are found in the 5 GHz,> 1 Jy Kühr et al. [23] catalog, a radio/#-ray correlation is expected. This
correlation is not, however, evident in 2.7 and 5 GHz monitoring of EGRET #-ray blazars [30]. X-ray selected BL
objects are also not well-sampled in GHz radio surveys. Studies based on correlations between the radio and #-ray
emissions from blazars must therefore consider the very different properties and histories of FSRQs and BLs and their

separate contributions to the #-ray background.
Treatments of blazar statistics that avoid any radio/#-ray correlation and separately consider FSRQs and BL Lac

objects have been developed by Mücke & Pohl [29] and Dermer [12]. In the Mücke & Pohl [29] study, blazar spectra

were calculated assuming an injection electron number index of #2. Distributions in injected particle energy in BL
Lac and FSRQ jets were separately considered, with a simple description of density evolution given in the form of a

cutoff at some maximum redshift zmax. Depending on the value of zmax, Mücke & Pohl [29] concluded that as much as

! 40 – 80% of the EGRB is produced by unresolved AGNs, with! 70 – 90% of the emission from FR 1 galaxies and
BL Lac objects.

In my recent study [12], I also use a physical model to fit the EGRET data on the redshift and size distribution of

EGRET blazars. The EGRET blazar sample consists of 46 FSRQs and 14 BL Lac objects that were detected in the

Phase 1 EGRET all-sky survey [16], with fluxes as reported in the Third EGRET catalog [19]. A blazar is approximated

by a relativistic spherical ball entraining a tangled magnetic field and containing an isotropic, power-law distribution

of nonthermal electrons. Single electron power-law distributions were used in the study, with indices p = 3.4 for
FSRQs and p = 3.0 for BL Lac objects, giving spectral indices $% = #0.2 and $% = 0.0, respectively, as shown by
observations [31, 50]. Beaming patterns appropriate to external Compton and synchrotron self-Compton processes,

and bulk Lorentz factor & = 10 and & = 4, were used in FSRQs and BL Lac objects, respectively. The comoving

directional luminosities l$e and blazar comoving rate densities (blazar formation rate; BFRs) for the two classes were

adjusted to give agreement with the data. The threshold detector sensitivity "#8, in units of 10
#8 ph(> 100MeV)/(cm2-

s), was nominally taken to be "#8 = 15 for the two-week on-axis EGRET sensitivity, and "#8 = 0.4 for the one-year
all-sky sensitivity of GLAST. Due to incompleteness of the sample near threshold, the EGRET threshold was adjusted

to "#8 = 25. Because a mono-luminosity function was used, the range in apparent powers is entirely kinematic in this

Dark Matter?
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The angular power spectrum

✦ the angular power spectrum (              ) characterizes 
intensity fluctuations as a function of angular scale (multipole)

✦ here we use the angular power spectrum of intensity 
fluctuations in units of mean intensity (dimensionless)

✦ independent of intensity normalization, avoids uncertainty in 
intensity of signal

✦ avoids different amplitude angular power spectra in different 
energy bins for the same source distribution
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fluctuation angular power 
spectra

predictions for       [sr] at l = 100 
for a single source class (LARGE 
UNCERTAINTIES):
✦ blazars: ~ 1e-4
✦ starforming galaxies: ~ 1e-7
✦ dark matter: ~ 1e-4 to ~ 0.1
✦ MSPs: ~ 1e-2

6

Blazars 
(Ando, Komatsu, Narumoto & Totani 2007)

Galactic subhalos (JSG 2008)

Millisecond pulsars (JSG et al 2010)

Starforming galaxies 
(Ando & Pavlidou 2009)

Angular power spectra of unresolved gamma-ray populations

Galactic subhalos (Ando 2009)

proportional to the density squared. Finally, in Fig. 6, we
show energy spectrum of the mean intensity E2dhIi=dE for
models A1 and A2, compared with the EGRET data [68].
These subhalo models are boosted by a factor of K=K0 !
13 (A1) and 53 (A2), with which associated anisotropies
would be detected (see discussion in the next subsection).

B. Results for the fiducial model and detectability with
Fermi

In Fig. 7(a), we show ‘"‘# 1$C‘=2! for the fiducial
model A1. The two-subhalo term [Eq. (20) with "sh % 1]
is much smaller than the one-subhalo term [Eq. (19)] for
large multipole ranges. For comparison, we also show the
Poisson noise [Eq. (23)] evaluated for the same model,
which would be realized if all the subhalos were to be
gamma-ray point sources. As expected, the power spec-
trum is more suppressed at smaller angular scales (higher
multipoles) compared with the noiselike spectrum. This
means that internal structure of the subhalos should be
probed with this analysis.

In fact, we can understand this qualitatively, by analyz-
ing the integrand of Eq. (19). In Fig. 8, we show contribu-
tions to C1sh

‘ from unit logarithmic mass range and from
unit logarithmic distance (s) range. The mass distributions
(Fig. 8(a)) peak at high-mass range close to Mmax, but are
broader for smaller angular scales. This is because at small
angular scales, massive subhalos are regarded as extended,
suppressing the power; note that j~u"‘=s;M$j2 is a decreas-
ing function of M for fixed ‘=s. Subhalo masses averaged

over this distribution and corresponding scale radii are
1:5& 109M' and rs ! 1:5 kpc (‘ ! 10), 1:2& 109M'
and rs ! 1:4 kpc (‘ ! 100), and 6:4& 108M' and rs !
1:1 kpc (‘ ! 1000). Now, Fig. 8(b) shows that the contri-
bution from farther subhalos is more important for smaller
angular scales, since the closer subhalos are more ex-
tended. Features at 15 kpc correspond to s("Lmax$, below
which contribution from massive subhalos are not included
as they are identified as individual sources. Distances
averaged over this distribution are s ! 13 kpc (‘ ! 10),
20 kpc (‘ ! 100), and 32 kpc (‘ ! 1000). Combining
these typical distance scales with the scale radii, we find
that the angular extension of the subhalos is typically 6.6)

(‘ ! 10), 3.9) (‘ ! 100), and 1.9) (‘ ! 1000). For the
latter two scales, the subhalo extensions are larger than the
angular scales probed (# * 180)=‘) and thus typical sub-
halos are extended, but for the case of ‘ ! 10, they are
almost pointlike sources. Therefore, as we see in Fig. 7(a),
the one-subhalo term starts to deviate from the white noise
above ‘+ 10.
In Figs. 9(a) and 10, we show the angular power spec-

trum, and mass and radius distributions, respectively, for
the other fiducial model (A2; Mmin ! 104M'). The ampli-
tude of the angular power spectrum for the one-subhalo
term is much larger than that for model A1, whereas the
spectrum shape is almost unchanged. This dependence and
its interpretation are the same as those discussed in
Sec. III B for simplified subhalo models (see Figs. 3 and

FIG. 6 (color online). Intensity spectrum of the gamma-ray
background for subhalo models A1 and A2, compared with the
EGRET data. These models are boosted by K=K0 ! 13 (A1) and
53 (A2).

FIG. 7 (color online). (a) Angular power spectrum for the
fiducial subhalo model with Mmin ! 10,6M' (A1 of Table I).
Contributions from the one-subhalo and two-subhalo terms are
shown as solid and dashed curves, respectively, while the dotted
curve shows the Poisson noise that would be obtained if subhalos
were point sources. (b) Errors for the angular power spectrum of
the signal $Cs

‘=C
s
‘, for fsh ! 0:5 and fb ! 0:5. The horizontal

arrow represents the bin width (!‘ ! 0:5‘) for error estimates.

GAMMA-RAY BACKGROUND ANISOTROPY FROM GALACTIC . . . PHYSICAL REVIEW D 80, 023520 (2009)
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EGRET, which is expected to be achieved after two years
of all-sky survey observations of sources with a spectral
index of 2 [56]. Our predictions for Cl from GLAST data
are shown in Fig. 4. As GLAST can detect and remove
more fainter objects than EGRET, the Poisson term is
greatly reduced while the correlation part is almost un-
changed. If the blazar bias is larger than 1, the correlation
part would dominate the angular power spectrum at low l’s,
which would allow us to measure the average bias of
unresolved blazars.

We also show the correlation part of the angular power
spectrum using a bias model which was inferred from the
optical quasar observations [51,52]:

 bQ!z" # 0:53$ 0:289!1$ z"2: (21)

If the unification picture of the AGNs is correct, then it may
be natural to set bB # bQ!z". The results from this calcu-
lation are shown as the dot-dashed curves in Figs. 3 and 4.
We find that these results are quite similar to the case of
bB # 1. This is because at low redshift, z & 0:5, the quasar
bias is close to 1, and the main contribution to the CGB
from blazars comes also from relatively low-redshift range.
Once again, we note that the quasar bias [Eq. (21)] is
significantly different from the bias inferred from the
x-ray AGN observation, which indicated stronger cluster-
ing [53–55]. Therefore, one should keep in mind that a
wide range of the blazar bias, possibly up to %5, is still
allowed. Hereafter, we adopt bB # 1 as our canonical
model, and we note that CC

l simply scales as b2B.

V. DISTINGUISHING DARK MATTER
ANNIHILATION AND BLAZARS

The main goal in this paper is to study how to distinguish
CGB anisotropies from dark matter annihilation and from
blazars. The current uncertainty in the blazar bias would be
the source of systematic errors, but this can be reduced
significantly by several approaches, such as the upgraded
and converged bias estimations of AGNs from the other
wavebands, direct measurement of the blazar bias from the
detected point sources by GLAST [46], and the CGB
anisotropy at different energies where the contribution
from dark matter annihilation is likely to be small.

A. Formulation for the two-component case

The total CGB intensity is the sum of dark matter
annihilation and blazars:

 ICGB!E; n̂" # IB!E; n̂" $ ID!E; n̂"; (22)

 hICGB!E"i # hIB!E"i$ hID!E"i; (23)

where the subscripts B and D denote blazar and dark matter
components, respectively. The expansion coefficients of
the spherical harmonics are given by

 aCGBlm #
Z

d!n̂
ICGB!E; n̂" & hICGB!E"i

hICGB!E"i
Y'
lm!n̂"

#
Z

d!n̂
!IB!E; n̂" $ !ID!E; n̂"

hICGB!E"i
Y'
lm!n̂"

( fBaBlm $ fDaDlm; (24)

where !IB;D ( IB;D & hIB;Di, fB;D ( hIB;Di=hICGBi. These
fB and fD are the fraction of contribution from the blazars
and dark matter annihilation to the total CGB flux, and we
have the relation fB $ fD # 1. Therefore, aB;Dlm is defined
as the coefficient of the spherical harmonic expansion if
each component is the only constituent of the CGB flux,
the same definition as in the previous sections or of AK06
[41]. The total angular power spectrum CCGB

l # hjaCGBlm j2i
is, therefore, written as

 CCGB
l # f2BCl;B $ f2DCl;D $ 2fBfDCl;BD; (25)

where Cl;B and Cl;D are the angular power spectrum of the
CGB from blazars (Sec. IV) and dark matter annihilation
(Sec. III and AK06 [41]), respectively, and Cl;BD (
haBlmaD'

lm i is a cross correlation term. This cross correlation
term is derived in Appendix B, and is again divided into 1-
halo and 2-halo terms, i.e.,

 Cl;BD # C1h
l;BD $ C2h

l;BD; (26)

where each term is given by

 

FIG. 4 (color online). The same as Fig. 3 but for the CGB
anisotropy expected from GLAST data.

DARK MATTER ANNIHILATION OR UNRESOLVED . . . PHYSICAL REVIEW D 75, 063519 (2007)
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the other fiducial model (A2; Mmin ! 104M'). The ampli-
tude of the angular power spectrum for the one-subhalo
term is much larger than that for model A1, whereas the
spectrum shape is almost unchanged. This dependence and
its interpretation are the same as those discussed in
Sec. III B for simplified subhalo models (see Figs. 3 and

FIG. 6 (color online). Intensity spectrum of the gamma-ray
background for subhalo models A1 and A2, compared with the
EGRET data. These models are boosted by K=K0 ! 13 (A1) and
53 (A2).

FIG. 7 (color online). (a) Angular power spectrum for the
fiducial subhalo model with Mmin ! 10,6M' (A1 of Table I).
Contributions from the one-subhalo and two-subhalo terms are
shown as solid and dashed curves, respectively, while the dotted
curve shows the Poisson noise that would be obtained if subhalos
were point sources. (b) Errors for the angular power spectrum of
the signal $Cs

‘=C
s
‘, for fsh ! 0:5 and fb ! 0:5. The horizontal

arrow represents the bin width (!‘ ! 0:5‘) for error estimates.
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EGRET, which is expected to be achieved after two years
of all-sky survey observations of sources with a spectral
index of 2 [56]. Our predictions for Cl from GLAST data
are shown in Fig. 4. As GLAST can detect and remove
more fainter objects than EGRET, the Poisson term is
greatly reduced while the correlation part is almost un-
changed. If the blazar bias is larger than 1, the correlation
part would dominate the angular power spectrum at low l’s,
which would allow us to measure the average bias of
unresolved blazars.

We also show the correlation part of the angular power
spectrum using a bias model which was inferred from the
optical quasar observations [51,52]:

 bQ!z" # 0:53$ 0:289!1$ z"2: (21)

If the unification picture of the AGNs is correct, then it may
be natural to set bB # bQ!z". The results from this calcu-
lation are shown as the dot-dashed curves in Figs. 3 and 4.
We find that these results are quite similar to the case of
bB # 1. This is because at low redshift, z & 0:5, the quasar
bias is close to 1, and the main contribution to the CGB
from blazars comes also from relatively low-redshift range.
Once again, we note that the quasar bias [Eq. (21)] is
significantly different from the bias inferred from the
x-ray AGN observation, which indicated stronger cluster-
ing [53–55]. Therefore, one should keep in mind that a
wide range of the blazar bias, possibly up to %5, is still
allowed. Hereafter, we adopt bB # 1 as our canonical
model, and we note that CC

l simply scales as b2B.

V. DISTINGUISHING DARK MATTER
ANNIHILATION AND BLAZARS

The main goal in this paper is to study how to distinguish
CGB anisotropies from dark matter annihilation and from
blazars. The current uncertainty in the blazar bias would be
the source of systematic errors, but this can be reduced
significantly by several approaches, such as the upgraded
and converged bias estimations of AGNs from the other
wavebands, direct measurement of the blazar bias from the
detected point sources by GLAST [46], and the CGB
anisotropy at different energies where the contribution
from dark matter annihilation is likely to be small.

A. Formulation for the two-component case

The total CGB intensity is the sum of dark matter
annihilation and blazars:

 ICGB!E; n̂" # IB!E; n̂" $ ID!E; n̂"; (22)

 hICGB!E"i # hIB!E"i$ hID!E"i; (23)

where the subscripts B and D denote blazar and dark matter
components, respectively. The expansion coefficients of
the spherical harmonics are given by

 aCGBlm #
Z

d!n̂
ICGB!E; n̂" & hICGB!E"i

hICGB!E"i
Y'
lm!n̂"

#
Z

d!n̂
!IB!E; n̂" $ !ID!E; n̂"

hICGB!E"i
Y'
lm!n̂"

( fBaBlm $ fDaDlm; (24)

where !IB;D ( IB;D & hIB;Di, fB;D ( hIB;Di=hICGBi. These
fB and fD are the fraction of contribution from the blazars
and dark matter annihilation to the total CGB flux, and we
have the relation fB $ fD # 1. Therefore, aB;Dlm is defined
as the coefficient of the spherical harmonic expansion if
each component is the only constituent of the CGB flux,
the same definition as in the previous sections or of AK06
[41]. The total angular power spectrum CCGB

l # hjaCGBlm j2i
is, therefore, written as

 CCGB
l # f2BCl;B $ f2DCl;D $ 2fBfDCl;BD; (25)

where Cl;B and Cl;D are the angular power spectrum of the
CGB from blazars (Sec. IV) and dark matter annihilation
(Sec. III and AK06 [41]), respectively, and Cl;BD (
haBlmaD'

lm i is a cross correlation term. This cross correlation
term is derived in Appendix B, and is again divided into 1-
halo and 2-halo terms, i.e.,

 Cl;BD # C1h
l;BD $ C2h

l;BD; (26)

where each term is given by

 

FIG. 4 (color online). The same as Fig. 3 but for the CGB
anisotropy expected from GLAST data.
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Fermi anisotropy analysis

7

1 - 2 GeV
All-sky map

Masked-sky map
 used in the analysis

JSG for the Fermi-LAT Collaboration and Komatsu 2010
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Data and Model comparison

1 - 2 GeV
fluctuation angular power spectra

JSG for the Fermi-LAT Collaboration and Komatsu 2010

✦ angular power above the photon noise level is detected for multipoles greater than ~ 100 in the data but 
not the simulated model (simulated model = Galactic diffuse + known sources + isotropic component)

✦ anisotropies are also detected at lower significance up to E ~ 10 GeV, however note that the sensitivity of 
the analysis decreases with increasing energy due to decreasing photon statistics
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fluctuation angular power 
spectra

predictions for       [sr] at l = 100 
for a single source class (LARGE 
UNCERTAINTIES):
✦ blazars: ~ 1e-4
✦ starforming galaxies: ~ 1e-7
✦ dark matter: ~ 1e-4 to ~ 0.1
✦ MSPs: ~ 1e-2

measured fluctuation       of 
~ 1e-5 sr at multipoles 

above ~ 100 at low energies 
falls generally in the range 

predicted for some 
astrophysical source classes 

and some dark matter 
scenarios for emission from 

a single source class
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Comparison with (rough) predictions

9

fluctuation angular power spectra

JSG for the Fermi-LAT Collaboration and Komatsu 2010
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IGRB anisotropies from millisecond pulsars

10

JSG, Reesman, Pavlidou, Profumo, & Walker 2010

unresolved MSPs could contribute significantly to the high-latitude 
gamma-ray emission (e.g., Faucher-Giguere & Loeb 2009)

3030

4040
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Angular power spectrum of MSPs

11

JSG, Reesman, Pavlidou, Profumo, & Walker 2010

✦ remarkably constant in 
multipole → looks like 
emission from an 
unclustered source 
population (“Poisson-
noise--like”)

✦ large amplitude 
anisotropy → their 
diffuse contribution 
may be detectable/
constrainable from 
Fermi data

10 100
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0.001
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Constraints on the MSP population

12

JSG, Reesman, Pavlidou, Profumo, & Walker 2010

✦ MSP models in shaded regions exceed measured IGRB intensity/anisotropy + 2-sigma
✦ anisotropy constraints ~ 1 order of magnitude stronger than intensity constraints

10000 1e+05 1e+06
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1e-10

1e-09

1e-08

F 1 (c
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1-2 GeV

Fermi IGRB IntensityPreliminary Fermi IGRB AnisotropyReference Model
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The intensity energy spectrum
(or why we need anisotropy too)

13

0.1 1.0 10.0 100.0 1000.0
Energy [GeV]

10!8

10!7

10!6

E2 I E 
[G

eV
 cm

!2
 s!1

 sr
!1

]

subhalos

ref. blazars
 + EBL

alt. blazars

ref. blazars

total

JSG & Pavlidou 2009

example isotropic diffuse intensity spectrum
what makes up the 
“total” measured 

emission?

#1: ref. blazar model w/ DM
#2: alt. blazar model w/o DM

intensity spectra are 
degenerate!

✦ interactions with the 
extragalactic background light 
(EBL) may attenuate extragalactic 
gamma-rays above ~ 10 GeV

✦ EBL attenuation produces an 
exponential cutoff in the 
observed spectrum

✦ observed blazar spectrum could 
hide a DM feature!
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0.1 1.0 10.0 100.0 1000.0
Energy [GeV]
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E2 I E [Ge
V cm
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JSG & Pavlidou 2009

Energy-dependent anisotropy

14

Log10( Intensity / K  [1030 cm-2 s-1 sr-1] )
-12 -7

blazars dark matterblazars + dark matter

example patches of sky showing intensity fluctuations in units of the intensity 
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✦ Galactic dark matter dominates the intensity above ~20 GeV, but spectral 
cut-off is consistent with EBL attenuation of blazars

✦ modulation of anisotropy energy spectrum is easily detected!
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neutralino mass = 700 GeV

The anisotropy energy spectrum at work

15

JSG & Pavlidou 2009

✦ 1-sigma errors

✦ 5 years of Fermi all-sky 
observation 

✦ 75% of the sky usable

✦ Nb/Ns =10 !!!!

✦ error bars blow up at low 
energies due to angular 
resolution, at high energies 
due to lack of photons
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✦ Galactic dark matter never dominates the intensity and spectral cut-off is 
consistent with EBL attenuation of blazars

✦ modulation of anisotropy energy spectrum is still strong!

neutralino mass = 80 GeV
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The anisotropy energy spectrum at work
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✦ 1-sigma errors

✦ 5 years of Fermi all-sky 
observation 

✦ 75% of the sky usable

✦ Nb/Ns =10 !!!!

✦ error bars blow up at low 
energies due to angular 
resolution, at high energies 
due to lack of photons
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A simple test to find multiple populations

16

✦ assume the large-scale isotropic diffuse (IGRB) is 
composed primarily of emission from blazars and dark 
matter

✦ fix the anisotropy properties of both populations, fix the 
blazar emission to a reference model, and vary the dark 
matter model parameters (mass, cross-section, 
annihilation channel)

✦ define a simple, ‘model-independent’ test criterion:

is the anisotropy energy spectrum at E ≥ 0.5 GeV 
consistent with a constant value, equal to the weighted 
average of all energy bins?

✦ dark matter model is considered detectable if this 
hypothesis is rejected by a χ2 test at 95% CL

✦ NB: this test is not optimized to find specific dark 
matter models; tailored likelihood analysis could 
significantly improve sensitivity!
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Sensitivity of the anisotropy energy spectrum

✦ DM produces a 
detectable feature in 
the anisotropy energy 
spectrum for a 
substantial region of 
parameter space in this 
scenario

✦ technique could probe 
cross-sections close to 
thermal; extends the 
reach of current 
indirect searches

17

Hensley, JSG, & Pavlidou 2010

dark matter models above the
curves are detectable by this test!
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✦ using anisotropy information can enable the detection of unresolved source 
populations that are subdominant in the intensity, such as dark matter, without 
requiring a firm prediction for the expected signal

✦ there is a preliminary Fermi detection of anisotropies in the IGRB at energies of a 
few GeV consistent with a signal from an uncorrelated point source population

✦ the preliminary Fermi anisotropy measurement can be used to constrain gamma-ray 
source populations

✦ combining anisotropy and energy information can improve sensitivity to specific 
populations and help identify contributors 

✦ the anisotropy energy spectrum of the IGRB is sensitive to a large parameter space 
of dark matter models, and could extend the reach of current indirect dark matter 
searches

Summary

18


