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Very High Energy Gamma Rays and Origin of Galactic Cosmic Rays

F.A. Aharonian

MPI-K, Saupfercheckweg 1, 69117 Heidelberg, Germany

I discuss the crucial role of TeV gamma-ray observations for localization/identification of accelerators of galactic
cosmic rays, and argue that the recent morphological and spectrometric studies of a number of galactic TeV
sources, in particular shell-type SNRs, with the HESS array of atmospheric Cherenkov Telescopes, is an event
of extraordinary importance for the solution of the century-old problem of origin of galactic cosmic rays.

1. INTRODUCTION

It is believed that gamma-ray astronomy should
play a crucial role in solving the problem of origin
of galactic cosmic rays (CRs). The realization of this
seminal prediction recognized by pioneers of the field
in the 1950’s and 1960’s (see e.g. Refs [1, 2]) is still
considered as one of the major goals of y-ray astron-
omy. The basic idea is simple and concerns both the
acceleration and propagation aspects of CRs. Namely,
while the localized ~-ray sources exhibit the sites of
production/acceleration of CRs, the angular and spec-
tral distributions of the diffuse galactic y-ray emis-
sion provide unique information about the character
of propagation of relativistic particles in galactic mag-
netic fields. The prime objective of this activity is the
decisive test of the hypothesis that supernova rem-
nants (SNRs) are responsible for the bulk of the ob-
served CR flux up to 10 eV.

Since the discovery of CRs by Victor Hess in 1912,
the origin of this radiation has remained a mystery.
Despite the plentiful experimental material accumu-
lated over the recent decades and extensive theoretical
efforts, the physicists and astronomers do not have a
clear concept which could explain all features of non-
thermal particles detected from sub-relativistic ener-
gies to 10%Y eV.

The energy spectrum of the hadronic component
of CRs has two distinct features - the so-called knee
and ankle around 10'° eV and 10'® eV, respectively
(see Fig.1). It is believed that all particles below the
knee are of galactic origin, and that the Extremely
High Energy Cosmic Rays above the ankle are pro-
duced outside the Galactic Disk (see e.g. Refs [3, 4]
- in powerful extragalactic objects like Active Galac-
tic Nuclei, Radiogalaxies and Clusters of Galaxies, or
during solitary events like Gamma Ray Bursts. It is
likely that the contributions of these two components
become comparable somewhere between the knee and
ankle.

The acceleration, accumulation and effective mix-
ture of nonthermal charged particles, through their
convection and diffusion in galactic magnetic fields,
produce the so-called “sea” of galactic CRs. The av-
erage density of CRs throughout the Galactic Disk is
determined by operation of all galactic sources over
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Figure 1: The energy spectrum of Cosmic Rays with
indication of two features - the so-called ”knee”
(steepening of the spectum above 10%° eV) and ”ankle”
(hardening of the spectrum above 10'® eV) [3].

a relatively long time period, comparable with the
CR confinement time in the Galaxy of ~ 107 yr (see
e.g. Refs. [5]). If the level of the “sea” of CRs is
not significantly different from the directly measured
(local) CR flux, one can assume that the average en-
ergy density of CRs in the Galactic Disk should be
around 1 eV /cm?. Because of the relatively steep en-
ergy spectrum, more than 90 percent of this density
is contributed by particles with energy < 100 GeV.
The CR production rate in the Galaxy can be
estimated solely on the basis of CR measurements,
namely from the total flux and the secondary-to-
primary ratio of CRs which contains information
about the confinement time of CRs in the Galaxy. Re-
markably, such an estimate is rather insensitive to the
details characterizing the confinement region (density,
volume, etc.). In particular, both the disk and halo
CR confinement models give similar CR production
rates [5]. The conservative estimates of the production
rate of galactic CRs vary within (0.3 — 1) x 104! erg/s.
This estimate of the CR production rate is based on
the belief that charged particles during their propaga-
tion in the interstellar magnetic fields are well mixed,
therefore the density of cosmic rays measured locally
in the Solar neighborhood correctly reflects the level
of the "sea” of CRs, wer = 1 eV/cm?, Although it
is possible that a non-negligible fraction of the di-
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rectly detected CR flux has local origin [6, 7], being
contributed by handful nearby objects', the EGRET
measurements of the diffuse gamma-ray emission of
the interstellar medium [8] show that the average CR
density of relatively low energy (E < 100 GeV) CRs
in the Galactic Disk should be quite close to the lo-
cally measured CR density. Remarkably, the energy
density of the "sea” of CRs of 1 eV /cm? is comparable
with the pressure of galactic magnetic fields, as well
as with the turbulent and thermal pressure of the in-
terstellar gas. This implies that galactic cosmic rays
play an important role in the dynamical balance of our
Galaxy, and perhaps have also a non-negligible impact
on interstellar chemistry through the heating and ion-
ization of the interstellar medium (see e.g. Ref. [12]).

2. THE COMMON BELIEF

It is widely believed that Supernova Remnants
(SNRs) constitute the major source population in our
Galaxy responsible for the observed CRs. The main
phenomenological argument, formulated by the pio-
neers of the field, is based on the fact that the power
to maintain the galactic population of CRs is esti-
mated to be =~ 10 per cent of the total mechanical
energy released by Sane explosions in our Galaxy. It
is remarkable that as early as 1933 W. Baade and
F. Zwickey realized the possible association of cosmic
rays with supernovae, based on the comparable en-
ergies characterizing these two phenomena. This is,
of course, a strong but not yet decisive point, given
that other potential source populations like pulsars,
X-ray binaries (microquasars), young stars with pow-
erful mechanical winds also meet, at least formally,
this energy requirement.

The second key argument in favor of SNRs as
sources of galactic CRs has a theoretical background,
namely it relies on the theory of diffusive shock ac-
celeration (DSA) applied to young SNRs (see, for a
recent review Ref. [13]). Over the last 20 years the
basic properties of this model have been comprehen-
sively studied and cross-checked using different com-
putational approaches. In particular, it has been re-
alized [14-16] that in effective accelerators the shocks
are modified by the pressure of accelerated particles,
and that this nonlinear effect should have a strong
impact on the formation of the energy distribution of
accelerated particles. On the other hand, since the ac-

I This statement is certainly true for at least very high energy
CR electrons. Because of severe radiative losses, the source(s)
of the observed TeV electrons cannot be located well beyond a
few 100 pc [9], and therefore the sheer fact of extension of the
observed electron spectrum to TeV energies is an unambiguous
indicator of existence of a nearby cosmic TeVatron(s) [10, 11].

celeration efficiency of CR accelerators, i.e. the frac-
tion of mechanical energy transfered to non-thermal
particles, should be very high, in the case of SNRs -
10 percent or more (in order to explain the produc-
tion rate of galactic CRs), the theory of the nonlinear
shock acceleration seems to be a key element in the
SNR paradigm of galactic CRs.

DSA allows conclusive observational predictions.
The distinct feature of this model is the very hard,
power-law type (although not precisely power-law) en-
ergy distribution of particles with differential spectral
index « close to 2.

3. PROBING THE CONTENT OF COSMIC
RAYS IN SUPERNOVA REMNANTS

The high acceleration efficiency, coupled with hard
energy spectra of protons extending well beyond 10
TeV, should lead to VHE ~-ray fluxes of hadronic ori-
gin. Thus, the best way to check the hypothesis is to
search for TeV ~-ray signals of 7¥-decay origin from
young shell-type SNRs [17]. TeV 4-rays have indeed
been reported from three famous SNRs - SN 1006 [18],
Cas A [19] RX J1713.7-3946 [20]. These are objects
with nonthermal X-radiation of putative synchrotron
origin radiated by > 10 TeV electrons. Since the same
electrons can also radiate TeV gamma-rays through
inverse Compton (IC) scattering, we deal with two
competing emission processes responsible for TeV ra-
diation. It should be noted, however, that the lep-
tonic origin of TeV gamma-ray emission from these
SNRs was and remains the favored model of both the
gamma-ray and X-ray communities. Moreover, the
early observations of SNRs by the Whipple collabora-
tion [21] were interpreted by many experts as a fail-
ure of SNRs in general, and DSA in particular, to be
responsible for the production of galactic CRs. How-
ever, given the limited sensitivity of current detectors,
as well as large uncertainties in several key model pa-
rameters, these conclusions in many cases are not well
justified and, in fact, are misleading. Driven by an
ultimate desire for dramatic revisions of the current
concepts, the claims about the difficulties associated
with gamma-ray observations of SNRs were premature
and, to a large extent, exaggerated. A more rational
conclusion from these observations was that only the
stereoscopic IACT arrays with significantly improved
sensitivity, and capability for adequate morphological
and spectroscopic studies [22] could be able to probe
the SNR visibility in 7%-decay y-rays and thus to pro-
vide a decisive test for the SNR origin of galactic CRs.
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4. HESS - a powerful tool for probing
shell-type SNRs in TeV gamma-rays

The success of ground-based gamma-ray astronomy
(see e.g. Refs [23-26]) not only led to important astro-
physical discoveries, but also elucidated the most ef-
fective and reliable detection techniques. Among the
variety of competing designs, the concept of stereo-
scopic arrays consisting of 10m diameter or larger
aperture telescopes was identified as the most convinc-
ing approach that can facilitate strong improvements
in performance at an affordable cost, and, at the same
time promises a fast scientific return [23].

The first representative of this class of IACT arrays
dubbed HESS (High Energy Stereoscopic System) was
completed in December 2003. The array consists of
four 13m diameter optical dishes [27] spaced at the
corners of a square of side 120 m, each equipped with
a 960-pixel PMT camera with a field of view (FoV)
~ 5° [28]. HESS operates in an effective energy range
from 100 GeV to 30 TeV, with an angular resolution
of a few arcminutes, energy resolution around 15 per
cent, and a flux sensitivity of about 10 mCrab flux
with a significance of 50 in 25 h of observations of a
point like source [29], i.e. for sources with angular size
less than the point spread function of the instrument,
01 ~ 0.1°). For an extended source with 6 > d1), the
minimum detectable flux is increases approximately
by a factor of 6/0.

Located in the Southern Hemisphere (Khomas
Highland of Namibia), this 5° FoV stereoscopic ar-
ray is currently the most sensitive instrument in the
world to conduct morphological and spectrometric
studies of extended galactic sources in TeV gamma-
rays. The unique potential of HESS has been con-
vincingly demonstrated by the discovery and study of
a number of TeV sources representing several galac-
tic and extragalactic source populations. The results
on the spatial and energy distributions of TeV ~-
rays of two young SNRs - RX J1713.7-3946 [30] and
RX J0852.0-4622 (Vela Junior) [31], are of extraordi-
nary importance, in particular in the context of origin
of galactic cosmic rays.

4.1. RX J1713.7-3946

Discovered in X-rays during the ROSAT All-Sky
Survey [32], this object later was extensively studied
by the ASCA [33-35], Chandra [36], and XMM [37, 38|
X-ray satellites. RX J1713.7-3946 was reported as a
source of TeV emission by the CANGAROO collab-
oration [20, 39]. The HESS observations performed
with two telescopes in 2003 confirmed this result, and,
more importantly, provided a v-ray image of this SNR
on arcminute scales [40]. In 2004 the source was ob-
served again, but this time with the full four-telescope
system. The TeV image of the source based on ~ 40 h
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data sample [41] is shown in Fig.2. The signal from the
entire remnant stands out from the residual charged
CR background with a statistical significance of more
than 40 standard deviations. The overall (asymmet-
ric and thick) shell structure is clearly visible and cor-
relates [40, 41] with the X-ray images detected with
ASCA [34, 35] and XMM-Newton [37, 38], as well as
with CO observations of a dense molecular gas com-
plex located on the west side of the remnant [42].

17Th1im

Figure 2: The gamma-ray image of RX J1713.7-3946
obtained with the 4-telescope array of HESS in 2004 [41].
The linear colour scale is in units of excess counts.

The energy spectrum of the entire remnant based
on the 2003 data is shown in Fig.3. The experi-
mental points in the energy interval 1-10 TeV can
be described by a power-law with a photon index
I' = 2.19 £ 0.09¢at £ 0.155y¢. Although there is no
indication for a spectral break, but a reasonable fit of
data by a "power-law with exponential cutoff” (e.g.
with I' = 1.5 and E.,t = 4 TeV) cannot be excluded.
The new HESS data obtained in 2004 allow signif-
icant extension of the energy spectrum towards 100
GeV and above 10 TeV, which hopefully will provide
definite conclusions concerning the spectral features
of this source.

The interaction of RX J1713.7-3946 with a nearby
cloud discovered in CO observations by the NANTEN
telescope [42] allows an estimate of the distance to the
supernova remnant of about 1 kpc and, correspond-
ingly, the age between 1 to 3 thousand years. If so,
it is likely that RX J1713.7-3946 is a result of the su-
pernova explosion which was registered in 393 A.D.
as a guest star in the Chinese historical records [43].
Therefore RX J1713.7-3946 formally can be teated as
a representative of young galactic SNRs like SN 1006,
Vela Junior, Tycho, Kepler, Cas A.

However, RX J1713.7-3946 is, in fact, a unique ob-
ject with very unusual characteristics. First of all this
concerns the X-ray emission which does not contain
a measurable thermal component. This could be an
indication that the supernova explosion occurred in-
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Figure 3: The y-ray spectrum of RX J1713.7-3946
reported by the HESS collaboration [40] and by the
CANGAROO collaboration [39]. Note that while the
HESS points are for the whole remnant, the
CANGAROO points correspond to the northwestern
(NW) part of the remnant. This implies a factor of 3
difference in reported fluxes at 1 TeV.

side the wind-blown bubble with very low gas den-
sity [34]. A different explanation for the lack of ther-
mal X-ray emission is also possible, namely assuming
a very high density environment; because of the fast
radiative cooling, the dense ambient gas cannot be
heated to sufficiently high temperatures to emit ther-
mal X-rays.

The observed spatial correlation of the X-ray emis-
sion with the CO map of the brightest west portion
of the remnant [37, 38, 42] could be interpreted as an
argument in favor of the production of nonthermal X-
rays in the dense gas regions. On the other hand, the
X-ray emission with hardest power-law spectrum, as
observed by XMM-Newton from the South-East part
of the remnant [37], shows that we deal with a very
complex system, and many issues, even the commonly
accepted model of synchrotron X-ray emission, should
be subject of detailed examination and further stud-
ies.

Meanwhile, these questions are tightly related to
the observed TeV ~-ray emission, and therefore their
solution would be crucial also for understanding of
the origin of TeV gamma-rays. Indeed, the first sce-
nario, which assumes very low plasma density (n <
1072 em™3), excludes any hope for detection of TeV
gamma-rays of hadronic origin. The second scenario,
which assumes very high density environment, dis-
favors the Inverse Compton (IC) origin of the ob-
served IC gamma-rays, unless one assumes a very
clumpy environment with ”voids” (regions of low-
density gas and low-magnetic field) where the TeV
electrons spend significantly more time than in dense
clouds. The real picture could be, in fact, more com-

plex. Clearly, significant efforts in modeling of parti-
cle acceleration, propagation and radiation processes
based on high quality multiwavelength observations of
several SNRs are needed before any conclusion con-
cerning the origin of nonthermal radiation, and corre-
spondingly the acceleration rates and spectra of elec-
trons and protons in these objects.

In this regard it is difficult to underestimate the im-
portance of the recent reports of detection of TeV ~-
ray emission from another young supernova remnant
- RX J0852.0-4622 (or Vela Junior) by the CANGA-
ROO [44] and HESS [45] collaborations.

4.2. Vela Junior

Vela Junior was discovered using the data of the
ROSAT All-Sky Survey [46]. The distance and the
age of the source are estimated by different authors
between 200 pc [47] and 1 kpc [48] and between several
hundred to several thousand years, respectively.

The X-ray image shows a quasi-regular 2° diame-
ter ring-like structure with enhanced emission along
the northern, western, and southeastern limbs. The
source displays also X-ray emission from the interior -
a faint X-ray point-like source (a neutron star ?) sur-
rounded by a diffuse nonthermal component (a syn-
chrotron nebula ?).

The X-ray flux is dominated, like in SNRs
RX J1713.7-3946 and SN 1006, by a nonthermal com-
ponent. The radio and X-ray fluxes of Vela Ju-
nior and SN 1006 are rather similar: several times
107! erg/cm?s around 1 GHz and ~ 10719 erg/cm?s
in the 1-10 keV band, correspondingly. The relation
of radio and X-ray fluxes is quite different in the case
of RX J1713.7-3946. While the radio flux of this SNR
is an order of magnitude less than the radio flux of
Vela Junior, its X-ray flux exceeds by a factor of 5
the X-ray flux of Vela Junior. Despite this difference,
the faint synchrotron radio flux is a common feature
of these three objects. Other young SNRs, in partic-
ular Cas A, Tycho and Kepler, the X-ray emission of
which is dominated by thermal components, are much
stronger radio sources.

The similarity between RX J1713.7-3946 and Vela
Junior is supported also by the strong extended TeV
emission of both objects spatially correlated with X-
rays. The HESS image of Vela Junior in TeV ~-
rays is shown Fig.4. The energy spectrum in the
energy range between 500 GeV and 15 TeV is de-
scribed by a power-law, dN/dE = ®(E/1 TeV)~ T
with I' = 2.1 £ 0.1gat £ 0.1y and & = (2.1 £
0.25tat 10.65yst) x 107 cm™2s—1TeV~!. Compared to
RX J1713.7-3946, the total flux of Vela Junior is some-
what higher, and the spectrum seems to be slightly
harder.
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Figure 4: The HESS image of the SNR Vela Junior
obtained with the 4-telescope HESS array [45]. The
excess of 660 £ 60 events from the whole remnant with a
120 statistical significance is obtained in 4.5 h
observation time in 2004. The image is smoothed with a
Gaussian of standard deviation of 6 arcmin. The point
spread function of HESS is shown by a circle. The
superimposed ASCA contour lines [48] show spatial
correlation between X-rays and TeV v-rays. The position
of the neutron star candidate AXJ0851.9-4617.4 is
marked with an asterisk.

4.3. SN 1006

The claim of detection of TeV ~v-ray emission of
this young shell-type supernova remnant by the CAN-
GAROO collaboration [49] initiated a number of phe-
nomenological and theoretical studies to explain the
high energy 7-ray emission within the leptonic (e.g.
Refs.[50-53]) or hadronic (e.g. Refs. [52, 54]) models.

N‘g 107
g [ CANGAROO-1
107
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L L | L L |
1 10
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Figure 5: Comparison of observations of SN1006 reported
by HESS [55] and CANGAROO [49] from the same (NW)
part of the shell. The HESS upper limit (99.9% c.1.)

band is derived assuming a photon index from I'=2 to 3.

The HESS observations of SN 1006 have been car-
ried in 2003 and 2004 [55]. No evidence for TeV
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gamma ray emission from any compact or extended
region associated with the remnant was obtained. The
upper limit on the TeV flux (see Fig. 5) is below,
by an order of magnitude, the flux reported by the
CANGAROO group. This upper limit constrains (1)
the total energy in > 1 TeV protons in the remnant,
W, < 1059(d/2 kpc)?(n/0.1 ecm=3)~! erg (n is the
number density of the gas in the confinement region
of protons) within the framework of hadronic models,
and (2) the strength of the post-shock magnetic field
B > 25 uG within the framework of leptonic (IC)
models 5.

5. THE CASE OF CASSIOPEIA A

The shell type supernova remnant Cas A is the
brightest radio source in our Galaxy. The synchrotron
radiation of Cas A continues to submillimeter wave-
lengths, and perhaps even further to the infrared and
hard X-rays. The magnetic field in this young SNR
is very high. By comparing the bremsstrahlung flux
of radio emitting electrons with the gamma-ray flux
upper limit J(> 100 MeV) < 1.1 x 107%ph/cm?s set
by the COS B and EGRET high energy gamma-ray
detectors, one can derive a robust low limit [56, 57]
for the magnetic field in Cas A at the level of By ~
100 uG. Such a constraint on the magnetic field is
possible because of the high radio flux of Cas A and
effective production of high energy 7-rays via electron
bremsstrahlung. Actually this is a quite unusual sit-
uation compared with other shell type isolated SNRs
for which bremsstrahlung is generally ineffective ~-
ray production mechanism. The reason is twofold: a
very large amount of electrons with energy extend-
ing to at least 10 GeV (the electrons which produce
synchrotron radiation at mm wavelengths), and large
gas density, n > 10cm™3. There is little doubt that
GLAST should detect this radiation component at
MeV/GeV energies, and thus provide an unambigu-
ous probe of the magnetic field in Cas A.

Cas A is the result of the youngest supernova event
in our Galaxy that took place around 1680. The
source is bright in X-rays, a noticeable fraction of
which may have nonthermal (synchrotron) origin [58].
The same multi-TeV electrons responsible for syn-
chrotron X-rays contribute to the TeV ~-ray emission
through the inverse Compton scattering. However,
because of the strong magnetic field, the efficiency of
inverse Compton channel in this object seems to be
quite low.

The “brute-force” observation strategy applied by
the HEGRA collaboration to this prominent objects,
was eventually rewarded by detection of a tiny flux
(5.8 £ 1.24at + 1.25yt) x 10713 ph/cm?s above 1
TeV [19]. More than 200 hours of data accumulated
during 3 years from 1997 to 1999, revealed a positive
signal with statistical significance exceeding 5o.



0043

22nd Texas Symposium on Relativistic Astrophysics at Sanford University, Dec. 13-17, 2004

—11 _
10 E y Crab

Whipple

E I(>E) (TeV cm 2s™")
)

s CAT

HEGRA
IACT System

8 9 10 " 12 13 14

Log(E/eV)

Figure 6: Gamma-rays from Cas A. The shaded area
shows the 1o error range for the fluxes measured by the
HEGRA CT-system [19]. Also indicated are the flux
upper limits set by EGRET, Whipple and CAT
telescopes. Model predictions are presented by solid,
dashed and dotted curves. The dotted curve represents
the fluxes for 7%-decay decay ~-rays calculated for
relativistic protons with power-law index I' = 2.15
(identical to the spectral index of radio emitting
electrons), exponential cutoff at Ey = 200 TeV and total
energy 2 x 10° erg. The density in the shell is assumed
n =15 ecm 2. The solid and dashed lines correspond to
the v-ray fluxes produced by electrons calculated in the
framework of a 3-zone model for 2 set of basic
parameters discussed in Ref. [57].

The interpretation of this signal in terms of IC
~v-rays seems unlikely, unless one assume multi-
zone structures containing regions with low B-field
”voids” [57]. On the other hand, because of the low
TeV ~-ray flux and high average density of the nebular
gas, a little effort is needed to explain the TeV radi-
ation by interactions of accelerated protons [57, 59].
This interpretation requires ~ 10%° erg total energy in
accelerated protons (see Fig. 6) which exceeds the en-
ergy in relativistic electrons only by a factor of < 10.

A crucial information about the ~-ray production
mechanism is contained in the energy spectrum. The
inverse Compton model predicts quite steep TeV ~-
ray spectrum with a photon index I' ~ 3. There-
fore the detection of a hard ~-ray spectrum would be
a strong argument in favor of the hadronic origin of
the TeV emission. The TeV flux of Cas A is rather
week, therefore accurate measurements of the energy
spectrum can be performed only with new generation
TACT arrays, like MAGIC and VERITAS, located in
the Northern Hemisphere.

6. Hadronic versus leptonic gamma-rays

The key objective of TeV observations of the shell-
type SNRs, at least in the context of origin of galactic
CRs, is the detection/identification of the hadronic
component of v-ray emission related to the shock-

accelerated protons and nuclei. In this regard, the
understanding of the origin of TeV ~-ray images de-
tected from RX J1713.7-3946 and Vela Junior is of
great importance, and may lead to the first strong ob-
servational evidence of acceleration of multi-TeV pro-
tons in SNRs. For such a dramatic conclusion we need
to show that the TeV signal cannot be related to rela-
tivistic electron. Since we have only two real alterna-
tives (IC or 7’-decay gamma-rays), the demonstration
of the failure of the IC mechanism to explain the TeV
data would be interpreted as a proof of the hadronic
origin of TeV radiation. Therefore, comprehensive
theoretical and phenomenological studies of both lep-
tonic and hadronic models of v-ray production in
SNRs are equally important for the solution of the
origin of Galactic Cosmic Rays.

For a standard “power-law with exponential cutoft”
energy distribution of protons,

Q(E) ox E=% exp (—E/Ey) , (1)

the flux of y-rays produced in the interactions of CR
protons with the ambient gas is basically determined
by the scaling parameter

Wer

A= <1O5Oerg> <1lzlpc)2 (T;—B) @)

where Wcr is the total energy in accelerated protons,
n is the ambient gas density, and d is the distance
to the source. The ~v-ray spectrum at high energies
repeats the spectral shape of parent protons —a power-
law with approximately the same power-law index I' ~
a, and a cutoff at £ ~ 0.1Fy. For the given energy
density of accelerated protons, the integral flux of -
rays above 300 MeV is almost independent of the
proton spectral index,

Jy(>300MeV) ~3-10%4Acm ?s™' . (3)

At energies 1 GeV < E < 0.1Eg, and for the standard
chemical composition of CRs and the ambient gas,

Jy(> BE) =107 ExT A fa em ™ (4)

where f, ~ 1 and 0.2 for the the proton spectral in-
dices a = 2 and 2.3, respectively. The integral fluxes
of m%-decay ~-rays from a 103 yr old SNR for the scal-
ing parameter A = 1, and proton spectrum with o = 2
and Ey = 100 TeV, are shown in Fig. 7.

When deriving information about the accelerated
protons one has to take into account a possible non-
negligible “contamination” caused by directly accel-
erated electrons that upscatter photons of the 2.7 K
CMBR (the dominant target photon field in most of
SNRs) to v-ray energies. The multi-TeV electrons
responsible for TeV ~-rays produce also synchrotron
UV/X radiation. The typical energies of the IC and
synchrotron photons produced by the same electron
are related by

B, ~2(,/0.1keV) (B/10 uG) ' TeV.  (5)
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Figure 7: Fluxes of 7%-decay (heavy solid line) and IC
(thin lines) y-rays from a 10® year old SNR. The 7°
decay ~y-rays are calculated for the scaling parameter

A = 1. The IC ~-ray fluxes are calculated for 3 different
values of the magnetic field: B = 3 (solid curve), 10
(dashed curve), and 30 uG (dot-dashed curve), assuming
that the electrons produce the same flux of synchrotron
X-radiation S, = 10 uJy at 1 keV. For both protons and
electrons the same acceleration spectrum given by Eq.(1)
is assumed with o« = 2 and Ey = 100 TeV.

Note that this relation neglects the Klein-Nishina ef-
fect which however becomes important at energies
E, > 10TeV. The ratio of the synchrotron and IC
fluxes fg = E*F(FE) = vS, at energies given by Eq.(5)
depends on the magnetic field:

heB) L o1(B/10uG) 2 6

e =01 (B/10,G) (6)
For a flat X-ray spectrum with photon index ~ 2, the
energy flux fx slightly depends on energy. Therefore
fx at a typical energy of 1 keV could serve as a good
indicator of the level of the IC ~-ray flux at TeV en-
ergies, albeit for the field B <« 100 uG the energy of
synchrotron photons (produced by the same parent
electrons) related directly to ~ 1TeV ~-rays is in the
UV/soft X-ray band.

The contribution of 7°-decay y-rays dominates over

the contribution of the IC component if

A> 0.1 (Siev/10pdy) (B/10pG)™2, (7)

where Siyev is the flux of nonthermal synchrotron ra-
diation at 1 keV normalized to 10 uJy (the correspond-
ing energy flux fx ~ 2.4 x 10~ erg/cm?s).

In Fig. 7 the integral fluxes of n°-decay and in-
verse Compton 7-rays from a SNR of age 103 yr are
shown. The 7%-decay v-ray flux corresponds to the
scaling factor A = 1. The IC fluxes are calcu-
lated by normalizing the synchrotron X-ray flux to
Sikev = 10uJy for different values of ambient mag-
netic field. Note that for the normalizations used,
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the results presented in Fig. 7 only slightly depend
on the source age, unless it is larger than the syn-
chrotron cooling time of multi-TeV electrons, tgynch ~
1.2 x 103 (B/10 uG) =2 (Ee/100 TeV) " tyr .

7. The case of RX J1713.7-3946

In Fig. 8 the broad-band spectral energy distribu-
tion (SED) of RX J1713.7-3946 is shown, together
with the SED of Vela Junior. While in the case of
RX J1713.7-3946 the ratio of the energy flux of y-rays
at several TeV to the X-ray flux at 1 keV is about
0.1, for Vela Junior this ratio is close to 1. In ac-
cordance with Eq.(6) the interpretation of TeV fluxes
within the one-zone Synchrotron-IC model requires
quite low magnetic fields — about 10 4G and 3 uG for
RX J1713.7-3946 and Vela Junior, respectively. The
accurate time-dependent calculations within the one-
zone model presented in Fig. 8 confirm these estimates
for the magnetic field.

10*10 L

Y

Vela Ir

erg cm s~
—
S

E° F(E) (

10*13

Log(E/eV)

Figure 8: The integrated broad band SEDs of

RX J1713.7-3946 and Vela Junior, and their
interpretation within the framework of the one-zone
leptonic model. The shown power-law presentations of
gamma-ray fluxes are from the best fits to the HESS
data. Three components of radiation - synchrotron, IC
and bremsstrahlung - are shown. The calculations for RX
J1713.7-3946 are performed for the following parameters:
electrons are accelerated and injected continuously, over
the last 1000 yr, into a region with magnetic field 10 pG
and gas density n = 0.1 cm 3. It is assumed that the
electrons are injected with a rate Lo = 10*" (d/1kpc)?
erg/s and energy spectrum given by Eq.(1) with o = 2
and Ey = 50 TeV. The model parameters used for
calculations of the SED of Vela Junior are similar, except
for a = 2.37, and Lo = 8 x 10*¥(d/1kpc)? erg/s.

Generally, these are uncomfortably low values for
the B-field in these SNRs. Indeed, for the given
synchrotron X-ray spectra of these sources which
are extended to 10 keV, the above condition of
low magnetic field implies extension of the electron

spectrum to F ~ 250(50/1keV)1/2B;C1;/2 TeV, where
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€o is the cutoff energy in the spectrum of synchrotron
X-rays, B,c = B/1pG is the magnetic field in
units of uG. On the other hand, the maximum
(within the framework of standard DSA model)
energy of electrons, assuming that the acceleration
proceeds in the extreme Bohm diffusion limit, and
neglecting the radiative losses of electrons, is es-
timated E ~ 8(79/10%yr)(v/3000km/s)?’B,c TeV
(10 is the age of the source and v is the shock
speed). From these two conditions we may con-
clude that the magnetic field should exceed B,g ~
10(70/103yr)~2/3(v/3000km/s) ~*/3(gg /1keV)Y/3  in
order to explain the cutoff energy in the X-ray
spectrum g > 1 keV.

Thus, while the IC interpretation of TeV ~-rays
from RX J1713.7-3946 and Vela Junior requires B-
fields around 10 ~ pG and 3uG, respectively, the
spectra of synchrotron X-ray emission of both objects
require, even under the most favorable conditions,
B > 10 pG. This discrepancy can be solved if one
assume that a more effective acceleration mechanism
(compared to the "standard” parallel shock acceler-
ation model; see Ref.[60]) operates in these objects.
Also, significantly larger magnetic field in the accel-
erator could be allowed assuming that the electron
acceleration and IC emission regions are separated.
Even so, the total X-ray flux should be dominated by
the radiation produced in the TeV v-ray production
region(s) which follows from the spatial correlation be-
tween the TeV and X-ray images of RX J1713.7-3946
[40]. This implies that the sites of particle acceler-
ation should be quite compact. Fig.9 demonstrates
that the two-zone model applied to the NW rim of
RX J1713.7-3946 (assuming that electrons are accel-
erated in the thin filaments resolved by Chandra) al-
lows relatively large magnetic field in filaments and,
at the same time, quite high flux of TeV ~-rays in
the plateau region [36]. Note that the predicted +-
ray flux is a factor of 2-3 below the flux detected
by HESS from the same NW region. However, the
IC ~-ray flux can be significantly increased assuming
slightly faster escape of electrons from filaments. It
should be noted also that although in the two-zone
model the particle accelerators should appear as dis-
tinct sites because of their high surface brightness of
the synchrotron X-radiation (seen in the forms of fil-
aments and hot spots), the total X-ray flux from the
plateau region is still significantly larger than from the
filaments and hot spots.

Although the absolute y-ray fluxes can be explained
by the IC mechanism, at least within the two-zone
model, the flat power-law ~y-ray spectrum observed
from RX J1713.7-3946 with power-law index =~ 2.2
(in the interval 1-10 TeV) do not fully agree with
the theoretical IC spectra. The reason is the follow-
ing. The electrons do not suffer significant energy
losses up to E ~ 100(B/10uG)~2(79/1000y1) "t TeV,
and therefore keep their hard (acceleration) spectrum

unchanged during the age of the source ~ 1000 yr.
Consequently, we should expect very hard IC ~-ray
spectra below 10 TeV. On the other hand, one should
require a cutoff or steepening of the electron spectrum
around 100 TeV to fit the detected X-ray spectrum.
This feature, coupled with the Klein-Nishina effect,
leads to a break in the IC spectrum above several TeV.
Thus we should expect a "bell-type” SED of v-rays
with a maximum between 1 and 10 TeV. Such a spec-
tral shape does not match the power-law spectrum of
TeV v-rays observed from RX J1713.7-3946

Somewhat better IC fits to the HESS data are pos-
sible if we assume (i) a steeper acceleration spectrum,
or (ii) significant non-radiative losses, e.g. due to the
energy-dependent escape of electrons from the zone
2. The first possibility is demonstrated for Vela Ju-
nior in Fig. 8. The electron acceleration spectrum
with a ~ 2.4 fits well also the radio data. However
such a spectrum requires very high injection power,
Lo = 8 x 1038 erg/s. Therefore, from the point of
view of overall energetics, the steepening of the elec-
tron spectra due to escape losses, seems a more feasi-
ble option.

Unlike the IC models, the hadronic models of TeV
radiation of SNRs are less restricted by the multi-
wave observations at other wavelengths. Moreover,
with a choice of two parameters characterizing the
acceleration spectrum of protons, i.e. the power-law
index « and the cutoff energy FEj, it is possible to
explain a rather broad range of y-ray spectra. The
main problem connected with the hadronic model is
the low efficiency of conversion of energy of acceler-
ated protons to TeV v-rays. The characteristic time
of radiative cooling of protons interacting with the
ambient matter of density n through the 7%-channel
is tpp—ro ~ 1.5 x 108(n/lem™3)~! yr which is longer,
by many orders of magnitude, than the most active
epoch of acceleration of particles in a SNR to multi-
TeV energies (typically, the first 103 yrs after the SN
explosion). Nevertheless, such a slow radiative cool-
ing of protons appears sufficient, as it follows from
Eq.(4), to make SNRs visible in TeV 4-rays, if the
parameter A > 0.1. Most likely, this is the case of
RX J1713.7-3946 - a young (t ~ 10® yr old), nearby
(d ~ 1 kpc) and powerful SNR exploded in a dense
gas environment.

The flux and the energy spectrum of RX J1713.7-
3946 can indeed be explained by interactions of pro-
tons with the ambient gas, through production and
decay of secondary m°-mesons. Since the spectra of
RX J1713.7-3946 does not show spectral cutoff up to
10 TeV, one may conclude that the proton spectrum
should continue without a break, up to 100 TeV.

For the reported integral flux and energy spec-
trum of TeV ~-rays from RX J1713.7-3946, J(>
1 TeV) ~ 1.5 x 107! ph/cm?s and T' ~ 2.1 — 2.3,
Egs.(2) and (4) give the following estimate of the re-
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quired total energy in protons, Wegr ~ (1.5 — 7.5) x
10°°(d/1kpc) ~2(n/lecm~3) erg. Given the recent es-
timates of the distances to this sources of about 1
kpc [42], and the theoretical conviction that approx-
imately 10 percent of the mechanical energy of the
SN explosion is converted into relativistic protons, the
detected TeV fluxes can be explained for the average
density of the ambient gas in the y-ray production
region of about several hydrogen atoms or molecules
per lem3. This is a quite modest requirement which
can be provided by the shock-compressed gas in the
shell or by the surrounding dense gas environment.
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Figure 9: Multiwavelength synchrotron (solid lines) and
IC (dashed lines) spectra of filaments and the ”plateau”
regions of the NW rim of RX J1713.7-3946 calculated
within the two-zone model, under the assumption that
the electron acceleration takes place in filaments. The
following parameters have been used in calculations: age
7o = 1000 yr, the electron acceleration rate in filaments
Lo = 4 x 10%%(d/1kpc)? erg/s, a = 1.95, Eq = 200 TeV,
B = 20 uG, Bplat = 6 uG the time of convection escape
500 yr. The details are described in Ref. [36].

The interpretation of the TeV gamma-ray emis-
sion reported by the CANGAROO group in terms of
hadronic interactions [39] has been criticized with an
objection that the canonical shock-acceleration spec-
trum of protons with power-law index a = 2 would
result in violation of the EGRET upper limits at GeV
energies [61, 62] Formally, this objection stands also
for the HESS results. However, this is not a suf-
ficiently robust and convincing argument to dismiss
the hadronic origin of the TeV signal [36]. A slightly
harder proton spectrum, e.g. with spectral index,
a < 2, coupled with relatively small high energy cut-
off energy, F < 100 TeV, can easily avoid the conflict
with the EGRET data, but yet explain satisfactorily
the TeV flux and spectrum. Moreover, even for a pro-
ton spectrum steeper than a = 2, it is possible to
suppress the GeV v-ray flux by invoking the effect
of the energy-dependent propagation of protons when
they travel from the accelerator (SNR shock) to the
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target (nearby gas clouds) [63]. In particular, the lack
of GeV ~-rays can be naturally explained by the con-
finement of low energy protons in the supernova shell.

In any case, it is clear that the standard DSA
models cannot be applied for calculations of ~-ray
emission from a SNR interacting with dense molecular
clouds. In particular, in such systems one has to treat
thoroughly the spectral features of particles ahead of
the shock. Indeed, this component of relativistic pro-
tons is most relevant to the TeV ~-ray emission ob-
served from RX J1713.7-3946, if y-ray production oc-
curs when the SNR shock approaches a dense gas re-
gion as discussed in Ref. [64]. In this paper several im-
portant features of particle acceleration, in particular
the nonlinearity of the acceleration process (i.e. the
modification of the flow by accelerated particles) and
the position-dependent low-energy cutoff in the spec-
trum of accelerated particles ahead of the shock, have
been included in calculations Note that the low-energy
cut-off is unavoidable in the upstream of the shock.
This effect was ignored in the past, because in the
shock acceleration models usually only the downsream
solutions were considered (the downstram spectrum
of particles is almost coordinate-independent). How-
ever, at the presence of a dense gas region upstream
of the shock, the ~-ray production is dominated by
p-p interactions in these regions, and therefore the
low energy cutoff becomes an important factor. Fi-
nally, the energy-dependent escape of particles from
the cloud is another important effect which leads to
the high-energy break (steepening) in the proton, and,
consequently, also in the secondary ~-ray spectrum.

The approach suggested in Ref. [64] is applicable
also for the electronic component of accelerated par-
ticles; the electrons enter the cloud with a low-energy
spectral cutoff as well. If so, the high gas density
and the large magnetic field in the adjacent molecu-
lar clouds (typically > 25uG; see e.g. Ref. [65]), can
naturally explain the spatial correlations of both X-
ray and TeV ~-ray images with CO maps, as well as
the very low radio flux of RX J1713.7-3946 [66]. Gen-
erally, molecular clouds have clumpy structure with
inter-clump gas density exceeding 10 cm~3 (see e.g.
Ref.[67]. This implies that approximately 1049 — 10°°
erg is required in accelerated protons to explain the
observed TeV ~-ray flux.

The energy spectrum reported by the HESS collab-
oration based on the 2003 (2-telescope) data cover a
relatively narrow energy band, from 1 TeV to 10 TeV.
In this regard, the new measurements of the energy
spectrum of RX J1713.7-3946 performed in 2004 with
the full 4-telescope array, should allow an extension of
the energy band towards 100 GeV and 30 TeV which
hopefully could provide stronger evidence of associ-
ation of the TeV ~-ray emission with the dense gas
regions, and thus the hadronic origin of the parent
particles.

Finally we note that if a significant fraction of the
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TeV ~-ray signal of RX J1713.7-3946 is indeed of neu-
tral pion origin, then the accompanying charged pi-
ons will produce a guaranteed neutrino flux above the
sensitivity threshold of the future kilometer-scale high
energy Neutrino Observatories [4].

8. Other TeV source populations

The detection of TeV v-ray images of RX J1713.7-
3946 and Vela Junior is a great success which clearly
demonstrates that young shell-type SNRs are effec-
tive factories of multi-TeV particles. However, these
results do not yet allow us to arrive at a more general
conclusion, namely, that SNRs provide the bulk of
the flux of galactic cosmic rays up to the knee around
10'® eV. One cannot exclude that some other galac-
tic source populations, e.g. pulsars and their ultra-
relativistic winds, X-ray binaries, in particular micro-
quasars, contribute comparably to the observed cos-
mic ray flux. The recent HESS discoveries of TeV
~-rays from the composite SNR G0.940.1 [68] (see
Fig.10), pulsar wind nebula MSH 15-52 [69], and the
binary pulsar PSR B1259-63 [70] show that there are
indeed other classes of galactic TeVatrons.

b (deg.)
1

I (deg.)
=1

Figure 10: Gamma-ray point source significance map for
the region around the Galactic Center. Two sources of
TeV gamma-rays are clearly visible: the Galactic Center
(HESS J1745—290) and a second source

(HESS J1747—281) coincident with the composite
supernova remnant G 0.940.1. The gamma-ray emission
of G0.940.1 appears to originate in the plerionic core of
the remnant, rather than in the shell [68].

It should be noted in this regard that the v-ray
spectrum of the CraB Nebula - the strongest pulsar-
wind nebula in our Galaxy - extends to > 50 TeV
[71] (see Fig. 11). Although it is widely believed that
the pulsar winds are electron accelerators, one cannot
exclude that a non-negligible fraction of the energy
carried by the pulsar wind is released in the form of
PeV nuclei [72-74].

Finally, the detection of TeV ~v-rays from the di-
rection of the Galactic Center by the CANGAROQOO,
Whipple and HESS collaborations [75-77] shows that
the central region of our Galaxy in general, and the
central supermassive Black Hole Sgr A* in particular,
could significantly contribute to the hadronic compo-
nent of galactic cosmic rays up to 10'® eV, and per-
haps even to 108 eV [78, 79] although, of course, the
electronic origin of the detected TeV radiation remains
a possible alternative [79, 80].
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Figure 11: Broad-band SED of the Crab Nebula. The
termination shock of the pulsar wind is an extreme
accelerator boosting the energy of electrons to 10'° eV
and beyond. In the framework of the synchrotron/inverse
Compton emission model, it possible to explain the entire
energy range from radio wavelengths to ultra-high energy
gamma-rays. While the synchrotron radiation of > 10**
eV electrons extends to the multi-MeV region, the
inverse Compton scattering of the same electrons results
in the ultra-high energy gamma-radiation detected by
the HEGRA TACT system up to 50 TeV and beyond (see
for details [71]).

9. SEARCHING FOR COSMIC
ACCELERATORS WITH GLAST AND
IACT ARRAYS

The main obstacle to revealing the production sites
and acceleration mechanisms of CRs is the effective
diffusion of charged particles in interstellar magnetic
fields, which results in confusion of individual contrib-
utors to the “sea” of galactic CRs, and significantly
modifies the original (source) spectra of accelerated
particles. Therefore, it is believed that the resolution
of these long-standing questions will be provided by
gamma-ray astronomy, i.e. through indirect but (al-
most) model-independent measurements of secondary
~-rays. The recent exiting discoveries of TeV gamma-
radiation from several galactic source populations, in
particular from shell-type SNRs, with the HESS ar-
ray of imaging atmospheric Cherenkov telescopes fully
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confirm the early expectations.

Generally the atmospheric Cherenkov telescopes
are designed for detection of y-rays from point like
sources. However, the (relatively) large field of view
of the HESS telescopes and the stereoscopic approach
of reconstruction of air shower parameters allow ad-
equate studies of reasonably extended (up to 2°)
sources, as well as effective surveys of limited regions
of the sky. The Galactic Disk is obviously the highest
priority target for such a survey. This allows not only
search for new type of yet unknown TeV emitters, but
also effective study of diffuse galactic y-ray emission
on small (< 100 pc around the comic accelerators)
and large (kpc) scales. Note that although generally
the kpc scale diffuse galactic y-ray emission is treated
as a truly diffuse radiation component caused by inter-
actions of the "sea” of galactic CR ray electrons and
protons with the ambient gas and photon fields (see
e.g. Ref.[81]), the contribution of discrete sources, e.g.
old SNRs [82] can be quite significant.

The spectra of particle acceleration (e.g. by SNR
shocks) are generally expected to be significantly
harder than the locally observed spectrum of CRs.
On the other hand, the confinement time of particles
in the source decreases with energy (the leakage of
particles becomes easier at higher energies), therefore
the quasi-stationary spectrum of particles established
in the source could be significantly steeper than the
acceleration spectrum. Correspondingly, even for a
hard, e.g. E~2 type, particle acceleration spectrum,
the secondary y-rays produced by interactions of rela-
tivistic particles inside the sources, could have quite a
steep spectrum — just opposite to the common belief
in which the hardest v-ray spectra are expected from
CR accelerators themselves.

This effect is illustrated in Fig. 12. It is assumed
that high energy protons are injected into a dense re-
gion of size R = 3 pc, gas density n = 100 cm 3,
and magnetic field B = 100 uG. These parameters
are typical for the so-called giant molecular clouds —
possible sites of particle acceleration and gamma-ray
production. The acceleration spectrum of protons is
assumed to be a power-law with an index o = 2.1,
and exponential cutoff at 10'® eV. The time history
of acceleration is assumed as L = Lo(1 + t/79) "2,
with Lo = 103® erg/s and 79 = 103 yr. This as-
sumption implies that the acceleration rate was es-
sentially constant over the first 103 years, but has
later decreased with time as ¢t~2. Finally, the confine-
ment time of particles was approximated in the form
tese = R?/2D(E) =~ 4 x 10*%~1(E/100 TeV)~! yr,
where k = 1 corresponds to the slowest possible es-
cape in the Bohm diffusion regime. One can see that
for the chosen parameters of the ambient medium and
acceleration rate, the proton escape results in a signif-
icant suppression of TeV ~-rays, especially at obser-
vation epochs t > 10* yr, even if the particle escape
proceeds in the regime close to the Bohm diffusion.
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Thus, the study of a cosmic accelerator by detect-
ing y-rays from the central source cannot be complete
because it contains information only about relatively
low-energy particles effectively confined in the source.
In many cases the detection of v-rays from regions
surrounding the accelerator could add much to our
knowledge about the highest energy particles which
quickly escape from the source and thus do not con-
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Figure 12: Expected v-ray spectra at different
observation epochs — t = 10%,10* and 10° years after the
start of operation of the proton accelerator, for three
different assumptions concerning the escape time of
particles from the ~-ray production region: k =1, 30,
1000.
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tribute to the y-ray production inside the source.

For “typical” CR accelerators, e.g. SNRs with a
total energy release in protons of less than W < 10°°
erg, the extension of these regions cannot significantly
exceed several tens of parsecs, because at such large
distances from the source, the density of relativistic
particles becomes negligible compared to the level of
the “sea” of galactic CRs.

The existence of a powerful particle accelerator by
itself is not yet sufficient for effective vy-ray production.
Clearly, an additional component — a dense gas target
— is required. Giant Molecular Clouds (GMCs) are
perfect objects to play that role in our Galaxy. They
are physically connected with star formation regions
which are believed to be the most probable sites for
the production of galactic cosmic rays. Fig. 13 illus-
trates [83] the y-ray production by a cloud located in
the vicinity of a particle accelerator where the energy
density of CRs can significantly exceed the level of the
“sea” of galactic CRs of about 1 eV /cm?. It is possi-
ble that the two unidentified TeV sources discovered
by HEGRA telecope system [84] and by HESS [85]
belong to this class of objects.

The remarkable feature of y-radiation of GMCs is
the strong evolution in time of both the absolute fluxes
and the spectra of v-rays. The character of the evo-
lution essentially depends on the diffusion coefficient
D(FE) and distance R between the target and accel-
erator. Depending on the combination of the diffu-
sion coefficient D(F), distance R, as well as the age
of the accelerator ¢, one should expect quite different
~y-ray spectra from source to source. Namely, in the
case of a cloud near a relatively young accelerator the
differential y-ray spectrum is expected to be much
harder than the primary spectrum of the accelerated
particles, i.e. I' < 2. Meanwhile, the v-ray spectra
from clouds located near old accelerators would be
soft, with a spectral index I > 2.7.

Thus, the detection of vy-rays from different clouds
located at different distances from the accelerator may
provide unique information about the diffusion coeffi-
cient D(E) as well as about the age of the accelerator.
Similar information may be obtained detecting ~y-rays
from the same cloud, but in different energy domains,
namely at GeV and TeV energies.

It should be noted that in the case of energy-
dependent propagation of cosmic rays the chance of
simultaneous detection of a cloud in GeV and TeV
~v-rays could be not very high, because the maxi-
mum fluxes at these energies are reached at differ-
ent epochs. Since the higher energy particles propa-
gate faster and therefore reach the cloud earlier, the
maximum of GeV ~-radiation appears at an epoch
when the maximum of the TeV ~-ray flux has already
passed. In the case of energy-independent propaga-
tion (e.g. due to strong convection) the ratio of fluxes
F,(> 100 MeV)/F,(> 1TeV) is independent of time,
therefore the clouds which are visible at GeV energies

would be detectable also at TeV energies.

In Fig. 13 are shown the temporal evolution of the
integral «-ray fluxes in the energy intervals between
0.3-3 GeV and 1-10 TeV from a cloud with Ms/d . =
1 (where M5 = M/10° My, is the mass of the cloud in
units of 10° solar masses, and dip. = d/1lkpc is the
distance to the source in units of kpc), located at 10
pc, 30 pc, and 100 pc distances from an impulsive pro-
ton accelerator with W, = 10°% erg. For the diffusion
coefficient is assumed D, = 102"(E/1GeV)%? cm? /s,

which implies an order of magnitude slower diffusion

Time [yr]

Figure 13: Time dependence of the 7°-decay ~-ray
emissivities (the left-hand side ordinate axes) and the
fluxes (the right-hand side ordinate axes) from a cloud in
the energy intervals 0.3-3 GeV and 1-10 TeV at three
different distances from an impulsive accelerator: 10 pc,
30 pc, and 100 pc. The fluxes are calculated for a GMC
with Mg,/dﬁpC =1 and a proton accelerator with

W, = 10°% erg. The horizontal lines indicate the
corresponding emissivities and fluxes of v-rays expected
from the “sea” of galactic CRs. The expected
sensitivities of GLAST and the next generation of IACT
arrays in the same energy intervals are shown for the
range of the ~-ray source size between 0.1° and 1° (see
Ref. [83] for details).
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than in the standard parts of the Galactic Disk.

The comparison of the expected ~v-ray fluxes with
the sensitivities of GLAST (for approximately 1 year
observation time), and IACT arrays like HESS (for
~ 10 h of observation time), show that at certain (not
necessarily same) epochs the cloud could be visible
at GeV and/or TeV energies, up to distances to the
accelerator R ~ 30 pc even for the source size of about
1°, provided that WsoMsdy 2, > 0.01.

The ~-ray emission outside cosmic accelerators con-
tains unique information not available in the case
of direct observations of the accelerators themselves.
This allows not only correct estimates of the total en-
ergy budget of the accelerator, but also reconstruction
of the time history of the accelerator, the maximum
energy of accelerated particles, etc. In particular,
the detection of possible spectral cutoffs in the v-ray
spectra of SNRs at £ < 10 TeV cannot be unambigu-
ously related to the inability of the source to accelerate
particles to energies 100 TeV or beyond. This could
be rather connected with the escape of most energetic
particles which were accelerated at the early stages of
the SNR but at the present epoch (of observations) al-
ready have left the source (see e.g. Refs.[86]). There-
fore the secondary products of these particles - the 7°-
decay y-rays would have more chances to be detected
outside of the source rather than from the source. On
the other hand, the chances to detect y-rays from old
SNRs is higher at GeV, rather than at TeV energies.

In this regard, GLAST and the stereoscopic IACT
arrays are complementary instruments, and the study
of cosmic ray accelerators in our Galaxy can be con-
ducted most effectively through coordinated observa-
tions by GLAST and HESS type telescope arrays lo-
cated both in Northern and Southern hemispheres.
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