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1. The standard model of cosmic rays

One hundred years after their discovery by the Austrian iplsgsVictor Hess, the origin of
cosmic rays (CRs) is still unclear. Diffusive shock accai@n in supernova remnants (SNRS) is
the most widely invoked paradigm to explain the Galacticmwosray spectrum. Galactic SNRs
provide, in fact, the necessary power to sustain the Galacsmic ray population [11]. The
direct observation of cosmic rays from the candidate ifgacsites such as supernova remnants
is not possible since CRs escape the acceleration sitesvantlally propagate into the Galactic
magnetic fields. CR secondary data suggest that cosmicngratad nuclei diffuse in the magnetic
fields for timescales of the order of abducape~ 107(ﬁ,)_0'65years,E being the particle
energy, before escaping the Galaxy. During these timestadeparticles from individual sources
lose memory of their origin, and contribute to the bulk of &xilc cosmic rays known as cosmic ray
background or CReg losing the information on the original acceleration loma$ and spectra. If
h is the distance that CRs have to travel before escaping thexgshen the diffusion coefficient
will be D = hz/tescapeand one deduces an energy dependence of the propagatics Gathctic
disk,D(E) = Dlo(m—gev)a, where the diffusion coefficient at 10 GeV is ab@ip = 1078 < and
0 =0.3—0.7. The average cosmic ray density is thus determined by thteilzation of all Galactic
sources over a long period of time comparable to the CR edrapdrom the Galaxy.

The information on the locations of individual CR sourcdiit spectra and their injection
rate, which get lost during the diffusion and convectiongesses CRs undergo, can be traced back
through the gamma-rays which cosmic rays radiate when titeyeict with the ambient gas in the
interstellar medium. In fact, gamma-rays are emitted thhodecay of neutral pions produced in
inelastic collision of CR hadrons and interstellar gas. €y to CRs, the gamma rays, being
neutral, travel in straight lines from the site where theyanemitted to the detector. For this reason
gamma-ray astronomy has always played a key role to prob&aletic cosmic ray flux and to
solve the longstanding question of the origin of cosmic rays

If the bulk of Galactic CRs up to at least PeV energies aredddaccelerated in SNRs,
then TeV gamma-rays are expected to be emitted during thelesation process CRs undergo
within SNRs [6]. Indeed TeV gamma-rays have been detectad the shells of SNRs, such as
RX J1713.7-3946 [2]. However, such observations do notttdaies a definitive proof that CRs are
accelerated in SNRs, since the observed emission couldbegqed by energetic electrons up scat-
tering low energy photon fields. Gamma-rays are also exg¢otke emitted when the accelerated
CRs propagate into the interstellar medium (ISM) [14, 128]1 Whereas the atomic hydrogen is
uniformly distributed in the Galaxy, the molecular hydrode usually aggregated in dense clouds,
and the gamma-ray emission from molecular clouds is paatiguintense and localised. We will
here discuss how the gamma-ray emission from these motedolads can be used to probe the
cosmic ray flux in distant regions of the Galaxy and to cotirstilae highly unknown cosmic ray
diffusion coefficient. In Section 2 we will present the résuwf the modeling of the gamma-ray
emission in molecular clouds close to young SNRs. In Se@itme broadband emission around
the old SNR W28 is used to constrain the diffusion coefficiarthe region. In Section 4 we will
describe a methodology to investigate the CR flux and spacinudistant regions of the Galaxy
from observations of gamma-rays emitted by CRs propag#iraygh molecular clouds far from
known CR sources. Our conclusions are given in Section 5.
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Figure 1: The y-ray energy flux in four different regions of 02 0.2 degrees around the positions a =
(346.8,-0.4), b = (346.9, -1.4), c = (347.1, -3.0) and d = (346.2). The emission produced along the line
of sight distance between 900 and 1100 parsecs is plottedshed lines, while the emission obtained by
summing the radiation contributions over the whole lineighsdistance, from 50 parsecs to 30000 parsecs,
is shown in solid lines. The emission in the panels a,b,c ambdesponding to the different locations, is
plotted for different diffusion coefficient®y. The emission from background CRs is also shown in each
panel for comparison. The contribution to the emission fiamerse Compton scattering of background
electrons is indicated with a dashed light blue line.

2. Looking for evidence of runaway CRs from SNRs

Cosmic rays escaping supernova remnants diffuse in thesialar medium and collide with
the ambient atomic and molecular gas [14, 12, 1, 9]. From sallisions gamma-rays are created,
which can possibly provide the first evidence of a parent fatjmn of runaway cosmic rays. Before
being isotropised by the Galactic magnetic fields, the teg€Rs produce, in facy:ray emission,
which can significantly differ from the emission of the SNReif, as well as from the diffuse
emission contributed by the background CRs and electratsiuse of the hardness of the runaway
CR spectrum, which is not yet steepened by diffusion. Théfgsd sources are often correlated
with dense molecular clouds (MCs), which act as a targetiergroduction of gamma-rays due
to the enhanced local CR injection spectrum. SNRs are lddatstar forming regions, which are
rich in molecular hydrogen. In other words, CR sources ands i@ often associated and target-
accelerator systems are not unusual within the Milky Way . Figure 1 shows the predicted
gamma-ray spectra from hadronic interactions of backgtoamd runaway CRs in four regions
around the SNR RX J1713.7-394 [5]. In all four locations tlaelfonic gamma-ray emission is
enhanced with respect to the hadronic emission due onlydikgbaund CRs at energies above few
TeVs as a consequence of the fact that the CR fluxes are emhaboge 100 TeV. CRs of about
100 TeV are, in fact, thought to be released now by RX J173947{16]. In the three regions a,
b and d the high energy emission is clearly dominated by ttiatian produced along the line of
sight distance between 900 and 1100 parsecs, plotted irdésies in Figure 1. The gamma-ray
emission from high latitude regions, such as region c, iteats dominated by the contribution
from IC scattering of background electrons, almost at argies. In regions closer to the Galactic
Plane the emission from inverse Compton scattering of rackgl electrons is subdominant at TeV
energies, where runaway cosmic rays produce the enhandssi@m Therefore the regions where
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Figure 2: Ratio of the emission due to the sum of background CRs andvayn&Rs and background CRs
only. The SNR is supposed to have exploded at 1 kpc distanoetfie Sun at 342° longitude and-0.5°
latitude 1600 years ago and to have started injecting the¢ emesgetic protons 100 years after the explosion
[16]. The diffusion coefficient assumed within the regio®34 | < 35(° and—5° < b < 5°is 107 cné/s

in the left panel, 1& cné/s in the middle panel and #®cn?/s in the right panel. In the three panels the
ratio of the emission is shown for different energies fromelGo 10 TeV.

to look for the emission from runaway particles are low iaté regions of higher gas density.
The y-ray spectra show a peculiar concave shape, being soft aefmsgies and hard at high
energies, which, as discussed in [9], might be importanttfeistudies of the spectral compatibility
of GeV and TeV gamma ray sources. The peculiar spectral anghological features of the
gamma-ray due to runaway CRs can be therefore revealed Wyiwioig the spectra and gamma-ray
images provided by the Fermi and Agile telescopes at GeV gmddsent and future ground based
detectors at TeV energies. As shown by the surveys of thex@gtablished by Fermi at MeV-
GeV energies, by HESS at TeV energies and at very high eseogi¢he Milagro Collaboration,
the various extended Galactic sources differ in spectra, ghd morphology. However, there is
growing evidence for the correlation of GeV and TeV energyrees. These sources appear often
spectrally and morphologically different at different egies, possibly due not only to the better
angular resolution obtained by the instruments at TeV éegriput also to the energy dependence
of physical processes, such as CR injection and CR diffusiear this reason it is important
to properly model what we expect to observe at different ggesrby conveying in a quantitave
way all information by recognizing that the enviroment, fueirce age, the acceleration rate and
history, all play a role in the physical process of injectenmd all have to be taken into account
for the predictions. Figure 2 shows the ratio of the hadrg@mma-ray emission due to total
CR spectrum to that of the background CRs for the entire neginder consideration. In our
modeling only CRs with energies above about 100 TeV haveHefaicceleration site [16] and the
morphology of the emission depends upon the energy at wihietobserves the hadronic gamma-
ray emission. The hadronic gamma-ray emission and the atndpies distribution are correlated if
and only if the parent CRs have already been released by tRea®N had time enough to diffuse
into the ISM. The different spatial distribution of the esian is also due to the different energy-
dependent diffusion coefficients, assumed in the threerdifit panels, making it into a useful tool
to investigate the highly unknown CR diffusion coefficieb 10].

3. Constraining the diffusion coefficient

Data on primary versus secondary CRs and on the resideneeofinong lived radioactive
isotopes give us an idea of the average CR diffusion coeftigiethe Galaxy, which is about 9
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Figure 3: Broad band gamma ray emission detected by FERMI and HES8k(dkta points) from the
sources HESS J1801-233, HESS J1800-240 A and B (left toriflatshed lines represent the contribution
to the predicted gamma ray emission from CRs that escaped 8é¢2@d lines show the contribution from
the CR galactic background, and solid lines the total emissThe diffusion coefficient is assumed to be 6

x 10?6 cm?/s.

cn?/s. However, this does not exclude that the diffusion cdefficmight vary locally (both in time
and space). Figure 3 shows Fermi and HESS spectra from tlumsegf the old SNR W28. The
gamma ray observations can be explained by runaway CRshviaiee been accelerated in the
past at the SNR shock, and subsequently escaped in the rsdimgumedium, only if the diffusion
coefficient in the region surrounding the SNR is significastipressed with respect to the average
Galactic diffusion coefficient [10].

4. Molecular Clouds as Cosmic Ray Barometers

We here describe a methodology which uses the emissivityadécular clouds located far
away from CR sources, so callpdssivemolecular clouds, to probe the level of the CR background
[12]. The longitudinal profile of the gamma-ray emission du@rotons scattering off the atomic
[13] and molecular hydrogen [7, 8] from the region which sp&ualactic longitude 340< | <
350 and Galactic latitude-5° < b < 5° is shown in Figure 4l(ef). A peak in the emission
at longitude of about 34%3° close to the Galactic Plane is clearly visible, next to a dighe
longitude profile. While the atomic gas is generally broadistributed along the Galactic Plane,
the molecular hydrogen is less uniformly distributed arelglaks in thg-ray longitude profiles
correspond to the locations of highest molecular gas coldemsity. The peaks in the longitudinal
profile reveal the directions in the Galaxy where massiveiddoassociated with spiral arms are
aligned along the line of sight. Fig. &Righ) shows that the peak in theray emission from the
direction 3457° close to the Galactic plane is mostly produced within 0.5 &pd 3 kpc distance
from the Sun (in fact 85 percent of the emission is producedl iegion within 0.5 kpc and 3 kpc
distance from the Sun). Thus thyeray emission from this direction provides a unique probe of
the CR spectrum in 0.5-3 kpc [4]. Given that the gamma-rajssion from the molecular cloud
depends only upon the total mass of the cloud, M, and itsrdist&rom the Earthd, the CR flux,
®cR, in the cloud is uniquely determined as

F,d?

Gcr U oY (4.1)
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Figure 4: (Lef)) The longitudinal profile of theg-ray emission from the region 32&: | < 35(, integrated
over the latitude range-5° < b < 5°. The dotted green lines are for the emission arising from &fas-
tering off molecular hydrogen, the dashed red ones for thiesom arising from CRs scattering off atomic
hydrogen and the solid black ones for the sumighi Flux above 1 GeV as function of the line of sight
distance, produced by CRs interacting with the atomic ankkoudar gas. [4]

whereF, is the integral gamma-ray flux from the cloud. Under the aggian that the CR flux in
the cloud is equal to the locally observed CR flux, the catedlg-ray flux from the cloud can be
compared to the observed gamma-ray flux in order to probe Ehepg@ctrum in distant regions of
the Galaxy. The detection of under-luminous clouds withréfspect to predictions based on the
CR flux at Earth would suggest that the local CR density is eoda with respect to the Galactic
average density. This would cast doubts on the assumptidihé local CRs are produced only by
distant sources, and that the CR flux and spectrum measwatyls representative of the average
Galactic CR flux and spectrum.

5. Conclusions

The emission from the regions surrounding young SNR shaligocovide crucial informations
on the history of the SNR acting as a CR source and importargtionts on the highly unknown
diffusion coefficient. Detailed modeling of the energy dpgeand of the spatial distribution of the
gamma-ray emission in the environment surrounding RX JI73946 have been presented by
using the data from atomic and molecular hydrogen surveyso,Aombining Fermi and HESS
observations from the region around the old SNR W28 we hawstrained the local diffusion
coefficient, which we found to be significantly supressedwétspect to the average Galactic dif-
fusion coefficient. Furthermore we have presented a metbggdo test the cosmic ray flux in
discrete distant regions of the Galaxy by comparing theiptred and the measured gamma-ray
flux from dense MC regions.
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