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SN explosions-> enough power to explain CRs

Baade & Zwicky 1934 (see also Ter Haar 1950)

SNR shocks-> acceleration sites

Shklovsky 1954, Ginzburg & Syrovatskii 1964

Diffusive Shock Acceleration

BOBALSKy 1977-1978 (Blandford, Ostriker, 
Bell, Axford, Leer, Skadron, Krymskii)

γ-rays from pp interactions

Drury, Aharonian & Völk 1994

↝↝↝

<- Cherenkov telescope

The SNR paradigm for the origin of CRs
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Question #1

Gamma-ray emission from SNRs: 
hadronic or leptonic?
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π0 bump -> SNRs accelerate GeV protons

Fermi, Agile (2013)
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π0 bump -> SNRs accelerate GeV protons

Fermi, Agile (2013)

SN explosions-> enough power to explain CRs

Baade & Zwicky 1934 (see also Ter Haar 1950)

SNR shocks-> acceleration sites

Shklovsky 1954, Ginzburg & Syrovatskii 1964

Diffusive Shock Acceleration

BOBALSKy 1977-1978 (Blandford, Ostriker, 
Bell, Axford, Leer, Skadron, Krymskii)

γ-rays from pp interactions

Drury, Aharonian & Völk 1994

↝↝↝

The SNR paradigm for the origin of CRs

very popular but not 
proven yet!

Fermi
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Question #1

Gamma-ray emission from SNRs: 
hadronic or leptonic?

too steep to explain 
the knee! 

Fermi

pion bump -> hadronic
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RXJ1713

Question #1

pion bump -> hadronic

aged SNRs -> too steep

can’t explain the spectrum 

up to the knee

Gamma-ray emission from SNRs: 
hadronic or leptonic?

leptonic

hadronic

Fermi Coll.

Gabici+
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RXJ1713

Question #1

pion bump -> hadronic

aged SNRs -> too steep

can’t explain the spectrum 

up to the knee

younger SNRs -> several 

cases are still controversial

Gamma-ray emission from SNRs: 
hadronic or leptonic?

leptonic

hadronic

Fermi Coll.

Gabici+
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SNRs & MCs:interaction or runaway CRs?

shock/MC interaction

Blandford&Cowie 1982, Aharonian+ 1994, Bykov+ 2000, Uchiyama+ 2010
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SNRs & MCs:interaction or runaway CRs?

shock/MC interaction

W51C 
W44 
IC443

Blandford&Cowie 1982, Aharonian+ 1994, Bykov+ 2000, Uchiyama+ 2010

runaway CRs

Aharonian&Atoyan 1996, SG&Aharonian 2007, SG+ 2009,2010, Nava&SG 2013

W28

evidence for the acceleration 
of GeV-TeV CRs
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Question #2

When and how do cosmic rays 
escape from SNRs?
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knee

few PeV

Are SNRs proton PeVatrons?
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Are SNRs proton PeVatrons?

Drury instability might be more effective -> Drury,Downes 2012,2014
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Question #2

When and how do cosmic rays 
escape from SNRs?

highest energies released first (<< 100 yrs) 

lower energies released gradually as the shock speed  decreases 

the details of the escape mechanism are still largely unknown 

we still don’t know whether SNRs are PeVatrons or not
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The galactic centre as a CR PeVatron
Observational 

signature

p-p interactions ->

inverse Compton-> suppressed in the multi-TeV domain (Klein-Nishina effect)

Ep

max

⇡ 1 PeV �! E�

max

⇡ 100 TeV

unattenuated γ-ray spectrum extending to the multi-TeV domain
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The galactic centre as a CR PeVatron
Observational 

signature

p-p interactions ->

inverse Compton-> suppressed in the multi-TeV domain (Klein-Nishina effect)

Ep

max

⇡ 1 PeV �! E�

max

⇡ 100 TeV

unattenuated γ-ray spectrum extending to the multi-TeV domain

H.E.S.S. Coll. 2016

the first PeVatron is not 
a SNR but is located in 

the Galactic centre!

diffuse emission from the GC

no cutoff!

intro       SNRs       galactic centre       superbubbles       low energy       the end



Questions #3 and #4

Where (and who) are PeVatrons? 

Are SNRs the best candidates to 
explain the origin of cosmic rays?
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Questions #3 and #4

Where (and who) are PeVatrons? 

Are SNRs the best candidates to 
explain the origin of cosmic rays?

gamma-ray based tests for the SNR paradigm 

PeV particle acceleration at SNRs: the role of CTA 

search for competing sources
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The importance of being a SNOB
Montmerle 1979

tentative spatial association between SNOBs and COS B hot spots

SuperNovae OB associations
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The importance of being a SNOB
Montmerle 1979

tentative spatial association between SNOBs and COS B hot spots

SuperNovae OB associations

OB stars

supernovae
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The importance of being a SNOB
Montmerle 1979

tentative spatial association between SNOBs and COS B hot spots

SuperNovae OB associations

OB stars

supernovae CR acceleration

SNRs
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SuperNovae OB associations

OB stars

supernovae CR acceleration
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molecular cloud

γ-rays

Black & Fazio 1973
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The importance of being a SNOB
Montmerle 1979

tentative spatial association between SNOBs and COS B hot spots

SuperNovae OB associations

OB stars

supernovae CR acceleration

SNRs

molecular cloud

γ-rays

Black & Fazio 1973associations between SNRs & MCs are expected, and are ideal targets 

for gamma-ray observations due to the enhanced rate of CR 

interactions with the gas  

—> STAR FORMING REGIONS/SUPERBUBBLES
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Questions #5

Has the clustering (in both space & 
time) of supernova explosions any 

effect on the acceleration 
mechanism?
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Questions #5

Has the clustering (in both space & 
time) of supernova explosions any 

effect on the acceleration 
mechanism?

minimal variation of the SNR paradigm? sum of the acceleration from 

many individual SNRs (Higdon, Lingenfelter, Ramaty…) 

superbubbles -> radically different acceleration mechanisms (Bykov, 

Parizot…)
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The SNR paradigm for the origin of CRs: 
gamma-ray based tests



Is the SNR paradigm consistent  
with γ-ray data? Tests for CR origin

FERMI: 30 likely, 14 marginal, 245 u.l.

Acero+ 2016

10-100%
 E

SN  converted into CRs
GeV

 do
main
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Is the SNR paradigm consistent  
with γ-ray data? Tests for CR origin

TeV
 do

main

How many SNRs should we detect in the HESS galactic plane survey?
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Is the SNR paradigm consistent  
with γ-ray data? Tests for CR origin

TeV
 do

main

How many SNRs should we detect in the HESS galactic plane survey?

78 sources  

31 identified 

8 SNRs 

8 composite SNRsD
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at
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Is the SNR paradigm consistent  
with γ-ray data? Tests for CR origin

TeV
 do

main

How many SNRs should we detect in the HESS galactic plane survey?

78 sources  

31 identified 

8 SNRs 

8 composite SNRsD
on

at
h+

 2
01

7

—> 1/2 - 1/4 of the identified}
—>  ~20-40 SNRs? —>   ≲10 - several tens     
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Is the SNR paradigm consistent  
with γ-ray data? Tests for CR origin

TeV
 do

main

How many SNRs should we detect in the HESS galactic plane survey?

Si
ze

 [d
eg

re
e]

α

Kep=10
-2

 0
 0.2
 0.4
 0.6
 0.8

 1
 1.2
 1.4

 4.1  4.15  4.2  4.25  4.3  4.35  4.4
0
0.2
0.4
0.6
0.8
1

Si
ze

 [d
eg

re
e]

α

Kep=10
-2

Fraction

 0
 0.2
 0.4
 0.6
 0.8

 1
 1.2
 1.4

 4.1  4.15  4.2  4.25  4.3  4.35  4.4
0
0.2
0.4
0.6
0.8
1

N
um

be
r o

f 
 d

et
ec

tio
ns  Kep=10

-2 

 Kep=10
-5

5
10
15
20
25
30

D
is

ta
nc

e 
 [k

pc
]

Kep=10
-2

Median, resolved SNRs

Median, all SNRs

5
10
15
20
25

D
is

ta
nc

e 
 [k

pc
]

Kep=10
-2

Maximum, all SNRs

5
10
15
20
25

Ag
e 

[k
ye

ar
] Kep=10

-2

5
10
15
20
25

Ag
e 

[k
ye

ar
] Kep=10

-2

5
10
15
20
25

Cr
is

to
fa

ri
+ 

20
13

RED and BLACK regions -> with or without Inverse Compton contribution

Spectral index

2.1 2.2 2.3 2.4

`intro       SNRs       galactic centre       superbubbles       low energy       the end



Is the SNR paradigm consistent  
with γ-ray data? Tests for CR origin

TeV
 do

main

How many SNRs should we detect in the HESS galactic plane survey?

Si
ze

 [d
eg

re
e]

α

Kep=10
-2

 0
 0.2
 0.4
 0.6
 0.8

 1
 1.2
 1.4

 4.1  4.15  4.2  4.25  4.3  4.35  4.4
0
0.2
0.4
0.6
0.8
1

Si
ze

 [d
eg

re
e]

α

Kep=10
-2

Fraction

 0
 0.2
 0.4
 0.6
 0.8

 1
 1.2
 1.4

 4.1  4.15  4.2  4.25  4.3  4.35  4.4
0
0.2
0.4
0.6
0.8
1

N
um

be
r o

f 
 d

et
ec

tio
ns  Kep=10

-2 

 Kep=10
-5

5
10
15
20
25
30

D
is

ta
nc

e 
 [k

pc
]

Kep=10
-2

Median, resolved SNRs

Median, all SNRs

5
10
15
20
25

D
is

ta
nc

e 
 [k

pc
]

Kep=10
-2

Maximum, all SNRs

5
10
15
20
25

Ag
e 

[k
ye

ar
] Kep=10

-2

5
10
15
20
25

Ag
e 

[k
ye

ar
] Kep=10

-2

5
10
15
20
25

Cr
is

to
fa

ri
+ 

20
13

RED and BLACK regions -> with or without Inverse Compton contribution

Spectral index

2.1 2.2 2.3 2.4

  

allowed range of spectral slopes from CR propagation studies!

<- too many too few ->

H
ES

S
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Future tests: 
the Cherenkov Telescope Array

TeV
 do

main

Supernova remnants in very–high–energy gamma–rays 5

Model ↵ K
ep

M1 4.1 10

�2

M2 4.4 10

�2

M3 4.4 10

�5

Table 2. Values of the parameters adopted to compute the curves

in Fig. 1, Fig. 2, Fig. 3 and Table 3. ↵ is the slope of the spectrum

of CRs accelerated at the shock, and K
ep

is the electron–to–

proton ratio.

Clearly, the scenario M1 (M3) would result in the largest
(lowest) number of expected detections of SNRs.

To our knowledge, the most updated results on the
H.E.S.S. GPS have been presented in Donath et al. (2016).
To date, 78 very-high-energy gamma-ray sources have been
detected in the GPS. 31 of them have been firmly identi-
fied with known astrophysical objects, while the rest still
remain unidentified, or only tentatively identified. Amongst
the 31 firm identifications, 8 are SNRs and 8 are composite
SNR sources (i.e. it is not clear whether the emission is pro-
duced by the SNR or by the associated pulsar wind nebula).
Thus, a fraction between 1/4 and 1/2 of the firmly identified
sources are SNRs. If this fraction is representative of the en-
tire sample of GPS sources, then one might estimate that 20
to 40 out of the 78 GPS sources might be SNRs. Therefore,
the most conservative (generous) estimate of the number of
SNRs detected in the H.E.S.S. GPS is of . 10 (few tens).

Using the procedure presented in the previous Sections,
we computed the number of expected detections of SNRs in
the H.E.S.S. GPS, which within the portion of the Galactic
disk defined by the coordinate ranges 60� < l < 260�, |b| <
2.5� is characterized by a roughly uniform sensitivity equal
to 1.5 % of the Crab flux above 1 TeV. For the two extreme
scenarios M1 and M3 we predict 36+7

�6

and 3.2+2

�2

detections
of SNRs, respectively, compatible with the range inferred
from observations.

3 DETECTION OF SNR SHELLS WITH CTA

The Monte–Carlo procedure described above is used to sim-
ulate the typical population of SNRs expected to be acces-
sible to the Cherenkov Telesecope array. In the following,
all results presented have been obtained by averaging 1000
Monte Carlo realizations of the Galaxy. In fact, a few hun-
dred realizations of the Galaxy are su�cient to produce the
results of this article, we take 1000 as a round number.

One of the main scientific goals of the Cherenkov Tele-
scope Array will be to survey areas of the sky to search
for faint VHE gamma–ray sources. Most of the currently
known VHE sources are located in the Galactic plane. Al-
though the final performance of the array will depend on
the exact number of telescopes deployed, it has been shown
that CTA could be able to carry out a survey of the en-
tire Galactic plane, directed towards the study of the region
|l| < 60�, |b| < 2�, in ⇡1/4 of the available observation time
per year, with a uniform sensitivity down to ⇡ 3 mCrab
above 1 TeV (Dubus et al. 2013). This corresponds to a flux
of ⇡ 6.9 ⇥ 1014 cm�2 s�1. The details of this hypothetical
GPS are still a matter of discussion, but we can consider
these values as a reference.

Figure 1. SNRs in the entire Galaxy with integral gamma–ray

flux above F(>1 TeV). The red (solid) curve corresponds to model

M1, the black (dashed) line corresponds to M2 and the green

(dot–dashed) line to M3. In each case the +/- standard deviation

is shown. The blue solid and dot–dashed vertical lines correspond

to a sensitivity of 1 mCrab and 3 mCrab, respectively.

Figure 2. SNRs in the entire Galaxy with integral gamma–ray

flux above F(>10 TeV). Curves as described in caption of Fig. 1.

The blue solid and dot–dashed vertical lines correspond to a sen-

sitivity of 10 mCrab and 30 mCrab, respectively.

We start by computing the number of SNRs in the
Galaxy with integral gamma–ray flux above a given value
F(>E). Results are shown in Fig. 1 and Fig. 2 for F(> 1
TeV) and F(> 10 TeV), respectively, for the three scenarios
M1, M2, and M3 described above and summarized in Tab. 2.

The blue vertical lines correspond to the typical point–
source sensitivity achieved by CTA (impact of extension is
discussed below), namely ⇡ 1 mCrab above 1 TeV and ⇡ 10
mCrab above 10 TeV (Dubus et al. 2013). Fig. 1 shows that,
for photons of energies above 1 TeV, the models M1, M2
and M3 lead to an average number of SNRs potentially de-
tectable by CTA in a pointed observation of 430, 220 and 48
respectively. At 10 TeV, these numbers are 120, 28 and 5.2.
This suggests that under certain circumstances CTA might

c� RAS, MNRAS 000, 1–??

optimistic

pessimistic

CTA sensitivity 
(point sources) Cristofari+ 2017
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sources are SNRs. If this fraction is representative of the en-
tire sample of GPS sources, then one might estimate that 20
to 40 out of the 78 GPS sources might be SNRs. Therefore,
the most conservative (generous) estimate of the number of
SNRs detected in the H.E.S.S. GPS is of . 10 (few tens).

Using the procedure presented in the previous Sections,
we computed the number of expected detections of SNRs in
the H.E.S.S. GPS, which within the portion of the Galactic
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of SNRs, respectively, compatible with the range inferred
from observations.
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The Monte–Carlo procedure described above is used to sim-
ulate the typical population of SNRs expected to be acces-
sible to the Cherenkov Telesecope array. In the following,
all results presented have been obtained by averaging 1000
Monte Carlo realizations of the Galaxy. In fact, a few hun-
dred realizations of the Galaxy are su�cient to produce the
results of this article, we take 1000 as a round number.

One of the main scientific goals of the Cherenkov Tele-
scope Array will be to survey areas of the sky to search
for faint VHE gamma–ray sources. Most of the currently
known VHE sources are located in the Galactic plane. Al-
though the final performance of the array will depend on
the exact number of telescopes deployed, it has been shown
that CTA could be able to carry out a survey of the en-
tire Galactic plane, directed towards the study of the region
|l| < 60�, |b| < 2�, in ⇡1/4 of the available observation time
per year, with a uniform sensitivity down to ⇡ 3 mCrab
above 1 TeV (Dubus et al. 2013). This corresponds to a flux
of ⇡ 6.9 ⇥ 1014 cm�2 s�1. The details of this hypothetical
GPS are still a matter of discussion, but we can consider
these values as a reference.

Figure 1. SNRs in the entire Galaxy with integral gamma–ray

flux above F(>1 TeV). The red (solid) curve corresponds to model

M1, the black (dashed) line corresponds to M2 and the green

(dot–dashed) line to M3. In each case the +/- standard deviation

is shown. The blue solid and dot–dashed vertical lines correspond

to a sensitivity of 1 mCrab and 3 mCrab, respectively.

Figure 2. SNRs in the entire Galaxy with integral gamma–ray

flux above F(>10 TeV). Curves as described in caption of Fig. 1.

The blue solid and dot–dashed vertical lines correspond to a sen-

sitivity of 10 mCrab and 30 mCrab, respectively.

We start by computing the number of SNRs in the
Galaxy with integral gamma–ray flux above a given value
F(>E). Results are shown in Fig. 1 and Fig. 2 for F(> 1
TeV) and F(> 10 TeV), respectively, for the three scenarios
M1, M2, and M3 described above and summarized in Tab. 2.

The blue vertical lines correspond to the typical point–
source sensitivity achieved by CTA (impact of extension is
discussed below), namely ⇡ 1 mCrab above 1 TeV and ⇡ 10
mCrab above 10 TeV (Dubus et al. 2013). Fig. 1 shows that,
for photons of energies above 1 TeV, the models M1, M2
and M3 lead to an average number of SNRs potentially de-
tectable by CTA in a pointed observation of 430, 220 and 48
respectively. At 10 TeV, these numbers are 120, 28 and 5.2.
This suggests that under certain circumstances CTA might
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Figure 3. SNRs with integral gamma–ray flux above F(> 1 TeV)

in the case of model M1. The red (solid) curve corresponds the

entire Galaxy, the black (dashed) line corresponds to the en-

tire Galaxy and takes into account the e↵ect of the extension

of sources. The green (dot–dashed) line corresponds to the inner

part of the Galaxy (|l| < 60

�
, |b| < 2

�
) and takes into account

the e↵ect of the extension of sources. The magenta (pointed)

line corresponds to the same situation that the previous one, but

adding the e↵ect of source confusion described in Sec. 3. The blue

solid and dot–dashed vertical lines correspond to a sensitivity of

1 mCrab and 3 mCrab, respectively.

which corresponds at 3 mCrab, to a number of ⇡ 100 SNRs.
We remark that at a level of 10�11 cm�2s�1, taking into
account the reduced survey, the source extension and the
source confusion, the mean number of detection is 0.2+2

�0.2.
In this region, one SNR, RXJ 1713.7–3946 (H. E. S. S. Col-
laboration et al. 2016), has been detected with such flux. Our
results are therefore still compatible with this observation,
but illustrates than the computing of the di↵erent confusion
and extension e↵ects is a first order approximation.

These numbers illustrate how the di↵erent e↵ects pre-
sented above can be taken into account in our model, to
simulate the situation corresponding to the performed GPS
survey of CTA.

Two strategies have been proposed for the Galactic
Plane Survey of CTA. A survey of the entire Galactic Plane,
where the sensitivity above 1 TeV is typically expected to be
⇡ 3 mCrab, and an extensive deeper survey in the central re-
gion (|l| < 60�, |b| < 2�) , where the sensitivity could reach
the order of ⇡ 1 mCrab. We consider these two possible
strategies and provide the typical description of the obtained
population, considering the three models described previ-
ously. Our results are presented in Table 3. In this example,
the extension of the sources has been taken into account.
The integral fluxes have been degraded linearly by a factor
of #s/#PSF

, where #s is the apparent size of the source and
#
PSF

⇡ 0.05� is the angular resolution of CTA (see e.g. Aha-
ronian et al. 2008, 1997; Carraminana et al. 2008). Naturally,
as we go from model M1 to M3, thus from hard to steep spec-
tra and from high to low values of the electron–to–proton
ratio, the average number of detection of sources decreases.
The number of detections can already be compared to the
known SNR shells, in the whole Galaxy or in the region of

interest. The known number of shells detected in gamma
rays in the entire Galaxy is & 13 (see e.g. Horan & Wakely
2008, describing the TeVCat), although one has to be careful
because this number does not account for the circumstances
of discovery of these shells, which might have been detected
because of their interactions with other objects or extensive
targeted observations. This number can be compared with
the number of potential detection for Model M3, 8, suggest-
ing indeed that the parameters of M3 are in tension with ob-
servation. This is consistent with the fact that several of the
observed Galactic SNRs are thought to have their gamma–
ray emission dominated by leptonic mechanisms, and there-
fore a model accounting only for hadronic sources does not
seem to agree with observations (Aharonian 2013). From Ta-
ble 3 we remark that the increased sensitivity in the inner
part of the GPS results logically in the detection of more
distant and older SNRs. The fraction of point–like sources
varies in the di↵erent models and observation strategies in
the range 15%– 50%. The models leading to the greater num-
ber of detections accounting for the detection of the most
extended sources.

The simulated populations of SNRs can be compared
to the ones obtained for simulations of the H.E.S.S. GPS.
M1 and M2 correspond respectively to model M6 and M5
in Cristofari et al. (2013). We remark that the median dis-
tances of the detected SNRs in the CTA GPS simulations
in the di↵erent models are larger by a factor ⇡ 1.3 � 1.6,
naturally illustrating that the improved sensitivity helps to
detect SNRs located further away. In the case of the inner
GPS of CTA the sensitivity above 1 TeV is typically im-
proved by a factor of ⇡ 5 compared to H.E.S.S. GPS (from
15 mCrab to 3 mCrab), and for surveys of comparable ex-
tension (|l| < 40�, |b| < 3� in the former H.E.S.S. GPS, and
|l| < 60�, |b| < 2� for the inner CTA GPS). If we consider, as
an approximation, SNRs to be uniformly distributed in a flat
disc, the improvement in sensitivity would lead to SNRs vis-
ible up to a distance ⇡ 51/2. In our case the improvement in
the mean distance is found in the range ⇡ 1.3�1.6, account-
ing for the fact that SNRs are not uniformly distributed, and
that the survey regions are not exactly equivalent.

The median ages are found larger by a factor ⇡ 1.5,
accounting for the detection of older SNRs. The improved
sensitivity of CTA leads to a greater number of potentially
detectable SNRs and thus the possibility to detect fainter
and older objects. At the level of 1 mCrab and in the hy-
pothetical most optimistic case (M1), about N ⇡ 500 SNRs
are potentially detectable. If we consider a rate of ⌫

SN

3
SN/century and that these SNRs are uniformly aged, the
median age of the population is 1

2

⇥ (N/⌫
SN

) ⇡ 8 kyr. This
is without taking into account the source extension and the
source confusion described above. Both of these e↵ects select
less extended and thus younger SNRs, so that the median
age found for M1 is ⇡ 5 kyr, as presented in Tab 3.

The median size of the resolved sources is comparable
to the one found in the H.E.S.S. GPS study, and we found
that the fraction of resolved sources is a factor of ⇡ 2 greater
in the CTA GPS. This e↵ect can be explained by the im-
proved angular resolution of CTA, here typically ⇡ 0.05� at
1 TeV, compared to ⇡ 0.1� for H.E.S.S. Finally the frac-
tion of hadronic, defined as the contribution from hadronic
interactions to the gamma–ray luminosity relative to the
total gamma–ray luminosity at 1 TeV, is a factor of ⇡ 2
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Model ↵ K
ep

M1 4.1 10

�2

M2 4.4 10

�2

M3 4.4 10

�5

Table 2. Values of the parameters adopted to compute the curves

in Fig. 1, Fig. 2, Fig. 3 and Table 3. ↵ is the slope of the spectrum

of CRs accelerated at the shock, and K
ep

is the electron–to–

proton ratio.

Clearly, the scenario M1 (M3) would result in the largest
(lowest) number of expected detections of SNRs.

To our knowledge, the most updated results on the
H.E.S.S. GPS have been presented in Donath et al. (2016).
To date, 78 very-high-energy gamma-ray sources have been
detected in the GPS. 31 of them have been firmly identi-
fied with known astrophysical objects, while the rest still
remain unidentified, or only tentatively identified. Amongst
the 31 firm identifications, 8 are SNRs and 8 are composite
SNR sources (i.e. it is not clear whether the emission is pro-
duced by the SNR or by the associated pulsar wind nebula).
Thus, a fraction between 1/4 and 1/2 of the firmly identified
sources are SNRs. If this fraction is representative of the en-
tire sample of GPS sources, then one might estimate that 20
to 40 out of the 78 GPS sources might be SNRs. Therefore,
the most conservative (generous) estimate of the number of
SNRs detected in the H.E.S.S. GPS is of . 10 (few tens).

Using the procedure presented in the previous Sections,
we computed the number of expected detections of SNRs in
the H.E.S.S. GPS, which within the portion of the Galactic
disk defined by the coordinate ranges 60� < l < 260�, |b| <
2.5� is characterized by a roughly uniform sensitivity equal
to 1.5 % of the Crab flux above 1 TeV. For the two extreme
scenarios M1 and M3 we predict 36+7

�6

and 3.2+2

�2

detections
of SNRs, respectively, compatible with the range inferred
from observations.

3 DETECTION OF SNR SHELLS WITH CTA

The Monte–Carlo procedure described above is used to sim-
ulate the typical population of SNRs expected to be acces-
sible to the Cherenkov Telesecope array. In the following,
all results presented have been obtained by averaging 1000
Monte Carlo realizations of the Galaxy. In fact, a few hun-
dred realizations of the Galaxy are su�cient to produce the
results of this article, we take 1000 as a round number.

One of the main scientific goals of the Cherenkov Tele-
scope Array will be to survey areas of the sky to search
for faint VHE gamma–ray sources. Most of the currently
known VHE sources are located in the Galactic plane. Al-
though the final performance of the array will depend on
the exact number of telescopes deployed, it has been shown
that CTA could be able to carry out a survey of the en-
tire Galactic plane, directed towards the study of the region
|l| < 60�, |b| < 2�, in ⇡1/4 of the available observation time
per year, with a uniform sensitivity down to ⇡ 3 mCrab
above 1 TeV (Dubus et al. 2013). This corresponds to a flux
of ⇡ 6.9 ⇥ 1014 cm�2 s�1. The details of this hypothetical
GPS are still a matter of discussion, but we can consider
these values as a reference.

Figure 1. SNRs in the entire Galaxy with integral gamma–ray

flux above F(>1 TeV). The red (solid) curve corresponds to model

M1, the black (dashed) line corresponds to M2 and the green

(dot–dashed) line to M3. In each case the +/- standard deviation

is shown. The blue solid and dot–dashed vertical lines correspond

to a sensitivity of 1 mCrab and 3 mCrab, respectively.

Figure 2. SNRs in the entire Galaxy with integral gamma–ray

flux above F(>10 TeV). Curves as described in caption of Fig. 1.

The blue solid and dot–dashed vertical lines correspond to a sen-

sitivity of 10 mCrab and 30 mCrab, respectively.

We start by computing the number of SNRs in the
Galaxy with integral gamma–ray flux above a given value
F(>E). Results are shown in Fig. 1 and Fig. 2 for F(> 1
TeV) and F(> 10 TeV), respectively, for the three scenarios
M1, M2, and M3 described above and summarized in Tab. 2.

The blue vertical lines correspond to the typical point–
source sensitivity achieved by CTA (impact of extension is
discussed below), namely ⇡ 1 mCrab above 1 TeV and ⇡ 10
mCrab above 10 TeV (Dubus et al. 2013). Fig. 1 shows that,
for photons of energies above 1 TeV, the models M1, M2
and M3 lead to an average number of SNRs potentially de-
tectable by CTA in a pointed observation of 430, 220 and 48
respectively. At 10 TeV, these numbers are 120, 28 and 5.2.
This suggests that under certain circumstances CTA might
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Figure 3. SNRs with integral gamma–ray flux above F(> 1 TeV)

in the case of model M1. The red (solid) curve corresponds the

entire Galaxy, the black (dashed) line corresponds to the en-

tire Galaxy and takes into account the e↵ect of the extension

of sources. The green (dot–dashed) line corresponds to the inner

part of the Galaxy (|l| < 60

�
, |b| < 2

�
) and takes into account

the e↵ect of the extension of sources. The magenta (pointed)

line corresponds to the same situation that the previous one, but

adding the e↵ect of source confusion described in Sec. 3. The blue

solid and dot–dashed vertical lines correspond to a sensitivity of

1 mCrab and 3 mCrab, respectively.

which corresponds at 3 mCrab, to a number of ⇡ 100 SNRs.
We remark that at a level of 10�11 cm�2s�1, taking into
account the reduced survey, the source extension and the
source confusion, the mean number of detection is 0.2+2

�0.2.
In this region, one SNR, RXJ 1713.7–3946 (H. E. S. S. Col-
laboration et al. 2016), has been detected with such flux. Our
results are therefore still compatible with this observation,
but illustrates than the computing of the di↵erent confusion
and extension e↵ects is a first order approximation.

These numbers illustrate how the di↵erent e↵ects pre-
sented above can be taken into account in our model, to
simulate the situation corresponding to the performed GPS
survey of CTA.

Two strategies have been proposed for the Galactic
Plane Survey of CTA. A survey of the entire Galactic Plane,
where the sensitivity above 1 TeV is typically expected to be
⇡ 3 mCrab, and an extensive deeper survey in the central re-
gion (|l| < 60�, |b| < 2�) , where the sensitivity could reach
the order of ⇡ 1 mCrab. We consider these two possible
strategies and provide the typical description of the obtained
population, considering the three models described previ-
ously. Our results are presented in Table 3. In this example,
the extension of the sources has been taken into account.
The integral fluxes have been degraded linearly by a factor
of #s/#PSF

, where #s is the apparent size of the source and
#
PSF

⇡ 0.05� is the angular resolution of CTA (see e.g. Aha-
ronian et al. 2008, 1997; Carraminana et al. 2008). Naturally,
as we go from model M1 to M3, thus from hard to steep spec-
tra and from high to low values of the electron–to–proton
ratio, the average number of detection of sources decreases.
The number of detections can already be compared to the
known SNR shells, in the whole Galaxy or in the region of

interest. The known number of shells detected in gamma
rays in the entire Galaxy is & 13 (see e.g. Horan & Wakely
2008, describing the TeVCat), although one has to be careful
because this number does not account for the circumstances
of discovery of these shells, which might have been detected
because of their interactions with other objects or extensive
targeted observations. This number can be compared with
the number of potential detection for Model M3, 8, suggest-
ing indeed that the parameters of M3 are in tension with ob-
servation. This is consistent with the fact that several of the
observed Galactic SNRs are thought to have their gamma–
ray emission dominated by leptonic mechanisms, and there-
fore a model accounting only for hadronic sources does not
seem to agree with observations (Aharonian 2013). From Ta-
ble 3 we remark that the increased sensitivity in the inner
part of the GPS results logically in the detection of more
distant and older SNRs. The fraction of point–like sources
varies in the di↵erent models and observation strategies in
the range 15%– 50%. The models leading to the greater num-
ber of detections accounting for the detection of the most
extended sources.

The simulated populations of SNRs can be compared
to the ones obtained for simulations of the H.E.S.S. GPS.
M1 and M2 correspond respectively to model M6 and M5
in Cristofari et al. (2013). We remark that the median dis-
tances of the detected SNRs in the CTA GPS simulations
in the di↵erent models are larger by a factor ⇡ 1.3 � 1.6,
naturally illustrating that the improved sensitivity helps to
detect SNRs located further away. In the case of the inner
GPS of CTA the sensitivity above 1 TeV is typically im-
proved by a factor of ⇡ 5 compared to H.E.S.S. GPS (from
15 mCrab to 3 mCrab), and for surveys of comparable ex-
tension (|l| < 40�, |b| < 3� in the former H.E.S.S. GPS, and
|l| < 60�, |b| < 2� for the inner CTA GPS). If we consider, as
an approximation, SNRs to be uniformly distributed in a flat
disc, the improvement in sensitivity would lead to SNRs vis-
ible up to a distance ⇡ 51/2. In our case the improvement in
the mean distance is found in the range ⇡ 1.3�1.6, account-
ing for the fact that SNRs are not uniformly distributed, and
that the survey regions are not exactly equivalent.

The median ages are found larger by a factor ⇡ 1.5,
accounting for the detection of older SNRs. The improved
sensitivity of CTA leads to a greater number of potentially
detectable SNRs and thus the possibility to detect fainter
and older objects. At the level of 1 mCrab and in the hy-
pothetical most optimistic case (M1), about N ⇡ 500 SNRs
are potentially detectable. If we consider a rate of ⌫

SN

3
SN/century and that these SNRs are uniformly aged, the
median age of the population is 1

2

⇥ (N/⌫
SN

) ⇡ 8 kyr. This
is without taking into account the source extension and the
source confusion described above. Both of these e↵ects select
less extended and thus younger SNRs, so that the median
age found for M1 is ⇡ 5 kyr, as presented in Tab 3.

The median size of the resolved sources is comparable
to the one found in the H.E.S.S. GPS study, and we found
that the fraction of resolved sources is a factor of ⇡ 2 greater
in the CTA GPS. This e↵ect can be explained by the im-
proved angular resolution of CTA, here typically ⇡ 0.05� at
1 TeV, compared to ⇡ 0.1� for H.E.S.S. Finally the frac-
tion of hadronic, defined as the contribution from hadronic
interactions to the gamma–ray luminosity relative to the
total gamma–ray luminosity at 1 TeV, is a factor of ⇡ 2
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M1 4.1 10

�2

M2 4.4 10

�2

M3 4.4 10

�5

Table 2. Values of the parameters adopted to compute the curves

in Fig. 1, Fig. 2, Fig. 3 and Table 3. ↵ is the slope of the spectrum

of CRs accelerated at the shock, and K
ep

is the electron–to–

proton ratio.

Clearly, the scenario M1 (M3) would result in the largest
(lowest) number of expected detections of SNRs.

To our knowledge, the most updated results on the
H.E.S.S. GPS have been presented in Donath et al. (2016).
To date, 78 very-high-energy gamma-ray sources have been
detected in the GPS. 31 of them have been firmly identi-
fied with known astrophysical objects, while the rest still
remain unidentified, or only tentatively identified. Amongst
the 31 firm identifications, 8 are SNRs and 8 are composite
SNR sources (i.e. it is not clear whether the emission is pro-
duced by the SNR or by the associated pulsar wind nebula).
Thus, a fraction between 1/4 and 1/2 of the firmly identified
sources are SNRs. If this fraction is representative of the en-
tire sample of GPS sources, then one might estimate that 20
to 40 out of the 78 GPS sources might be SNRs. Therefore,
the most conservative (generous) estimate of the number of
SNRs detected in the H.E.S.S. GPS is of . 10 (few tens).

Using the procedure presented in the previous Sections,
we computed the number of expected detections of SNRs in
the H.E.S.S. GPS, which within the portion of the Galactic
disk defined by the coordinate ranges 60� < l < 260�, |b| <
2.5� is characterized by a roughly uniform sensitivity equal
to 1.5 % of the Crab flux above 1 TeV. For the two extreme
scenarios M1 and M3 we predict 36+7

�6

and 3.2+2

�2

detections
of SNRs, respectively, compatible with the range inferred
from observations.

3 DETECTION OF SNR SHELLS WITH CTA

The Monte–Carlo procedure described above is used to sim-
ulate the typical population of SNRs expected to be acces-
sible to the Cherenkov Telesecope array. In the following,
all results presented have been obtained by averaging 1000
Monte Carlo realizations of the Galaxy. In fact, a few hun-
dred realizations of the Galaxy are su�cient to produce the
results of this article, we take 1000 as a round number.

One of the main scientific goals of the Cherenkov Tele-
scope Array will be to survey areas of the sky to search
for faint VHE gamma–ray sources. Most of the currently
known VHE sources are located in the Galactic plane. Al-
though the final performance of the array will depend on
the exact number of telescopes deployed, it has been shown
that CTA could be able to carry out a survey of the en-
tire Galactic plane, directed towards the study of the region
|l| < 60�, |b| < 2�, in ⇡1/4 of the available observation time
per year, with a uniform sensitivity down to ⇡ 3 mCrab
above 1 TeV (Dubus et al. 2013). This corresponds to a flux
of ⇡ 6.9 ⇥ 1014 cm�2 s�1. The details of this hypothetical
GPS are still a matter of discussion, but we can consider
these values as a reference.

Figure 1. SNRs in the entire Galaxy with integral gamma–ray

flux above F(>1 TeV). The red (solid) curve corresponds to model

M1, the black (dashed) line corresponds to M2 and the green

(dot–dashed) line to M3. In each case the +/- standard deviation

is shown. The blue solid and dot–dashed vertical lines correspond

to a sensitivity of 1 mCrab and 3 mCrab, respectively.

Figure 2. SNRs in the entire Galaxy with integral gamma–ray

flux above F(>10 TeV). Curves as described in caption of Fig. 1.

The blue solid and dot–dashed vertical lines correspond to a sen-

sitivity of 10 mCrab and 30 mCrab, respectively.

We start by computing the number of SNRs in the
Galaxy with integral gamma–ray flux above a given value
F(>E). Results are shown in Fig. 1 and Fig. 2 for F(> 1
TeV) and F(> 10 TeV), respectively, for the three scenarios
M1, M2, and M3 described above and summarized in Tab. 2.

The blue vertical lines correspond to the typical point–
source sensitivity achieved by CTA (impact of extension is
discussed below), namely ⇡ 1 mCrab above 1 TeV and ⇡ 10
mCrab above 10 TeV (Dubus et al. 2013). Fig. 1 shows that,
for photons of energies above 1 TeV, the models M1, M2
and M3 lead to an average number of SNRs potentially de-
tectable by CTA in a pointed observation of 430, 220 and 48
respectively. At 10 TeV, these numbers are 120, 28 and 5.2.
This suggests that under certain circumstances CTA might
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Figure 3. SNRs with integral gamma–ray flux above F(> 1 TeV)

in the case of model M1. The red (solid) curve corresponds the

entire Galaxy, the black (dashed) line corresponds to the en-

tire Galaxy and takes into account the e↵ect of the extension

of sources. The green (dot–dashed) line corresponds to the inner

part of the Galaxy (|l| < 60

�
, |b| < 2

�
) and takes into account

the e↵ect of the extension of sources. The magenta (pointed)

line corresponds to the same situation that the previous one, but

adding the e↵ect of source confusion described in Sec. 3. The blue

solid and dot–dashed vertical lines correspond to a sensitivity of

1 mCrab and 3 mCrab, respectively.

which corresponds at 3 mCrab, to a number of ⇡ 100 SNRs.
We remark that at a level of 10�11 cm�2s�1, taking into
account the reduced survey, the source extension and the
source confusion, the mean number of detection is 0.2+2

�0.2.
In this region, one SNR, RXJ 1713.7–3946 (H. E. S. S. Col-
laboration et al. 2016), has been detected with such flux. Our
results are therefore still compatible with this observation,
but illustrates than the computing of the di↵erent confusion
and extension e↵ects is a first order approximation.

These numbers illustrate how the di↵erent e↵ects pre-
sented above can be taken into account in our model, to
simulate the situation corresponding to the performed GPS
survey of CTA.

Two strategies have been proposed for the Galactic
Plane Survey of CTA. A survey of the entire Galactic Plane,
where the sensitivity above 1 TeV is typically expected to be
⇡ 3 mCrab, and an extensive deeper survey in the central re-
gion (|l| < 60�, |b| < 2�) , where the sensitivity could reach
the order of ⇡ 1 mCrab. We consider these two possible
strategies and provide the typical description of the obtained
population, considering the three models described previ-
ously. Our results are presented in Table 3. In this example,
the extension of the sources has been taken into account.
The integral fluxes have been degraded linearly by a factor
of #s/#PSF

, where #s is the apparent size of the source and
#
PSF

⇡ 0.05� is the angular resolution of CTA (see e.g. Aha-
ronian et al. 2008, 1997; Carraminana et al. 2008). Naturally,
as we go from model M1 to M3, thus from hard to steep spec-
tra and from high to low values of the electron–to–proton
ratio, the average number of detection of sources decreases.
The number of detections can already be compared to the
known SNR shells, in the whole Galaxy or in the region of

interest. The known number of shells detected in gamma
rays in the entire Galaxy is & 13 (see e.g. Horan & Wakely
2008, describing the TeVCat), although one has to be careful
because this number does not account for the circumstances
of discovery of these shells, which might have been detected
because of their interactions with other objects or extensive
targeted observations. This number can be compared with
the number of potential detection for Model M3, 8, suggest-
ing indeed that the parameters of M3 are in tension with ob-
servation. This is consistent with the fact that several of the
observed Galactic SNRs are thought to have their gamma–
ray emission dominated by leptonic mechanisms, and there-
fore a model accounting only for hadronic sources does not
seem to agree with observations (Aharonian 2013). From Ta-
ble 3 we remark that the increased sensitivity in the inner
part of the GPS results logically in the detection of more
distant and older SNRs. The fraction of point–like sources
varies in the di↵erent models and observation strategies in
the range 15%– 50%. The models leading to the greater num-
ber of detections accounting for the detection of the most
extended sources.

The simulated populations of SNRs can be compared
to the ones obtained for simulations of the H.E.S.S. GPS.
M1 and M2 correspond respectively to model M6 and M5
in Cristofari et al. (2013). We remark that the median dis-
tances of the detected SNRs in the CTA GPS simulations
in the di↵erent models are larger by a factor ⇡ 1.3 � 1.6,
naturally illustrating that the improved sensitivity helps to
detect SNRs located further away. In the case of the inner
GPS of CTA the sensitivity above 1 TeV is typically im-
proved by a factor of ⇡ 5 compared to H.E.S.S. GPS (from
15 mCrab to 3 mCrab), and for surveys of comparable ex-
tension (|l| < 40�, |b| < 3� in the former H.E.S.S. GPS, and
|l| < 60�, |b| < 2� for the inner CTA GPS). If we consider, as
an approximation, SNRs to be uniformly distributed in a flat
disc, the improvement in sensitivity would lead to SNRs vis-
ible up to a distance ⇡ 51/2. In our case the improvement in
the mean distance is found in the range ⇡ 1.3�1.6, account-
ing for the fact that SNRs are not uniformly distributed, and
that the survey regions are not exactly equivalent.

The median ages are found larger by a factor ⇡ 1.5,
accounting for the detection of older SNRs. The improved
sensitivity of CTA leads to a greater number of potentially
detectable SNRs and thus the possibility to detect fainter
and older objects. At the level of 1 mCrab and in the hy-
pothetical most optimistic case (M1), about N ⇡ 500 SNRs
are potentially detectable. If we consider a rate of ⌫

SN

3
SN/century and that these SNRs are uniformly aged, the
median age of the population is 1

2

⇥ (N/⌫
SN

) ⇡ 8 kyr. This
is without taking into account the source extension and the
source confusion described above. Both of these e↵ects select
less extended and thus younger SNRs, so that the median
age found for M1 is ⇡ 5 kyr, as presented in Tab 3.

The median size of the resolved sources is comparable
to the one found in the H.E.S.S. GPS study, and we found
that the fraction of resolved sources is a factor of ⇡ 2 greater
in the CTA GPS. This e↵ect can be explained by the im-
proved angular resolution of CTA, here typically ⇡ 0.05� at
1 TeV, compared to ⇡ 0.1� for H.E.S.S. Finally the frac-
tion of hadronic, defined as the contribution from hadronic
interactions to the gamma–ray luminosity relative to the
total gamma–ray luminosity at 1 TeV, is a factor of ⇡ 2
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Model ↵ K
ep

M1 4.1 10

�2

M2 4.4 10

�2

M3 4.4 10

�5

Table 2. Values of the parameters adopted to compute the curves

in Fig. 1, Fig. 2, Fig. 3 and Table 3. ↵ is the slope of the spectrum

of CRs accelerated at the shock, and K
ep

is the electron–to–

proton ratio.

Clearly, the scenario M1 (M3) would result in the largest
(lowest) number of expected detections of SNRs.

To our knowledge, the most updated results on the
H.E.S.S. GPS have been presented in Donath et al. (2016).
To date, 78 very-high-energy gamma-ray sources have been
detected in the GPS. 31 of them have been firmly identi-
fied with known astrophysical objects, while the rest still
remain unidentified, or only tentatively identified. Amongst
the 31 firm identifications, 8 are SNRs and 8 are composite
SNR sources (i.e. it is not clear whether the emission is pro-
duced by the SNR or by the associated pulsar wind nebula).
Thus, a fraction between 1/4 and 1/2 of the firmly identified
sources are SNRs. If this fraction is representative of the en-
tire sample of GPS sources, then one might estimate that 20
to 40 out of the 78 GPS sources might be SNRs. Therefore,
the most conservative (generous) estimate of the number of
SNRs detected in the H.E.S.S. GPS is of . 10 (few tens).

Using the procedure presented in the previous Sections,
we computed the number of expected detections of SNRs in
the H.E.S.S. GPS, which within the portion of the Galactic
disk defined by the coordinate ranges 60� < l < 260�, |b| <
2.5� is characterized by a roughly uniform sensitivity equal
to 1.5 % of the Crab flux above 1 TeV. For the two extreme
scenarios M1 and M3 we predict 36+7

�6

and 3.2+2

�2

detections
of SNRs, respectively, compatible with the range inferred
from observations.

3 DETECTION OF SNR SHELLS WITH CTA

The Monte–Carlo procedure described above is used to sim-
ulate the typical population of SNRs expected to be acces-
sible to the Cherenkov Telesecope array. In the following,
all results presented have been obtained by averaging 1000
Monte Carlo realizations of the Galaxy. In fact, a few hun-
dred realizations of the Galaxy are su�cient to produce the
results of this article, we take 1000 as a round number.

One of the main scientific goals of the Cherenkov Tele-
scope Array will be to survey areas of the sky to search
for faint VHE gamma–ray sources. Most of the currently
known VHE sources are located in the Galactic plane. Al-
though the final performance of the array will depend on
the exact number of telescopes deployed, it has been shown
that CTA could be able to carry out a survey of the en-
tire Galactic plane, directed towards the study of the region
|l| < 60�, |b| < 2�, in ⇡1/4 of the available observation time
per year, with a uniform sensitivity down to ⇡ 3 mCrab
above 1 TeV (Dubus et al. 2013). This corresponds to a flux
of ⇡ 6.9 ⇥ 1014 cm�2 s�1. The details of this hypothetical
GPS are still a matter of discussion, but we can consider
these values as a reference.

Figure 1. SNRs in the entire Galaxy with integral gamma–ray

flux above F(>1 TeV). The red (solid) curve corresponds to model

M1, the black (dashed) line corresponds to M2 and the green

(dot–dashed) line to M3. In each case the +/- standard deviation

is shown. The blue solid and dot–dashed vertical lines correspond

to a sensitivity of 1 mCrab and 3 mCrab, respectively.

Figure 2. SNRs in the entire Galaxy with integral gamma–ray

flux above F(>10 TeV). Curves as described in caption of Fig. 1.

The blue solid and dot–dashed vertical lines correspond to a sen-

sitivity of 10 mCrab and 30 mCrab, respectively.

We start by computing the number of SNRs in the
Galaxy with integral gamma–ray flux above a given value
F(>E). Results are shown in Fig. 1 and Fig. 2 for F(> 1
TeV) and F(> 10 TeV), respectively, for the three scenarios
M1, M2, and M3 described above and summarized in Tab. 2.

The blue vertical lines correspond to the typical point–
source sensitivity achieved by CTA (impact of extension is
discussed below), namely ⇡ 1 mCrab above 1 TeV and ⇡ 10
mCrab above 10 TeV (Dubus et al. 2013). Fig. 1 shows that,
for photons of energies above 1 TeV, the models M1, M2
and M3 lead to an average number of SNRs potentially de-
tectable by CTA in a pointed observation of 430, 220 and 48
respectively. At 10 TeV, these numbers are 120, 28 and 5.2.
This suggests that under certain circumstances CTA might
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Figure 3. SNRs with integral gamma–ray flux above F(> 1 TeV)

in the case of model M1. The red (solid) curve corresponds the

entire Galaxy, the black (dashed) line corresponds to the en-

tire Galaxy and takes into account the e↵ect of the extension

of sources. The green (dot–dashed) line corresponds to the inner

part of the Galaxy (|l| < 60

�
, |b| < 2

�
) and takes into account

the e↵ect of the extension of sources. The magenta (pointed)

line corresponds to the same situation that the previous one, but

adding the e↵ect of source confusion described in Sec. 3. The blue

solid and dot–dashed vertical lines correspond to a sensitivity of

1 mCrab and 3 mCrab, respectively.

which corresponds at 3 mCrab, to a number of ⇡ 100 SNRs.
We remark that at a level of 10�11 cm�2s�1, taking into
account the reduced survey, the source extension and the
source confusion, the mean number of detection is 0.2+2

�0.2.
In this region, one SNR, RXJ 1713.7–3946 (H. E. S. S. Col-
laboration et al. 2016), has been detected with such flux. Our
results are therefore still compatible with this observation,
but illustrates than the computing of the di↵erent confusion
and extension e↵ects is a first order approximation.

These numbers illustrate how the di↵erent e↵ects pre-
sented above can be taken into account in our model, to
simulate the situation corresponding to the performed GPS
survey of CTA.

Two strategies have been proposed for the Galactic
Plane Survey of CTA. A survey of the entire Galactic Plane,
where the sensitivity above 1 TeV is typically expected to be
⇡ 3 mCrab, and an extensive deeper survey in the central re-
gion (|l| < 60�, |b| < 2�) , where the sensitivity could reach
the order of ⇡ 1 mCrab. We consider these two possible
strategies and provide the typical description of the obtained
population, considering the three models described previ-
ously. Our results are presented in Table 3. In this example,
the extension of the sources has been taken into account.
The integral fluxes have been degraded linearly by a factor
of #s/#PSF

, where #s is the apparent size of the source and
#
PSF

⇡ 0.05� is the angular resolution of CTA (see e.g. Aha-
ronian et al. 2008, 1997; Carraminana et al. 2008). Naturally,
as we go from model M1 to M3, thus from hard to steep spec-
tra and from high to low values of the electron–to–proton
ratio, the average number of detection of sources decreases.
The number of detections can already be compared to the
known SNR shells, in the whole Galaxy or in the region of

interest. The known number of shells detected in gamma
rays in the entire Galaxy is & 13 (see e.g. Horan & Wakely
2008, describing the TeVCat), although one has to be careful
because this number does not account for the circumstances
of discovery of these shells, which might have been detected
because of their interactions with other objects or extensive
targeted observations. This number can be compared with
the number of potential detection for Model M3, 8, suggest-
ing indeed that the parameters of M3 are in tension with ob-
servation. This is consistent with the fact that several of the
observed Galactic SNRs are thought to have their gamma–
ray emission dominated by leptonic mechanisms, and there-
fore a model accounting only for hadronic sources does not
seem to agree with observations (Aharonian 2013). From Ta-
ble 3 we remark that the increased sensitivity in the inner
part of the GPS results logically in the detection of more
distant and older SNRs. The fraction of point–like sources
varies in the di↵erent models and observation strategies in
the range 15%– 50%. The models leading to the greater num-
ber of detections accounting for the detection of the most
extended sources.

The simulated populations of SNRs can be compared
to the ones obtained for simulations of the H.E.S.S. GPS.
M1 and M2 correspond respectively to model M6 and M5
in Cristofari et al. (2013). We remark that the median dis-
tances of the detected SNRs in the CTA GPS simulations
in the di↵erent models are larger by a factor ⇡ 1.3 � 1.6,
naturally illustrating that the improved sensitivity helps to
detect SNRs located further away. In the case of the inner
GPS of CTA the sensitivity above 1 TeV is typically im-
proved by a factor of ⇡ 5 compared to H.E.S.S. GPS (from
15 mCrab to 3 mCrab), and for surveys of comparable ex-
tension (|l| < 40�, |b| < 3� in the former H.E.S.S. GPS, and
|l| < 60�, |b| < 2� for the inner CTA GPS). If we consider, as
an approximation, SNRs to be uniformly distributed in a flat
disc, the improvement in sensitivity would lead to SNRs vis-
ible up to a distance ⇡ 51/2. In our case the improvement in
the mean distance is found in the range ⇡ 1.3�1.6, account-
ing for the fact that SNRs are not uniformly distributed, and
that the survey regions are not exactly equivalent.

The median ages are found larger by a factor ⇡ 1.5,
accounting for the detection of older SNRs. The improved
sensitivity of CTA leads to a greater number of potentially
detectable SNRs and thus the possibility to detect fainter
and older objects. At the level of 1 mCrab and in the hy-
pothetical most optimistic case (M1), about N ⇡ 500 SNRs
are potentially detectable. If we consider a rate of ⌫

SN

3
SN/century and that these SNRs are uniformly aged, the
median age of the population is 1

2

⇥ (N/⌫
SN

) ⇡ 8 kyr. This
is without taking into account the source extension and the
source confusion described above. Both of these e↵ects select
less extended and thus younger SNRs, so that the median
age found for M1 is ⇡ 5 kyr, as presented in Tab 3.

The median size of the resolved sources is comparable
to the one found in the H.E.S.S. GPS study, and we found
that the fraction of resolved sources is a factor of ⇡ 2 greater
in the CTA GPS. This e↵ect can be explained by the im-
proved angular resolution of CTA, here typically ⇡ 0.05� at
1 TeV, compared to ⇡ 0.1� for H.E.S.S. Finally the frac-
tion of hadronic, defined as the contribution from hadronic
interactions to the gamma–ray luminosity relative to the
total gamma–ray luminosity at 1 TeV, is a factor of ⇡ 2
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ep

M1 4.1 10

�2

M2 4.4 10

�2

M3 4.4 10

�5

Table 2. Values of the parameters adopted to compute the curves

in Fig. 1, Fig. 2, Fig. 3 and Table 3. ↵ is the slope of the spectrum

of CRs accelerated at the shock, and K
ep

is the electron–to–

proton ratio.

Clearly, the scenario M1 (M3) would result in the largest
(lowest) number of expected detections of SNRs.

To our knowledge, the most updated results on the
H.E.S.S. GPS have been presented in Donath et al. (2016).
To date, 78 very-high-energy gamma-ray sources have been
detected in the GPS. 31 of them have been firmly identi-
fied with known astrophysical objects, while the rest still
remain unidentified, or only tentatively identified. Amongst
the 31 firm identifications, 8 are SNRs and 8 are composite
SNR sources (i.e. it is not clear whether the emission is pro-
duced by the SNR or by the associated pulsar wind nebula).
Thus, a fraction between 1/4 and 1/2 of the firmly identified
sources are SNRs. If this fraction is representative of the en-
tire sample of GPS sources, then one might estimate that 20
to 40 out of the 78 GPS sources might be SNRs. Therefore,
the most conservative (generous) estimate of the number of
SNRs detected in the H.E.S.S. GPS is of . 10 (few tens).

Using the procedure presented in the previous Sections,
we computed the number of expected detections of SNRs in
the H.E.S.S. GPS, which within the portion of the Galactic
disk defined by the coordinate ranges 60� < l < 260�, |b| <
2.5� is characterized by a roughly uniform sensitivity equal
to 1.5 % of the Crab flux above 1 TeV. For the two extreme
scenarios M1 and M3 we predict 36+7

�6

and 3.2+2

�2

detections
of SNRs, respectively, compatible with the range inferred
from observations.

3 DETECTION OF SNR SHELLS WITH CTA

The Monte–Carlo procedure described above is used to sim-
ulate the typical population of SNRs expected to be acces-
sible to the Cherenkov Telesecope array. In the following,
all results presented have been obtained by averaging 1000
Monte Carlo realizations of the Galaxy. In fact, a few hun-
dred realizations of the Galaxy are su�cient to produce the
results of this article, we take 1000 as a round number.

One of the main scientific goals of the Cherenkov Tele-
scope Array will be to survey areas of the sky to search
for faint VHE gamma–ray sources. Most of the currently
known VHE sources are located in the Galactic plane. Al-
though the final performance of the array will depend on
the exact number of telescopes deployed, it has been shown
that CTA could be able to carry out a survey of the en-
tire Galactic plane, directed towards the study of the region
|l| < 60�, |b| < 2�, in ⇡1/4 of the available observation time
per year, with a uniform sensitivity down to ⇡ 3 mCrab
above 1 TeV (Dubus et al. 2013). This corresponds to a flux
of ⇡ 6.9 ⇥ 1014 cm�2 s�1. The details of this hypothetical
GPS are still a matter of discussion, but we can consider
these values as a reference.

Figure 1. SNRs in the entire Galaxy with integral gamma–ray

flux above F(>1 TeV). The red (solid) curve corresponds to model

M1, the black (dashed) line corresponds to M2 and the green

(dot–dashed) line to M3. In each case the +/- standard deviation

is shown. The blue solid and dot–dashed vertical lines correspond

to a sensitivity of 1 mCrab and 3 mCrab, respectively.

Figure 2. SNRs in the entire Galaxy with integral gamma–ray

flux above F(>10 TeV). Curves as described in caption of Fig. 1.

The blue solid and dot–dashed vertical lines correspond to a sen-

sitivity of 10 mCrab and 30 mCrab, respectively.

We start by computing the number of SNRs in the
Galaxy with integral gamma–ray flux above a given value
F(>E). Results are shown in Fig. 1 and Fig. 2 for F(> 1
TeV) and F(> 10 TeV), respectively, for the three scenarios
M1, M2, and M3 described above and summarized in Tab. 2.

The blue vertical lines correspond to the typical point–
source sensitivity achieved by CTA (impact of extension is
discussed below), namely ⇡ 1 mCrab above 1 TeV and ⇡ 10
mCrab above 10 TeV (Dubus et al. 2013). Fig. 1 shows that,
for photons of energies above 1 TeV, the models M1, M2
and M3 lead to an average number of SNRs potentially de-
tectable by CTA in a pointed observation of 430, 220 and 48
respectively. At 10 TeV, these numbers are 120, 28 and 5.2.
This suggests that under certain circumstances CTA might
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Figure 3. SNRs with integral gamma–ray flux above F(> 1 TeV)

in the case of model M1. The red (solid) curve corresponds the

entire Galaxy, the black (dashed) line corresponds to the en-

tire Galaxy and takes into account the e↵ect of the extension

of sources. The green (dot–dashed) line corresponds to the inner

part of the Galaxy (|l| < 60

�
, |b| < 2

�
) and takes into account

the e↵ect of the extension of sources. The magenta (pointed)

line corresponds to the same situation that the previous one, but

adding the e↵ect of source confusion described in Sec. 3. The blue

solid and dot–dashed vertical lines correspond to a sensitivity of

1 mCrab and 3 mCrab, respectively.

which corresponds at 3 mCrab, to a number of ⇡ 100 SNRs.
We remark that at a level of 10�11 cm�2s�1, taking into
account the reduced survey, the source extension and the
source confusion, the mean number of detection is 0.2+2

�0.2.
In this region, one SNR, RXJ 1713.7–3946 (H. E. S. S. Col-
laboration et al. 2016), has been detected with such flux. Our
results are therefore still compatible with this observation,
but illustrates than the computing of the di↵erent confusion
and extension e↵ects is a first order approximation.

These numbers illustrate how the di↵erent e↵ects pre-
sented above can be taken into account in our model, to
simulate the situation corresponding to the performed GPS
survey of CTA.

Two strategies have been proposed for the Galactic
Plane Survey of CTA. A survey of the entire Galactic Plane,
where the sensitivity above 1 TeV is typically expected to be
⇡ 3 mCrab, and an extensive deeper survey in the central re-
gion (|l| < 60�, |b| < 2�) , where the sensitivity could reach
the order of ⇡ 1 mCrab. We consider these two possible
strategies and provide the typical description of the obtained
population, considering the three models described previ-
ously. Our results are presented in Table 3. In this example,
the extension of the sources has been taken into account.
The integral fluxes have been degraded linearly by a factor
of #s/#PSF

, where #s is the apparent size of the source and
#
PSF

⇡ 0.05� is the angular resolution of CTA (see e.g. Aha-
ronian et al. 2008, 1997; Carraminana et al. 2008). Naturally,
as we go from model M1 to M3, thus from hard to steep spec-
tra and from high to low values of the electron–to–proton
ratio, the average number of detection of sources decreases.
The number of detections can already be compared to the
known SNR shells, in the whole Galaxy or in the region of

interest. The known number of shells detected in gamma
rays in the entire Galaxy is & 13 (see e.g. Horan & Wakely
2008, describing the TeVCat), although one has to be careful
because this number does not account for the circumstances
of discovery of these shells, which might have been detected
because of their interactions with other objects or extensive
targeted observations. This number can be compared with
the number of potential detection for Model M3, 8, suggest-
ing indeed that the parameters of M3 are in tension with ob-
servation. This is consistent with the fact that several of the
observed Galactic SNRs are thought to have their gamma–
ray emission dominated by leptonic mechanisms, and there-
fore a model accounting only for hadronic sources does not
seem to agree with observations (Aharonian 2013). From Ta-
ble 3 we remark that the increased sensitivity in the inner
part of the GPS results logically in the detection of more
distant and older SNRs. The fraction of point–like sources
varies in the di↵erent models and observation strategies in
the range 15%– 50%. The models leading to the greater num-
ber of detections accounting for the detection of the most
extended sources.

The simulated populations of SNRs can be compared
to the ones obtained for simulations of the H.E.S.S. GPS.
M1 and M2 correspond respectively to model M6 and M5
in Cristofari et al. (2013). We remark that the median dis-
tances of the detected SNRs in the CTA GPS simulations
in the di↵erent models are larger by a factor ⇡ 1.3 � 1.6,
naturally illustrating that the improved sensitivity helps to
detect SNRs located further away. In the case of the inner
GPS of CTA the sensitivity above 1 TeV is typically im-
proved by a factor of ⇡ 5 compared to H.E.S.S. GPS (from
15 mCrab to 3 mCrab), and for surveys of comparable ex-
tension (|l| < 40�, |b| < 3� in the former H.E.S.S. GPS, and
|l| < 60�, |b| < 2� for the inner CTA GPS). If we consider, as
an approximation, SNRs to be uniformly distributed in a flat
disc, the improvement in sensitivity would lead to SNRs vis-
ible up to a distance ⇡ 51/2. In our case the improvement in
the mean distance is found in the range ⇡ 1.3�1.6, account-
ing for the fact that SNRs are not uniformly distributed, and
that the survey regions are not exactly equivalent.

The median ages are found larger by a factor ⇡ 1.5,
accounting for the detection of older SNRs. The improved
sensitivity of CTA leads to a greater number of potentially
detectable SNRs and thus the possibility to detect fainter
and older objects. At the level of 1 mCrab and in the hy-
pothetical most optimistic case (M1), about N ⇡ 500 SNRs
are potentially detectable. If we consider a rate of ⌫

SN

3
SN/century and that these SNRs are uniformly aged, the
median age of the population is 1

2

⇥ (N/⌫
SN

) ⇡ 8 kyr. This
is without taking into account the source extension and the
source confusion described above. Both of these e↵ects select
less extended and thus younger SNRs, so that the median
age found for M1 is ⇡ 5 kyr, as presented in Tab 3.

The median size of the resolved sources is comparable
to the one found in the H.E.S.S. GPS study, and we found
that the fraction of resolved sources is a factor of ⇡ 2 greater
in the CTA GPS. This e↵ect can be explained by the im-
proved angular resolution of CTA, here typically ⇡ 0.05� at
1 TeV, compared to ⇡ 0.1� for H.E.S.S. Finally the frac-
tion of hadronic, defined as the contribution from hadronic
interactions to the gamma–ray luminosity relative to the
total gamma–ray luminosity at 1 TeV, is a factor of ⇡ 2
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 do
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very rough estimate     

—>  NSNR ~ 100 SNRs

—>  median age: tage ~ 5 kyr

—>  uniform age distribution (?)

—>  tPeV < 100 yr

provided that 
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TeV
 do

main

very rough estimate     

—>  NSNR ~ 100 SNRs

—>  median age: tage ~ 5 kyr

—>  uniform age distribution (?)} NPeV ~ (NSNR/2) (tPeV/tage) ~ 1 SNRs  

this is comparable to the predicted 
number of PeVatrons in the MW!

—>  tPeV < 100 yr

provided that 
theoreticians are right
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The Cherenkov Telescope Array  
and the search for PeVatrons

TeV
 do

main

very rough estimate     

—>  NSNR ~ 100 SNRs

—>  median age: tage ~ 5 kyr

—>  uniform age distribution (?)} NPeV ~ (NSNR/2) (tPeV/tage) ~ 1 SNRs  

this is comparable to the predicted 
number of PeVatrons in the MW!

Question: will we be able to recognise them as PeVatrons? 
(i.e. bright enough to be observable up to the multi-TeV domain)

—>  tPeV < 100 yr

provided that 
theoreticians are right
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as a cosmic ray PeVatron



A proton PeVatron in the galactic centre
Observational 

signature

p-p interactions ->

inverse Compton-> suppressed in the multi-TeV domain (Klein-Nishina effect)

Ep

max

⇡ 1 PeV �! E�

max

⇡ 100 TeV

unattenuated γ-ray spectrum extending to the multi-TeV domain
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A proton PeVatron in the galactic centre
Observational 

signature

p-p interactions ->

inverse Compton-> suppressed in the multi-TeV domain (Klein-Nishina effect)

Ep

max

⇡ 1 PeV �! E�

max

⇡ 100 TeV

unattenuated γ-ray spectrum extending to the multi-TeV domain

H.E.S.S. Coll. 2016

the first PeVatron is not 
a SNR but is located in 

the Galactic centre!

diffuse emission from the GC

no cutoff!
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A proton PeVatron in the galactic centre
Observational 

signature

p-p interactions ->

inverse Compton-> suppressed in the multi-TeV domain (Klein-Nishina effect)
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max

⇡ 100 TeV

unattenuated γ-ray spectrum extending to the multi-TeV domain

H.E.S.S. Coll. 2016

the first PeVatron is not 
a SNR but is located in 

the Galactic centre!

diffuse emission from the GC

no cutoff!

a cutoff @ … deviates from data @ 
2.9 PeV    68% 
0.6 PeV    90% 
0.4 PeV    95%
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The GC ridge as seen 10 years ago
H.E.S.S. Coll. 2006

color scale -> γ-rays 
contours -> gas (CS)

55 h

Sgr A*
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The GC ridge as seen 10 years ago
H.E.S.S. Coll. 2006

color scale -> γ-rays 
contours -> gas (CS)

histogram -> γ-rays 
red -> gas (CS)

55 h

quite good correlation 
except for the edges 

of the ridge -> 
hadronic emission

morphology of gas and γ-rays -> spatial distribution of CR

Sgr A*
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histogram -> γ-rays 
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quite good correlation 
except for the edges 

of the ridge -> 
hadronic emission

morphology of gas and γ-rays -> spatial distribution of CR
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Where is the source?

CR spatial distribution
one source 

impulsive injection of CRs

Sgr A*
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Where is the source?

CR spatial distribution
one source 

impulsive injection of CRs

ld ⇠
p
D ⇥ t

diffusion length

Sgr A*
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Where is the source?

CR spatial distribution
one source 

continuous injection of CRs

Sgr A*
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Where is the source?

CR spatial distribution
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continuous injection of CRs
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Where is the source?

CR spatial distribution many sources 
-> any distribution

Sgr A*
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The source is at the GC

226 h

H.E.S.S. Coll. 2016
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The source is at the GC

226 h 1/R profile -> source located in the inner ~10 pc!

H.E.S.S. Coll. 2016

`intro       SNRs       galactic centre       superbubbles       low energy       the end



The source is at the GC

226 h 1/R profile -> source located in the inner ~10 pc!

H.E.S.S. Coll. 2016

accelerator must be active for:

�t > R2

6⇥D ⇠ 2⇥ 103
⇣

D
1030cm2/s

⌘�1
yr
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The source is at the GC

226 h 1/R profile -> source located in the inner ~10 pc!

multi-source scenarios require excessive fine-tuning/unrealistic number of sources

H.E.S.S. Coll. 2016

accelerator must be active for:

�t > R2

6⇥D ⇠ 2⇥ 103
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1030cm2/s

⌘�1
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Supermassive black hole as a PeVatron
is Sgr A* as the source of PeV cosmic rays?

diffuse

Sgr A*
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Supermassive black hole as a PeVatron
is Sgr A* as the source of PeV cosmic rays?

diffuse

Sgr A*

~10 TeV cutoff -> inconsistency? no…

emission could be unrelated 
time dependent effect 
γγ-absorption w. IR photons? (Celli+ 2016)
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time dependent effect 
γγ-absorption w. IR photons? (Celli+ 2016)
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Supermassive black hole as a PeVatron
is Sgr A* as the source of PeV cosmic rays?

diffuse

Sgr A*

~10 TeV cutoff -> inconsistency? no…

emission could be unrelated 
time dependent effect 
γγ-absorption w. IR photons? (Celli+ 2016)

Wp ⇠ 1049erg

gas mass
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SNOBs, superbubbles, 
star forming regions…



Another scenario: SNOBs,superbubbles…
 chemical composition -> CRs originate in a source which is a mixture ~20% stellar 
outflow/SN ejecta and ~80% interstellar medium (Murphy+ 2016 and references) 
 stars form in clusters -> SN explosions -> SNOBs and superbubbles
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Another scenario: SNOBs,superbubbles…
 chemical composition -> CRs originate in a source which is a mixture ~20% stellar 
outflow/SN ejecta and ~80% interstellar medium (Murphy+ 2016 and references) 
 stars form in clusters -> SN explosions -> SNOBs and superbubbles

westerlund 1 and 2, HESS Cygnus, Fermi

star clusters in γ-rays superbubbles in γ-rays

of N 157B of 100′′ (19) is of the order of the H.E.S.S.
angular resolution. Further significant g-ray emis-
sion is detected to the southwest of N 157B.
A likelihood fit of a model of two g-ray sources

to the on-source and background sky maps es-
tablishes the detection of a second source at an
angular distance of 9′ (corresponding to 130 pc at
a distance of 50 kpc) from N 157B. The model
consisting of two sources is preferred by 8.8 SD
over the model of one single source. Figure 1C
shows an x-ray image with overlaid contours of
confidence of the source position. The position of
the second source [right ascension = 5h35m(55 T 5)s,
declination = −69°11′(10 T 20)′′, equinox J2000,
1 SD errors] coincides with the superbubble

30 Dor C, the first such source detected in VHE g
rays, and thus represents an additional source class
in this energy regime. A g-ray signal around the
energetic pulsar PSR J0540-6919 is not detected,
despite the presence of an x-ray luminous PWN
(20). A flux upper limit (99% confidence level) is
derived at Fg (>1 TeV) < 4.8 × 10−14 ph cm−2 s−1.
Along with the clear detection of N 157B and

30 Dor C, evidence for VHE g-ray emission is
observed from the prominent SNR N 132D (Fig.
1D). The emission peaks at a significance of about
5 SD above a background that is estimated from a
ring around each sky bin. At the nominal position
of the SNR, 43 g rays with a statistical signifi-
cance of 4.7 SD are recorded.

The g-ray spectra of all three objects are well
described by a power law in energy, F(E) = d3N/
(dE dt dA) =F0 (E/1 TeV)

−G (where E is energy, t
is time, and A is detector area) (Fig. 2). The best-
fit spectral indices and integral g-ray luminosi-
ties are summarized in Table 1.
Even with a deep exposure of 210 hours, sig-

nificant emission from SN 1987A is not detected,
and we derive an upper limit on the integral g-ray
flux of Fg(>1TeV) < 5.6 × 10−14 ph cm−2 s−1 at a
99% confidence level.

Discussion of individual sources

The three VHE emitters belong to different source
classes, and their energy output exceeds or at least

SCIENCE sciencemag.org 23 JANUARY 2015 • VOL 347 ISSUE 6220 407

Fig. 1. Sky maps of the LMC. (A) Optical image of the entire LMC (55). The
boxes denote the regions of interest discussed in this paper. Colors denote
levels of 3, 5, 10, and 20 SD statistical significance of the g-ray signal. (B) VHE
g-ray emission in the region around N 157B.The green lines represent contours
of 5, 10, and 15 SD statistical significance of the g-ray signal. (C) X-Ray Multi-
Mirror Mission (XMM-Newton) x-ray flux image of the region of 30 Dor C.The
superimposed cyan lines represent contours of 68, 95, and 99% confidence

level of the position of the g-ray source. Diamonds denote the positions of the
star clusters of the LH 90 association. See the supplementary materials for
details on the x-ray analysis. (D) VHE g-ray emission in the region around N
132D. The green lines represent contours of 3, 4, and 5 SD statistical sig-
nificance.The background of the g-ray emission [in (B) and (D)] was obtained
using the ring background method (56). The resulting excess sky map is
smoothed to the angular resolution of the instrument.
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Another scenario: SNOBs,superbubbles…
 chemical composition -> CRs originate in a source which is a mixture ~20% stellar 
outflow/SN ejecta and ~80% interstellar medium (Murphy+ 2016 and references) 
 stars form in clusters -> SN explosions -> SNOBs and superbubbles

 the acceleration mechanism might be completely different (Bykov&Fleishman92) 
 particle spectrum not universal, large Emax (large size!)

westerlund 1 and 2, HESS Cygnus, Fermi

star clusters in γ-rays superbubbles in γ-rays

of N 157B of 100′′ (19) is of the order of the H.E.S.S.
angular resolution. Further significant g-ray emis-
sion is detected to the southwest of N 157B.
A likelihood fit of a model of two g-ray sources

to the on-source and background sky maps es-
tablishes the detection of a second source at an
angular distance of 9′ (corresponding to 130 pc at
a distance of 50 kpc) from N 157B. The model
consisting of two sources is preferred by 8.8 SD
over the model of one single source. Figure 1C
shows an x-ray image with overlaid contours of
confidence of the source position. The position of
the second source [right ascension = 5h35m(55 T 5)s,
declination = −69°11′(10 T 20)′′, equinox J2000,
1 SD errors] coincides with the superbubble

30 Dor C, the first such source detected in VHE g
rays, and thus represents an additional source class
in this energy regime. A g-ray signal around the
energetic pulsar PSR J0540-6919 is not detected,
despite the presence of an x-ray luminous PWN
(20). A flux upper limit (99% confidence level) is
derived at Fg (>1 TeV) < 4.8 × 10−14 ph cm−2 s−1.
Along with the clear detection of N 157B and

30 Dor C, evidence for VHE g-ray emission is
observed from the prominent SNR N 132D (Fig.
1D). The emission peaks at a significance of about
5 SD above a background that is estimated from a
ring around each sky bin. At the nominal position
of the SNR, 43 g rays with a statistical signifi-
cance of 4.7 SD are recorded.

The g-ray spectra of all three objects are well
described by a power law in energy, F(E) = d3N/
(dE dt dA) =F0 (E/1 TeV)

−G (where E is energy, t
is time, and A is detector area) (Fig. 2). The best-
fit spectral indices and integral g-ray luminosi-
ties are summarized in Table 1.
Even with a deep exposure of 210 hours, sig-

nificant emission from SN 1987A is not detected,
and we derive an upper limit on the integral g-ray
flux of Fg(>1TeV) < 5.6 × 10−14 ph cm−2 s−1 at a
99% confidence level.

Discussion of individual sources

The three VHE emitters belong to different source
classes, and their energy output exceeds or at least
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Fig. 1. Sky maps of the LMC. (A) Optical image of the entire LMC (55). The
boxes denote the regions of interest discussed in this paper. Colors denote
levels of 3, 5, 10, and 20 SD statistical significance of the g-ray signal. (B) VHE
g-ray emission in the region around N 157B.The green lines represent contours
of 5, 10, and 15 SD statistical significance of the g-ray signal. (C) X-Ray Multi-
Mirror Mission (XMM-Newton) x-ray flux image of the region of 30 Dor C.The
superimposed cyan lines represent contours of 68, 95, and 99% confidence

level of the position of the g-ray source. Diamonds denote the positions of the
star clusters of the LH 90 association. See the supplementary materials for
details on the x-ray analysis. (D) VHE g-ray emission in the region around N
132D. The green lines represent contours of 3, 4, and 5 SD statistical sig-
nificance.The background of the g-ray emission [in (B) and (D)] was obtained
using the ring background method (56). The resulting excess sky map is
smoothed to the angular resolution of the instrument.
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Selected non-gamma-ray observations 
-> ionisation rate of clouds 

-> Li Be B abundances



The MeV domain: CR ionization

H2

H2 + CR �! H+
2 + e�

(see SG & Montmerle 2015, Padovani+ 2009 for recent reviews)

molecular cloud
ionizing photons 

are absorbed

CRs can penetrate
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The MeV domain: CR ionization

H2

H2 + CR �! H+
2 + e�

(see SG & Montmerle 2015, Padovani+ 2009 for recent reviews)

molecular cloud
ionizing photons 

are absorbed

CRs can penetrate
chemistry

H+
3 , HCO+, DCO+...
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The MeV domain: CR ionization

H2

H2 + CR �! H+
2 + e�

(see SG & Montmerle 2015, Padovani+ 2009 for recent reviews)

molecular cloud
ionizing photons 

are absorbed

CRs can penetrate
chemistry

H+
3 , HCO+, DCO+...

IRAM

se
e 

e.
g.

 M
cC

al
l+

, I
nd

ri
ol

o+
, C

ec
ca

re
lli

+,
 V

au
pr

é+
 …

UKIRT

`intro       SNRs       galactic centre       superbubbles       low energy       the end



SuperNova Remnants & MeV cosmic rays

A&A proofs: manuscript no. w28-AA_v10

0 10 20 30 40 50 60 70 80
10

−5

10
−4

10
−3

10
−2

10
−1

Tkin [K]

R
D
=
D
C
O

+
/
H
C
O

+

 

 

LIP

HIP

N5

N6

ζ /nH = 2 × 10−1 9 cm3 s−1

2 .8 × 10−1 9

3 × 10−1 9

3 .2 × 10−1 9

4 × 10−1 9

5 × 10−1 9

Fig. 5. RD as a function of the gas temperature Tkin for
different values of ⇣/nH: from 2 to 5 ⇥10�19 s�1, as marked.
Note that for ⇣/nH  2 ⇥ 10�19 cm3 s�1(thick solid line), the
cloud is always in the LIP, regardless of the temperature. For
⇣/nH > 5 ⇥ 10�19 cm3 s�1(thin dahed curve), the cloud is al-
ways in the HIP for temperatures  50 K. Hatched areas show
observations of N5 and N6. We assumed AV = 20 mag.
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Fig. 6. Compilation of measured ⇣ in different objects (open
squares), as reported by Padovani & Galli (2013). The black
filled square shows ⇣ in W51 (Ceccarelli et al. 2011). Red points
and lower limits report the values derived in this work. The
dashed lines show the range of column densities (0.5 � 10) ⇥
1022 cm�2, typical of dense molecular clouds, corresponding to
visual extinctions of 5 and 100 mag, respectively. On the left lie
the diffuse clouds and on the right highly obscured environments
such as infrared dark clouds or protoplanetary disks.

7. Discussion

Table 5 lists the observed positions and the corresponding
CR ionization rates, derived following the method described
in the previous section. First thing to notice is that, with
the exception of the SE1 point, in all other points ⇣ is at
least 10 to 260 times larger than the standard value (1 ⇥
10�17 s�1) in Galactic clouds. This is shown in Fig. 6, where
we report a compilation of the ⇣ measured in various objects
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Fig. 7. CR ionization rate ⇣ as a function of the approximate
projected distance from the SNR radio boundary (blue circle in
Fig. 1), assuming a W28 distance of 2 pkc. Note that the ⇣ error
bars are dominated by the uncertainties on the H2 densities (see
text).

(from Padovani & Galli 2013), plus our measurements. In
the range of column densities (0.5�10)⇥1022 cm�2, typical
of dense molecular clouds, the points in which we derived ⇣

are those with the highest values, together with the CC2011
point (filled square). The first conclusion of this work is,
therefore, that clouds next to SNR are indeed irradiated
by an enhanced flux of CR of relatively low energy (see
below for a more quantitative statement on the CR particle
energies).

Another result to notice regards the dependence of ⇣

with the projected distance from the SNR radio boundary
(assuming a W28 distance of 2 kpc). Remarkably, the point
furthest (⇠ 10 pc) from the SNR edge is the one with the
lowest ⇣. Actually, it is the only point where the gas is
dominantly in the LIP state. All other points, at distances
. 3 pc, have at least a fraction of the gas in the HIP, namely
they have a larger xe and ⇣. Of course, this analysis does
not take into account the 3D structure of the SNR complex.
Yet, this can still provide us with precious constraints on
the propagation properties of CR, as it will be discussed in
the following.

A crucial additional information is provided by the ob-
servations in the �-ray domain. Both the northern and
southern clouds coincide with sources of TeV emission, as
seen by HESS. This means that the clouds are illuminated
by very high energy (& 10 TeV) CR, which already es-
caped the SNR expanding shell and travelled the & 10 pc
(or more, if projection effects play a role) to the southern
cloud. Conversely, the low CR ionization rate measured in
SE1 tells us that the ionizing lower energy CR remain con-
fined closer to the SNR. In the same vein, GeV emission
has been detected towards the northern region but only to-
wards a part of the southern one. This difference between
the GeV and TeV �-ray morphology has been interpreted
as a projection effect: the part of the southern region that
exhibits a lack of GeV emission is probably located at a dis-
tance from the shock significantly larger than the projected
one, > 10 pc, and thus can be reached by & TeV CR but
not by & GeV ones (Gabici et al. 2010; Li & Chen 2010;

Article number, page 10 of 13page.13

Vaupré+ 2014

IC443

Indriolo+ 2010

W51C Ceccarelli+ 2011
W28

isolated clouds

(for a review see SG & Montmerle 2015)
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different values of ⇣/nH: from 2 to 5 ⇥10�19 s�1, as marked.
Note that for ⇣/nH  2 ⇥ 10�19 cm3 s�1(thick solid line), the
cloud is always in the LIP, regardless of the temperature. For
⇣/nH > 5 ⇥ 10�19 cm3 s�1(thin dahed curve), the cloud is al-
ways in the HIP for temperatures  50 K. Hatched areas show
observations of N5 and N6. We assumed AV = 20 mag.
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Fig. 6. Compilation of measured ⇣ in different objects (open
squares), as reported by Padovani & Galli (2013). The black
filled square shows ⇣ in W51 (Ceccarelli et al. 2011). Red points
and lower limits report the values derived in this work. The
dashed lines show the range of column densities (0.5 � 10) ⇥
1022 cm�2, typical of dense molecular clouds, corresponding to
visual extinctions of 5 and 100 mag, respectively. On the left lie
the diffuse clouds and on the right highly obscured environments
such as infrared dark clouds or protoplanetary disks.

7. Discussion

Table 5 lists the observed positions and the corresponding
CR ionization rates, derived following the method described
in the previous section. First thing to notice is that, with
the exception of the SE1 point, in all other points ⇣ is at
least 10 to 260 times larger than the standard value (1 ⇥
10�17 s�1) in Galactic clouds. This is shown in Fig. 6, where
we report a compilation of the ⇣ measured in various objects
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Fig. 7. CR ionization rate ⇣ as a function of the approximate
projected distance from the SNR radio boundary (blue circle in
Fig. 1), assuming a W28 distance of 2 pkc. Note that the ⇣ error
bars are dominated by the uncertainties on the H2 densities (see
text).

(from Padovani & Galli 2013), plus our measurements. In
the range of column densities (0.5�10)⇥1022 cm�2, typical
of dense molecular clouds, the points in which we derived ⇣

are those with the highest values, together with the CC2011
point (filled square). The first conclusion of this work is,
therefore, that clouds next to SNR are indeed irradiated
by an enhanced flux of CR of relatively low energy (see
below for a more quantitative statement on the CR particle
energies).

Another result to notice regards the dependence of ⇣

with the projected distance from the SNR radio boundary
(assuming a W28 distance of 2 kpc). Remarkably, the point
furthest (⇠ 10 pc) from the SNR edge is the one with the
lowest ⇣. Actually, it is the only point where the gas is
dominantly in the LIP state. All other points, at distances
. 3 pc, have at least a fraction of the gas in the HIP, namely
they have a larger xe and ⇣. Of course, this analysis does
not take into account the 3D structure of the SNR complex.
Yet, this can still provide us with precious constraints on
the propagation properties of CR, as it will be discussed in
the following.

A crucial additional information is provided by the ob-
servations in the �-ray domain. Both the northern and
southern clouds coincide with sources of TeV emission, as
seen by HESS. This means that the clouds are illuminated
by very high energy (& 10 TeV) CR, which already es-
caped the SNR expanding shell and travelled the & 10 pc
(or more, if projection effects play a role) to the southern
cloud. Conversely, the low CR ionization rate measured in
SE1 tells us that the ionizing lower energy CR remain con-
fined closer to the SNR. In the same vein, GeV emission
has been detected towards the northern region but only to-
wards a part of the southern one. This difference between
the GeV and TeV �-ray morphology has been interpreted
as a projection effect: the part of the southern region that
exhibits a lack of GeV emission is probably located at a dis-
tance from the shock significantly larger than the projected
one, > 10 pc, and thus can be reached by & TeV CR but
not by & GeV ones (Gabici et al. 2010; Li & Chen 2010;
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(for a review see SG & Montmerle 2015)
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Fig. 1. (Left) The W28 complex on large scales. Grayscale (in �) and thick contours show TeV emission as seen by HESS
(levels are 4 to 6 �). Red contours show the CO(1-0) emission (Dame et al. 2001) integrated over 15-25 km s�1 and magenta

contours trace the emission integrated over 5-15 km s�1 (levels are 40 to 70 K km s�1 by 5). Crosses show the positions observed
with the IRAM-30m and discussed in this paper. The blue contours show the 20 cm free-free emission in the M20 region (Yusef-
Zadeh et al. 2000). The blue circle gives the approximate radio boundary of the SNR W28 (Brogan et al. 2006). (Right) The
northern cloud in the W28 complex (zoom on the black box). The red contours show the CO(3 � 2) emission in K km s�1,
integrated over 15-25 km s�1

(levels are 15 to 130 K km s

�1
by 5) (Lefloch et al. 2008). Diamonds show the locations of OH

masers in the region (Claussen et al. 1997).

involving electron CR. In this alternative scenario, the �-
ray emission can be explained mainly by inverse Compton
scattering of the cosmic microwave background (e.g. Mor-
lino et al. 2009; Abdo et al. 2011). Yet, this scenario cannot
explain the spatial correlation of TeV emission with molec-
ular clouds. Moreover, recent observations of the IC443 and
W44 SNR with the Fermi -LAT telescope (Ackermann et al.
2013) specifically support a hadronic origin of �-rays, con-
sistent with the so-called SNR paradigm for the origin of
primary CR (see e.g. Hillas 2005, for a review).

CR protons with kinetic energy below the ⇡ 280 MeV
threshold of ⇡0 production cannot be traced by the emis-
sion of �-rays. Nevertheless, recent calculations suggest that
the ionization of UV-shielded gas is mostly due to keV-GeV
protons (Padovani et al. 2009). Accordingly, low-energy CR
protons can be traced indirectly by measuring the ioniza-
tion fraction of the dense gas. It has thus been proposed
that an enhanced electron abundance in molecular clouds
located in the vicinity of SNR could be the smoking gun
for the presence of freshly accelerated CR, with energies
. 1 GeV.

This idea was put forward by Ceccarelli et al. (2011)
(hereafter CC2011), who measured the ionization fraction
xe = n(e�)/nH in the W51C molecular cloud, located in
the vicinity of the W51 SNR. The detection of TeV emis-
sion by both HESS and MAGIC telescopes close to the
molecular cloud is evidence of a physical interaction with
the SNR. This supports the idea of the pion-decay pro-
duction of �-rays with W51C acting as a �-ray emitter.
Indeed, in CC2011, an enhanced ionization fraction was re-
ported towards one position, W51C-E, which required a CR
ionization rate two orders of magnitude larger than the typ-
ical value of 1⇥ 10�17 s�1 in molecular clouds. Altogether,

this observational evidence strongly supports the hadronic
scenario of �-ray production, at least for W51.

Complementary studies of the CR ionization
rate in several diffuse clouds close to SNR have
been carried out using different techniques, such
as H+

3 absorption (McCall et al. 2003). Also, these
studies show an enhancement of a factor of 10-100
of the CRI rate (Indriolo et al. 2010; Indriolo &
McCall 2012) with respect to the canonical value.
However, the interpretation is not straightforward,
as Padovani et al. (2009) showed that the penetra-
tion into the cloud of high energy CR results into
an enhanced CRI in low density molecular clouds
even in absence of an increased CR flux.

The combined observations of two extreme energy
ranges, namely TeV and millimeter, seems a powerful
method to characterize an enhanced concentration of pro-
ton CR. It also gives additional evidence supporting a phys-
ical interaction of the SNR shock with molecular clouds.
From a theoretical point of view, it is expected that the
most energetic CR protons diffuse at larger distances ahead
of the SNR shock front, whilst the low-energy tail of the
distribution remains closer. As a consequence, one expects
that any ionization enhancement by low energy CR should
be localized accordingly. In CC2011, however, only one lo-
cation could be used to derive the ionization fraction, and
no constraint could be given regarding the spatial distribu-
tion of the ionization and therefore the diffusion properties
of CR.

The aim of this paper is to present measurements of the
ionization fraction within the molecular clouds in the vicin-
ity of the W28 SNR. The paper is organized as follows. In
Section 2, the W28 association is presented, with particu-
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ways in the HIP for temperatures  50 K. Hatched areas show
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Fig. 6. Compilation of measured ⇣ in different objects (open
squares), as reported by Padovani & Galli (2013). The black
filled square shows ⇣ in W51 (Ceccarelli et al. 2011). Red points
and lower limits report the values derived in this work. The
dashed lines show the range of column densities (0.5 � 10) ⇥
1022 cm�2, typical of dense molecular clouds, corresponding to
visual extinctions of 5 and 100 mag, respectively. On the left lie
the diffuse clouds and on the right highly obscured environments
such as infrared dark clouds or protoplanetary disks.

7. Discussion

Table 5 lists the observed positions and the corresponding
CR ionization rates, derived following the method described
in the previous section. First thing to notice is that, with
the exception of the SE1 point, in all other points ⇣ is at
least 10 to 260 times larger than the standard value (1 ⇥
10�17 s�1) in Galactic clouds. This is shown in Fig. 6, where
we report a compilation of the ⇣ measured in various objects
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Fig. 7. CR ionization rate ⇣ as a function of the approximate
projected distance from the SNR radio boundary (blue circle in
Fig. 1), assuming a W28 distance of 2 pkc. Note that the ⇣ error
bars are dominated by the uncertainties on the H2 densities (see
text).

(from Padovani & Galli 2013), plus our measurements. In
the range of column densities (0.5�10)⇥1022 cm�2, typical
of dense molecular clouds, the points in which we derived ⇣

are those with the highest values, together with the CC2011
point (filled square). The first conclusion of this work is,
therefore, that clouds next to SNR are indeed irradiated
by an enhanced flux of CR of relatively low energy (see
below for a more quantitative statement on the CR particle
energies).

Another result to notice regards the dependence of ⇣

with the projected distance from the SNR radio boundary
(assuming a W28 distance of 2 kpc). Remarkably, the point
furthest (⇠ 10 pc) from the SNR edge is the one with the
lowest ⇣. Actually, it is the only point where the gas is
dominantly in the LIP state. All other points, at distances
. 3 pc, have at least a fraction of the gas in the HIP, namely
they have a larger xe and ⇣. Of course, this analysis does
not take into account the 3D structure of the SNR complex.
Yet, this can still provide us with precious constraints on
the propagation properties of CR, as it will be discussed in
the following.

A crucial additional information is provided by the ob-
servations in the �-ray domain. Both the northern and
southern clouds coincide with sources of TeV emission, as
seen by HESS. This means that the clouds are illuminated
by very high energy (& 10 TeV) CR, which already es-
caped the SNR expanding shell and travelled the & 10 pc
(or more, if projection effects play a role) to the southern
cloud. Conversely, the low CR ionization rate measured in
SE1 tells us that the ionizing lower energy CR remain con-
fined closer to the SNR. In the same vein, GeV emission
has been detected towards the northern region but only to-
wards a part of the southern one. This difference between
the GeV and TeV �-ray morphology has been interpreted
as a projection effect: the part of the southern region that
exhibits a lack of GeV emission is probably located at a dis-
tance from the shock significantly larger than the projected
one, > 10 pc, and thus can be reached by & TeV CR but
not by & GeV ones (Gabici et al. 2010; Li & Chen 2010;
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Isolated cloudsCosmic-ray propagation in molecular clouds 15

Fig. 6 Total CR ionisation rate ζH2 as a function of N(H2) according to our models
(solid curves). Observational data: filled circles, diffuse clouds (Indriolo et al. [32]);
empty square, diffuse cloud W49N (Neufeld et al. [40]); empty circles, dense cores
(Caselli et al. [5]); empty triangle, prestellar core B68 (Maret & Bergin [34]); filled
squares, T Tauri disks TW Hya and DM Tau (Ceccarelli et al. [6]); filled triangle, SNR
W51C (Ceccarelli et al. [7]); diamonds, protostellar envelopes (de Boisanger, Helmich,
& van Dishoeck [14], van der Tak et al. [58], van der Tak & van Dishoeck [57], Doty
et al. [16], and Hezareh et al. [29]); cross, massive star-forming region DR21(OH)
(Hezareh et al. [29]). The filled box indicates the range of column densities and CR
ionisation rates compatible with the data analysed by Williams et al. [61].

higher column density. Conversely, a spectrum of protons and heavy nuclei
rising with decreasing energy, like the M02 spectrum, can provide alone
a reasonable lower limit for the CR ionisation rate measured in diffuse
clouds.

3. Without a significant low-energy (below ∼ 100 MeV) component of elec-
trons and/or protons and heavy nuclei, it is impossible to reproduce the
large majority of observations. The combination of the C00 spectrum for
electrons with the W98 spectrum for protons and heavy nuclei clearly fails
over the entire range of column densities.

7 Effects of magnetic field on CR propagation

The high values of ζH2 in the diffuse interstellar gas can be reconciled with
the lower values measured in cloud cores and massive protostellar envelopes

Morlino+ ICRC2015

proton spectrum (Voyager) 
+ Morlino&Gabici model 
@ N(H2) = 3 x 1021 cm-2

electrons dominate the ionization 
in isolated clouds?
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Figure 1

Abundances of elements as function of atomic number up to Z = 40 (Zr) normalized to 106 Si
atoms. The solar system abundances (black symbols) are taken from Table 10 in Ref. (24). The
GCR abundances (green symbols) are from Voyager 1 measurements (21, Table 3) up to Fe
(Z = 26), from measurements with the Trans-Iron Galactic Element Recorder (TIGER)
balloon-borne instrument (25) for Co (Z = 27) and Cu (Z = 29), and from SuperTIGER
observations (26) for the other elements.

Here, µ ⇡ 2.4 mg cm�2 (23) is the surface mass density of the Galactic disk and H the CR

halo boundary, i.e. the distance from the Galactic plane at which CRs freely exit from the

Galaxy. Best fits to B/C and sub-Fe/Fe GCR abundance data were then obtained with the

following escape length (22):

⇤esc =

⇢
⇤0� for R < R0

⇤0�(R/R0)
�a for R � R0 ,

16.

with ⇤0 = 11.8 g cm�2, R0 = 4.9 GV and a = 0.54. Having fixed ⇤esc, the only remaining

free parameters of the leaky box model are the slope s and abundances K
i

of the CR source

spectrum (equation ??).

2.3.2. A fit to Voyager data.

3. NONTHERMAL SYNTHESIS OF THE LIGHT ELEMENTS Li, Be, AND B

3.1. Observations

The abundance curve of the elements in the solar system presents a remarkable gap between

He and the CNO elements (Figure 1), which suggests that the rare elements Li, Be, and B

(LiBeB) are produced in the Universe by a specific process of nucleosynthesis. Already in

the B2FH landmark paper on stellar nucleosynthesis (27), the authors pointed out that the

12 Tatische↵, Gabici
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balloon-borne instrument (25) for Co (Z = 27) and Cu (Z = 29), and from SuperTIGER
observations (26) for the other elements.
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halo boundary, i.e. the distance from the Galactic plane at which CRs freely exit from the

Galaxy. Best fits to B/C and sub-Fe/Fe GCR abundance data were then obtained with the

following escape length (22):
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atoms. The solar system abundances (black symbols) are taken from Table 10 in Ref. (24). The
GCR abundances (green symbols) are from Voyager 1 measurements (21, Table 3) up to Fe
(Z = 26), from measurements with the Trans-Iron Galactic Element Recorder (TIGER)
balloon-borne instrument (25) for Co (Z = 27) and Cu (Z = 29), and from SuperTIGER
observations (26) for the other elements.

Here, µ ⇡ 2.4 mg cm�2 (23) is the surface mass density of the Galactic disk and H the CR

halo boundary, i.e. the distance from the Galactic plane at which CRs freely exit from the

Galaxy. Best fits to B/C and sub-Fe/Fe GCR abundance data were then obtained with the

following escape length (22):

⇤esc =

⇢
⇤0� for R < R0

⇤0�(R/R0)
�a for R � R0 ,

16.

with ⇤0 = 11.8 g cm�2, R0 = 4.9 GV and a = 0.54. Having fixed ⇤esc, the only remaining

free parameters of the leaky box model are the slope s and abundances K
i

of the CR source

spectrum (equation ??).

2.3.2. A fit to Voyager data.

3. NONTHERMAL SYNTHESIS OF THE LIGHT ELEMENTS Li, Be, AND B

3.1. Observations

The abundance curve of the elements in the solar system presents a remarkable gap between

He and the CNO elements (Figure 1), which suggests that the rare elements Li, Be, and B

(LiBeB) are produced in the Universe by a specific process of nucleosynthesis. Already in

the B2FH landmark paper on stellar nucleosynthesis (27), the authors pointed out that the
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Figure 2

Observations of Be abundances vs. [Fe/H] (panel a) and [O/H] (panel b). Data are from Refs. (45,
black dots) and (46, red circles). The dashed lines of slope one represent a primary Be production
and the dotted lines of slope two a secondary Be production (see text). In panel (b), the solid line
shows a fit to the data with a secondary Be production component plus a primary component of
constant Be/O = 1.0⇥ 10�8. The Be vs. Fe data (panel a) are consistent with a constant
Be/Fe = 7.2⇥ 10�7.

pure products of GCR nucleosynthesis2.

The LiBeB story experienced an unexpected development in the 1990s, when further

observations of metal-poor halo stars (e.g. 43, 44) revealed that Be and B abundances

increase linearly with [Fe/H]. This is illustrated for the Be evolution in Figure 2a with the

data of Refs. (45, 46); measurements by other groups (e.g., 47, 48) show a similar trend (see

Figure 1 in Ref. 35). The observed metallicity dependence of Be was unexpected, because

this element was thought to be synthesized by spallation of increasingly abundant CNO

nuclei in both the ISM and the GCRs, which is a secondary production process leading to

a quadratic dependence of the nucleosynthesis product with metallicity (see 49, 50).

The observed linear evolution of Be with [Fe/H] is equivalent to a constant abundance

ratio for the entire period of Galactic evolution: Be/Fe = 7.2 ⇥ 10�7 (Figure 2a). For

[Fe/H] up to about �1, the bulk of Fe is thought to be produced in core-collapse SNe,

with a mean Fe yield per SN of ⇠ 0.07 M�, independent of the metallicity of the massive

progenitor star (51). It implies that the Be production rate was essentially constant in the

early ages of the Galaxy, with a mean Be production yield of 1.1 ⇥ 1048 atoms per SN.

This result is consistent with the predicted Be production at the current epoch, assuming

that about 10% of the total energy in SN ejecta is converted to GCR energy (53, 54, see

also Sect. 3.2.1 below). But the Be production yield was expected to be much lower in

the early Galaxy, at the time where both the ISM and the GCRs were presumably strongly

depleted in CNO nuclei. As first suggested by Duncan et al. (55), the observed Be evolution

can be explained if GCRs, or at least the Be-producing CRs, have always had the same

2Asplund et al. (38) reported observations of high 6Li abundances in metal-poor halo stars
unexplainable by GCR nucleosynthesis, which would require an additional source also for this
isotope. Several production scenarios were proposed in the literature: (i) non-standard BBN (e.g.,
39, and references therein), (ii) pre-galactic nucleosynthesis during structure formation (e.g., 40) or
(iii) in situ production by stellar flares (41). But these high 6Li abundances were not confirmed by
subsequent observations (42).
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constant Be/O = 1.0⇥ 10�8. The Be vs. Fe data (panel a) are consistent with a constant
Be/Fe = 7.2⇥ 10�7.

pure products of GCR nucleosynthesis2.

The LiBeB story experienced an unexpected development in the 1990s, when further

observations of metal-poor halo stars (e.g. 43, 44) revealed that Be and B abundances

increase linearly with [Fe/H]. This is illustrated for the Be evolution in Figure 2a with the

data of Refs. (45, 46); measurements by other groups (e.g., 47, 48) show a similar trend (see

Figure 1 in Ref. 35). The observed metallicity dependence of Be was unexpected, because

this element was thought to be synthesized by spallation of increasingly abundant CNO

nuclei in both the ISM and the GCRs, which is a secondary production process leading to

a quadratic dependence of the nucleosynthesis product with metallicity (see 49, 50).

The observed linear evolution of Be with [Fe/H] is equivalent to a constant abundance

ratio for the entire period of Galactic evolution: Be/Fe = 7.2 ⇥ 10�7 (Figure 2a). For

[Fe/H] up to about �1, the bulk of Fe is thought to be produced in core-collapse SNe,

with a mean Fe yield per SN of ⇠ 0.07 M�, independent of the metallicity of the massive

progenitor star (51). It implies that the Be production rate was essentially constant in the

early ages of the Galaxy, with a mean Be production yield of 1.1 ⇥ 1048 atoms per SN.

This result is consistent with the predicted Be production at the current epoch, assuming

that about 10% of the total energy in SN ejecta is converted to GCR energy (53, 54, see

also Sect. 3.2.1 below). But the Be production yield was expected to be much lower in

the early Galaxy, at the time where both the ISM and the GCRs were presumably strongly

depleted in CNO nuclei. As first suggested by Duncan et al. (55), the observed Be evolution

can be explained if GCRs, or at least the Be-producing CRs, have always had the same

2Asplund et al. (38) reported observations of high 6Li abundances in metal-poor halo stars
unexplainable by GCR nucleosynthesis, which would require an additional source also for this
isotope. Several production scenarios were proposed in the literature: (i) non-standard BBN (e.g.,
39, and references therein), (ii) pre-galactic nucleosynthesis during structure formation (e.g., 40) or
(iii) in situ production by stellar flares (41). But these high 6Li abundances were not confirmed by
subsequent observations (42).
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black dots) and (46, red circles). The dashed lines of slope one represent a primary Be production
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constant Be/O = 1.0⇥ 10�8. The Be vs. Fe data (panel a) are consistent with a constant
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pure products of GCR nucleosynthesis2.

The LiBeB story experienced an unexpected development in the 1990s, when further

observations of metal-poor halo stars (e.g. 43, 44) revealed that Be and B abundances

increase linearly with [Fe/H]. This is illustrated for the Be evolution in Figure 2a with the

data of Refs. (45, 46); measurements by other groups (e.g., 47, 48) show a similar trend (see

Figure 1 in Ref. 35). The observed metallicity dependence of Be was unexpected, because

this element was thought to be synthesized by spallation of increasingly abundant CNO

nuclei in both the ISM and the GCRs, which is a secondary production process leading to

a quadratic dependence of the nucleosynthesis product with metallicity (see 49, 50).

The observed linear evolution of Be with [Fe/H] is equivalent to a constant abundance

ratio for the entire period of Galactic evolution: Be/Fe = 7.2 ⇥ 10�7 (Figure 2a). For

[Fe/H] up to about �1, the bulk of Fe is thought to be produced in core-collapse SNe,

with a mean Fe yield per SN of ⇠ 0.07 M�, independent of the metallicity of the massive

progenitor star (51). It implies that the Be production rate was essentially constant in the

early ages of the Galaxy, with a mean Be production yield of 1.1 ⇥ 1048 atoms per SN.

This result is consistent with the predicted Be production at the current epoch, assuming

that about 10% of the total energy in SN ejecta is converted to GCR energy (53, 54, see

also Sect. 3.2.1 below). But the Be production yield was expected to be much lower in

the early Galaxy, at the time where both the ISM and the GCRs were presumably strongly

depleted in CNO nuclei. As first suggested by Duncan et al. (55), the observed Be evolution

can be explained if GCRs, or at least the Be-producing CRs, have always had the same

2Asplund et al. (38) reported observations of high 6Li abundances in metal-poor halo stars
unexplainable by GCR nucleosynthesis, which would require an additional source also for this
isotope. Several production scenarios were proposed in the literature: (i) non-standard BBN (e.g.,
39, and references therein), (ii) pre-galactic nucleosynthesis during structure formation (e.g., 40) or
(iii) in situ production by stellar flares (41). But these high 6Li abundances were not confirmed by
subsequent observations (42).

14 Tatische↵, Gabici

e.g. Parizot 2000, for a review see Tatischeff&Gabici 2018

linear

quadratic

superbubbles -> CRs are accelerated from an enriched ISM 
(XCR closer to constant rather than XISM)



Conclusions

the SNR paradigm for the origin of cosmic rays is not in contradiction 

with GeV and TeV gamma-ray observations, but: 

where are SNR PeVatrons? 

isolated SNRs or SNRs in SNOBs, super bubbles, stellar clusters? 

is the acceleration mechanism “pure” diffusive shock acceleration? 

evidence for the acceleration of PeV particles at the Galactic Centre 

competing sources? 

multiwavelength/multimessenger… 

look at low energies, also!

`intro       SNRs       galactic centre       superbubbles       low energy       the end
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RXJ1713: difficulties of one-zone 
leptonic models

two features in the electron spectrum: 
acceleration time = synchrotron loss time -> acceleration cutoff at Emax 
SNR age = synchrotron loss time -> cooling break at Ecool

ation and escape in SNRs. It should be noted that although the GeV
c-rays tell us only about low-energy particles, they in fact serve as
unique carriers of information about the sites of ‘‘ancient’’ PeVa-
trons. Generally, within the DSA paradigm, no TeV c-rays are ex-
pected from the shells of old and middle-aged SNRs. On the
other hand, this argument should not prevent us from future
searches for TeV c-rays from the shells of older SNRs. Although
so far the DSA mechanism seems to work without a major problem,
yet it remains a theoretical paradigm, therefore its predictions
should not be overestimated, in particular concerning the interpre-
tation of c-ray observations.

In addition to gamma-ray emission from classical shell-type
SNRs, a few TeV galactic c-ray sources spatially coincide with the
so-called composite SNRs, objects with combined features of two
different source populations – the shell-type SNRs and pulsar wind
nebulae. In one case, the association of a TeV c-ray source with the
composite SNR G0.9+0.1 seems to be robustly established [47]. The
point-like c-ray image of this source indicates that TeV c-rays orig-
inate, most likely, in the plerionic core of the remnant, rather than
in the 40 radius shell.

3. TeV emission of young SNRs

Both the particle acceleration and radiation processes are very
sensitive to the initial conditions of SN explosions, as well as to
the parameters characterizing the surrounding environment. This
can explains the diversity in the multiwavelength radiation prop-
erties of young SNRs reported as TeV c-ray sources. So far, the most
unusual representative of this class of objects is RX J1713.7-3946.

3.1. RX J1713.7-3946 – an atypical SNR

While the synchrotron radio emission and thermal X-rays are
two distinct components of shell type SNRs in general, RX
J1713.7-3946 shows weak radio emission, and no thermal X-radi-
ation at all. On the other hand, this object is a powerful nonthermal
X-ray and TeV c-ray emitter. The X- and VHE c-ray images of this
remnant are shown in Fig. 3a. The overall shell type structure and
its correlation with the nonthermal X-ray image is clearly recog-
nizable, although the ‘c-X’ correlation is less evident on smaller
angular scales [48].

The broad-band c-ray spectrum of the entire remnant based on
the Fermi LAT [34] and HESS [49] measurements is shown in
Fig. 3b. It extends over five decades, from 1 GeV to 100 TeV. The

theoretical curves correspond to the leptonic (IC) and hadronic
(p0-decay) model-predictions; they are calculated within a simple
one-zone model, assuming that the GeV and TeV c-ray regions fully
overlap. It is seen that although both hadronic and leptonic models
do satisfactorily explain the spectral points above 1 TeV, the one-
zone leptonic model fails to explain the GeV fluxes reported by Fer-
mi. The problem here is related to the synchrotron cooling break in
the electron spectrum, and correspondingly to the position of the
Compton peak which in the spectral energy distribution (SED) ap-
pears above 1 TeV [50]. Thus, the reduction of the break energy
down to 200 GeV could in principle solve the problem. Since the
magnetic field in this model cannot significantly exceed 10 lG,
the only possibility to shift the Compton peak to sub-TeV energies
is to assume that the remnant is much older than 103 years, which
however is not supported by multiwavelength data. On the other
hand, the constraints on the strength of the magnetic field are less
robust, if the IC and synchrotron components of radiation are
formed in different zones [51]. Such a scenario in young SNRs is
not only possible, but, in fact, can be naturally realized in the for-
ward and inverse shocks in which the magnetic fields are essen-
tially different [15].

The agreement of the spectrum of hadronic c-rays with the
measurements over the entire GeV to TeV region can achieved
assuming a very hard spectrum of protons with power-law index
1:7 and an exponential cutoff at 25 TeV. Although this spectrum
is harder than the nominal E!2 type acceleration spectrum pre-
dicted by the models applied to this source [12–15], such a hard
proton distribution cannot be excluded. Moreover, in the case of
inhomogeneous distribution of gas in the shell, the proton spec-
trum in the densest regions, where the major fraction of c-rays is
produced, can significantly deviate, due to the propagation effects,
from the acceleration spectrum [52,15] (see below).

The total energetics in accelerated electrons and protons in the
relevant leptonic and hadronic models of c-rays can be estimated
by invoking minimum model parameters. For the given distance to
the source of about 1 kpc, the required budget in electrons is deter-
mined only by the reported c-ray fluxes, We ’ 3" 1047 erg, while
the total energy budget of protons in hadronic models depends
on the ambient gas density, Wp ’ 1050ðn=1cm!3Þ!1 erg [50]. The
lack of the thermal X-ray emission from this source requires gas
density as low as 0:1 cm!3 which makes the realization of standard
hadronic scenarios rather problematic [53,15,14]. Still, even in the
case of very low gas density of the shell, the contribution of hadro-
nic gamma-rays can be significant, if accelerated protons interact

Fig. 3. Spatial and spectral characteristics of RX J1713.7-3946. (a) (Left panel): The X- and VHE c-ray images of RX J1713.7-3946 obtained with the ASCA and HESS telescope
array, respectively (from Ref. [49]). (b) (Right panel): The spectral energy distribution of RX J1713.7-3946 based on the Fermi [34] and HESS [49] data. The theoretical
‘‘hadronic’’ and ‘‘leptonic’’ c-ray spectra calculated within a simple one-zone model are from Ref. [50]. The IC curve is obtained for the electron spectrum derived from the
synchrotron X-ray flux assuming for the strength of the magnetic field 14 lG. The ‘‘p0-decay’’ c-ray spectrum corresponds to the spectrum of protons with the power-law
index C ¼ 1:7 and exponential cutoff at 25 TeV.
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acceleration time = synchrotron loss time -> acceleration cutoff at Emax 
SNR age = synchrotron loss time -> cooling break at Ecool

ation and escape in SNRs. It should be noted that although the GeV
c-rays tell us only about low-energy particles, they in fact serve as
unique carriers of information about the sites of ‘‘ancient’’ PeVa-
trons. Generally, within the DSA paradigm, no TeV c-rays are ex-
pected from the shells of old and middle-aged SNRs. On the
other hand, this argument should not prevent us from future
searches for TeV c-rays from the shells of older SNRs. Although
so far the DSA mechanism seems to work without a major problem,
yet it remains a theoretical paradigm, therefore its predictions
should not be overestimated, in particular concerning the interpre-
tation of c-ray observations.

In addition to gamma-ray emission from classical shell-type
SNRs, a few TeV galactic c-ray sources spatially coincide with the
so-called composite SNRs, objects with combined features of two
different source populations – the shell-type SNRs and pulsar wind
nebulae. In one case, the association of a TeV c-ray source with the
composite SNR G0.9+0.1 seems to be robustly established [47]. The
point-like c-ray image of this source indicates that TeV c-rays orig-
inate, most likely, in the plerionic core of the remnant, rather than
in the 40 radius shell.

3. TeV emission of young SNRs

Both the particle acceleration and radiation processes are very
sensitive to the initial conditions of SN explosions, as well as to
the parameters characterizing the surrounding environment. This
can explains the diversity in the multiwavelength radiation prop-
erties of young SNRs reported as TeV c-ray sources. So far, the most
unusual representative of this class of objects is RX J1713.7-3946.

3.1. RX J1713.7-3946 – an atypical SNR

While the synchrotron radio emission and thermal X-rays are
two distinct components of shell type SNRs in general, RX
J1713.7-3946 shows weak radio emission, and no thermal X-radi-
ation at all. On the other hand, this object is a powerful nonthermal
X-ray and TeV c-ray emitter. The X- and VHE c-ray images of this
remnant are shown in Fig. 3a. The overall shell type structure and
its correlation with the nonthermal X-ray image is clearly recog-
nizable, although the ‘c-X’ correlation is less evident on smaller
angular scales [48].

The broad-band c-ray spectrum of the entire remnant based on
the Fermi LAT [34] and HESS [49] measurements is shown in
Fig. 3b. It extends over five decades, from 1 GeV to 100 TeV. The

theoretical curves correspond to the leptonic (IC) and hadronic
(p0-decay) model-predictions; they are calculated within a simple
one-zone model, assuming that the GeV and TeV c-ray regions fully
overlap. It is seen that although both hadronic and leptonic models
do satisfactorily explain the spectral points above 1 TeV, the one-
zone leptonic model fails to explain the GeV fluxes reported by Fer-
mi. The problem here is related to the synchrotron cooling break in
the electron spectrum, and correspondingly to the position of the
Compton peak which in the spectral energy distribution (SED) ap-
pears above 1 TeV [50]. Thus, the reduction of the break energy
down to 200 GeV could in principle solve the problem. Since the
magnetic field in this model cannot significantly exceed 10 lG,
the only possibility to shift the Compton peak to sub-TeV energies
is to assume that the remnant is much older than 103 years, which
however is not supported by multiwavelength data. On the other
hand, the constraints on the strength of the magnetic field are less
robust, if the IC and synchrotron components of radiation are
formed in different zones [51]. Such a scenario in young SNRs is
not only possible, but, in fact, can be naturally realized in the for-
ward and inverse shocks in which the magnetic fields are essen-
tially different [15].

The agreement of the spectrum of hadronic c-rays with the
measurements over the entire GeV to TeV region can achieved
assuming a very hard spectrum of protons with power-law index
1:7 and an exponential cutoff at 25 TeV. Although this spectrum
is harder than the nominal E!2 type acceleration spectrum pre-
dicted by the models applied to this source [12–15], such a hard
proton distribution cannot be excluded. Moreover, in the case of
inhomogeneous distribution of gas in the shell, the proton spec-
trum in the densest regions, where the major fraction of c-rays is
produced, can significantly deviate, due to the propagation effects,
from the acceleration spectrum [52,15] (see below).

The total energetics in accelerated electrons and protons in the
relevant leptonic and hadronic models of c-rays can be estimated
by invoking minimum model parameters. For the given distance to
the source of about 1 kpc, the required budget in electrons is deter-
mined only by the reported c-ray fluxes, We ’ 3" 1047 erg, while
the total energy budget of protons in hadronic models depends
on the ambient gas density, Wp ’ 1050ðn=1cm!3Þ!1 erg [50]. The
lack of the thermal X-ray emission from this source requires gas
density as low as 0:1 cm!3 which makes the realization of standard
hadronic scenarios rather problematic [53,15,14]. Still, even in the
case of very low gas density of the shell, the contribution of hadro-
nic gamma-rays can be significant, if accelerated protons interact

Fig. 3. Spatial and spectral characteristics of RX J1713.7-3946. (a) (Left panel): The X- and VHE c-ray images of RX J1713.7-3946 obtained with the ASCA and HESS telescope
array, respectively (from Ref. [49]). (b) (Right panel): The spectral energy distribution of RX J1713.7-3946 based on the Fermi [34] and HESS [49] data. The theoretical
‘‘hadronic’’ and ‘‘leptonic’’ c-ray spectra calculated within a simple one-zone model are from Ref. [50]. The IC curve is obtained for the electron spectrum derived from the
synchrotron X-ray flux assuming for the strength of the magnetic field 14 lG. The ‘‘p0-decay’’ c-ray spectrum corresponds to the spectrum of protons with the power-law
index C ¼ 1:7 and exponential cutoff at 25 TeV.
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ation and escape in SNRs. It should be noted that although the GeV
c-rays tell us only about low-energy particles, they in fact serve as
unique carriers of information about the sites of ‘‘ancient’’ PeVa-
trons. Generally, within the DSA paradigm, no TeV c-rays are ex-
pected from the shells of old and middle-aged SNRs. On the
other hand, this argument should not prevent us from future
searches for TeV c-rays from the shells of older SNRs. Although
so far the DSA mechanism seems to work without a major problem,
yet it remains a theoretical paradigm, therefore its predictions
should not be overestimated, in particular concerning the interpre-
tation of c-ray observations.

In addition to gamma-ray emission from classical shell-type
SNRs, a few TeV galactic c-ray sources spatially coincide with the
so-called composite SNRs, objects with combined features of two
different source populations – the shell-type SNRs and pulsar wind
nebulae. In one case, the association of a TeV c-ray source with the
composite SNR G0.9+0.1 seems to be robustly established [47]. The
point-like c-ray image of this source indicates that TeV c-rays orig-
inate, most likely, in the plerionic core of the remnant, rather than
in the 40 radius shell.

3. TeV emission of young SNRs

Both the particle acceleration and radiation processes are very
sensitive to the initial conditions of SN explosions, as well as to
the parameters characterizing the surrounding environment. This
can explains the diversity in the multiwavelength radiation prop-
erties of young SNRs reported as TeV c-ray sources. So far, the most
unusual representative of this class of objects is RX J1713.7-3946.

3.1. RX J1713.7-3946 – an atypical SNR

While the synchrotron radio emission and thermal X-rays are
two distinct components of shell type SNRs in general, RX
J1713.7-3946 shows weak radio emission, and no thermal X-radi-
ation at all. On the other hand, this object is a powerful nonthermal
X-ray and TeV c-ray emitter. The X- and VHE c-ray images of this
remnant are shown in Fig. 3a. The overall shell type structure and
its correlation with the nonthermal X-ray image is clearly recog-
nizable, although the ‘c-X’ correlation is less evident on smaller
angular scales [48].

The broad-band c-ray spectrum of the entire remnant based on
the Fermi LAT [34] and HESS [49] measurements is shown in
Fig. 3b. It extends over five decades, from 1 GeV to 100 TeV. The

theoretical curves correspond to the leptonic (IC) and hadronic
(p0-decay) model-predictions; they are calculated within a simple
one-zone model, assuming that the GeV and TeV c-ray regions fully
overlap. It is seen that although both hadronic and leptonic models
do satisfactorily explain the spectral points above 1 TeV, the one-
zone leptonic model fails to explain the GeV fluxes reported by Fer-
mi. The problem here is related to the synchrotron cooling break in
the electron spectrum, and correspondingly to the position of the
Compton peak which in the spectral energy distribution (SED) ap-
pears above 1 TeV [50]. Thus, the reduction of the break energy
down to 200 GeV could in principle solve the problem. Since the
magnetic field in this model cannot significantly exceed 10 lG,
the only possibility to shift the Compton peak to sub-TeV energies
is to assume that the remnant is much older than 103 years, which
however is not supported by multiwavelength data. On the other
hand, the constraints on the strength of the magnetic field are less
robust, if the IC and synchrotron components of radiation are
formed in different zones [51]. Such a scenario in young SNRs is
not only possible, but, in fact, can be naturally realized in the for-
ward and inverse shocks in which the magnetic fields are essen-
tially different [15].

The agreement of the spectrum of hadronic c-rays with the
measurements over the entire GeV to TeV region can achieved
assuming a very hard spectrum of protons with power-law index
1:7 and an exponential cutoff at 25 TeV. Although this spectrum
is harder than the nominal E!2 type acceleration spectrum pre-
dicted by the models applied to this source [12–15], such a hard
proton distribution cannot be excluded. Moreover, in the case of
inhomogeneous distribution of gas in the shell, the proton spec-
trum in the densest regions, where the major fraction of c-rays is
produced, can significantly deviate, due to the propagation effects,
from the acceleration spectrum [52,15] (see below).

The total energetics in accelerated electrons and protons in the
relevant leptonic and hadronic models of c-rays can be estimated
by invoking minimum model parameters. For the given distance to
the source of about 1 kpc, the required budget in electrons is deter-
mined only by the reported c-ray fluxes, We ’ 3" 1047 erg, while
the total energy budget of protons in hadronic models depends
on the ambient gas density, Wp ’ 1050ðn=1cm!3Þ!1 erg [50]. The
lack of the thermal X-ray emission from this source requires gas
density as low as 0:1 cm!3 which makes the realization of standard
hadronic scenarios rather problematic [53,15,14]. Still, even in the
case of very low gas density of the shell, the contribution of hadro-
nic gamma-rays can be significant, if accelerated protons interact

Fig. 3. Spatial and spectral characteristics of RX J1713.7-3946. (a) (Left panel): The X- and VHE c-ray images of RX J1713.7-3946 obtained with the ASCA and HESS telescope
array, respectively (from Ref. [49]). (b) (Right panel): The spectral energy distribution of RX J1713.7-3946 based on the Fermi [34] and HESS [49] data. The theoretical
‘‘hadronic’’ and ‘‘leptonic’’ c-ray spectra calculated within a simple one-zone model are from Ref. [50]. The IC curve is obtained for the electron spectrum derived from the
synchrotron X-ray flux assuming for the strength of the magnetic field 14 lG. The ‘‘p0-decay’’ c-ray spectrum corresponds to the spectrum of protons with the power-law
index C ¼ 1:7 and exponential cutoff at 25 TeV.
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ation and escape in SNRs. It should be noted that although the GeV
c-rays tell us only about low-energy particles, they in fact serve as
unique carriers of information about the sites of ‘‘ancient’’ PeVa-
trons. Generally, within the DSA paradigm, no TeV c-rays are ex-
pected from the shells of old and middle-aged SNRs. On the
other hand, this argument should not prevent us from future
searches for TeV c-rays from the shells of older SNRs. Although
so far the DSA mechanism seems to work without a major problem,
yet it remains a theoretical paradigm, therefore its predictions
should not be overestimated, in particular concerning the interpre-
tation of c-ray observations.

In addition to gamma-ray emission from classical shell-type
SNRs, a few TeV galactic c-ray sources spatially coincide with the
so-called composite SNRs, objects with combined features of two
different source populations – the shell-type SNRs and pulsar wind
nebulae. In one case, the association of a TeV c-ray source with the
composite SNR G0.9+0.1 seems to be robustly established [47]. The
point-like c-ray image of this source indicates that TeV c-rays orig-
inate, most likely, in the plerionic core of the remnant, rather than
in the 40 radius shell.

3. TeV emission of young SNRs

Both the particle acceleration and radiation processes are very
sensitive to the initial conditions of SN explosions, as well as to
the parameters characterizing the surrounding environment. This
can explains the diversity in the multiwavelength radiation prop-
erties of young SNRs reported as TeV c-ray sources. So far, the most
unusual representative of this class of objects is RX J1713.7-3946.

3.1. RX J1713.7-3946 – an atypical SNR

While the synchrotron radio emission and thermal X-rays are
two distinct components of shell type SNRs in general, RX
J1713.7-3946 shows weak radio emission, and no thermal X-radi-
ation at all. On the other hand, this object is a powerful nonthermal
X-ray and TeV c-ray emitter. The X- and VHE c-ray images of this
remnant are shown in Fig. 3a. The overall shell type structure and
its correlation with the nonthermal X-ray image is clearly recog-
nizable, although the ‘c-X’ correlation is less evident on smaller
angular scales [48].

The broad-band c-ray spectrum of the entire remnant based on
the Fermi LAT [34] and HESS [49] measurements is shown in
Fig. 3b. It extends over five decades, from 1 GeV to 100 TeV. The

theoretical curves correspond to the leptonic (IC) and hadronic
(p0-decay) model-predictions; they are calculated within a simple
one-zone model, assuming that the GeV and TeV c-ray regions fully
overlap. It is seen that although both hadronic and leptonic models
do satisfactorily explain the spectral points above 1 TeV, the one-
zone leptonic model fails to explain the GeV fluxes reported by Fer-
mi. The problem here is related to the synchrotron cooling break in
the electron spectrum, and correspondingly to the position of the
Compton peak which in the spectral energy distribution (SED) ap-
pears above 1 TeV [50]. Thus, the reduction of the break energy
down to 200 GeV could in principle solve the problem. Since the
magnetic field in this model cannot significantly exceed 10 lG,
the only possibility to shift the Compton peak to sub-TeV energies
is to assume that the remnant is much older than 103 years, which
however is not supported by multiwavelength data. On the other
hand, the constraints on the strength of the magnetic field are less
robust, if the IC and synchrotron components of radiation are
formed in different zones [51]. Such a scenario in young SNRs is
not only possible, but, in fact, can be naturally realized in the for-
ward and inverse shocks in which the magnetic fields are essen-
tially different [15].

The agreement of the spectrum of hadronic c-rays with the
measurements over the entire GeV to TeV region can achieved
assuming a very hard spectrum of protons with power-law index
1:7 and an exponential cutoff at 25 TeV. Although this spectrum
is harder than the nominal E!2 type acceleration spectrum pre-
dicted by the models applied to this source [12–15], such a hard
proton distribution cannot be excluded. Moreover, in the case of
inhomogeneous distribution of gas in the shell, the proton spec-
trum in the densest regions, where the major fraction of c-rays is
produced, can significantly deviate, due to the propagation effects,
from the acceleration spectrum [52,15] (see below).

The total energetics in accelerated electrons and protons in the
relevant leptonic and hadronic models of c-rays can be estimated
by invoking minimum model parameters. For the given distance to
the source of about 1 kpc, the required budget in electrons is deter-
mined only by the reported c-ray fluxes, We ’ 3" 1047 erg, while
the total energy budget of protons in hadronic models depends
on the ambient gas density, Wp ’ 1050ðn=1cm!3Þ!1 erg [50]. The
lack of the thermal X-ray emission from this source requires gas
density as low as 0:1 cm!3 which makes the realization of standard
hadronic scenarios rather problematic [53,15,14]. Still, even in the
case of very low gas density of the shell, the contribution of hadro-
nic gamma-rays can be significant, if accelerated protons interact

Fig. 3. Spatial and spectral characteristics of RX J1713.7-3946. (a) (Left panel): The X- and VHE c-ray images of RX J1713.7-3946 obtained with the ASCA and HESS telescope
array, respectively (from Ref. [49]). (b) (Right panel): The spectral energy distribution of RX J1713.7-3946 based on the Fermi [34] and HESS [49] data. The theoretical
‘‘hadronic’’ and ‘‘leptonic’’ c-ray spectra calculated within a simple one-zone model are from Ref. [50]. The IC curve is obtained for the electron spectrum derived from the
synchrotron X-ray flux assuming for the strength of the magnetic field 14 lG. The ‘‘p0-decay’’ c-ray spectrum corresponds to the spectrum of protons with the power-law
index C ¼ 1:7 and exponential cutoff at 25 TeV.

74 F.A. Aharonian / Astroparticle Physics 43 (2013) 71–80

(A
ha

ro
ni

an
 2

01
3)

BUT!

to fit simultaneously X and gamma rays 
with electrons the magnetic field MUST 

be at most ~10 microGauss

THUS…

no cooling break is expected…



RXJ1713: difficulties of one-zone 
leptonic models

two features in the electron spectrum: 
acceleration time = synchrotron loss time -> acceleration cutoff at Emax 
SNR age = synchrotron loss time -> cooling break at Ecool

ation and escape in SNRs. It should be noted that although the GeV
c-rays tell us only about low-energy particles, they in fact serve as
unique carriers of information about the sites of ‘‘ancient’’ PeVa-
trons. Generally, within the DSA paradigm, no TeV c-rays are ex-
pected from the shells of old and middle-aged SNRs. On the
other hand, this argument should not prevent us from future
searches for TeV c-rays from the shells of older SNRs. Although
so far the DSA mechanism seems to work without a major problem,
yet it remains a theoretical paradigm, therefore its predictions
should not be overestimated, in particular concerning the interpre-
tation of c-ray observations.

In addition to gamma-ray emission from classical shell-type
SNRs, a few TeV galactic c-ray sources spatially coincide with the
so-called composite SNRs, objects with combined features of two
different source populations – the shell-type SNRs and pulsar wind
nebulae. In one case, the association of a TeV c-ray source with the
composite SNR G0.9+0.1 seems to be robustly established [47]. The
point-like c-ray image of this source indicates that TeV c-rays orig-
inate, most likely, in the plerionic core of the remnant, rather than
in the 40 radius shell.

3. TeV emission of young SNRs

Both the particle acceleration and radiation processes are very
sensitive to the initial conditions of SN explosions, as well as to
the parameters characterizing the surrounding environment. This
can explains the diversity in the multiwavelength radiation prop-
erties of young SNRs reported as TeV c-ray sources. So far, the most
unusual representative of this class of objects is RX J1713.7-3946.

3.1. RX J1713.7-3946 – an atypical SNR

While the synchrotron radio emission and thermal X-rays are
two distinct components of shell type SNRs in general, RX
J1713.7-3946 shows weak radio emission, and no thermal X-radi-
ation at all. On the other hand, this object is a powerful nonthermal
X-ray and TeV c-ray emitter. The X- and VHE c-ray images of this
remnant are shown in Fig. 3a. The overall shell type structure and
its correlation with the nonthermal X-ray image is clearly recog-
nizable, although the ‘c-X’ correlation is less evident on smaller
angular scales [48].

The broad-band c-ray spectrum of the entire remnant based on
the Fermi LAT [34] and HESS [49] measurements is shown in
Fig. 3b. It extends over five decades, from 1 GeV to 100 TeV. The

theoretical curves correspond to the leptonic (IC) and hadronic
(p0-decay) model-predictions; they are calculated within a simple
one-zone model, assuming that the GeV and TeV c-ray regions fully
overlap. It is seen that although both hadronic and leptonic models
do satisfactorily explain the spectral points above 1 TeV, the one-
zone leptonic model fails to explain the GeV fluxes reported by Fer-
mi. The problem here is related to the synchrotron cooling break in
the electron spectrum, and correspondingly to the position of the
Compton peak which in the spectral energy distribution (SED) ap-
pears above 1 TeV [50]. Thus, the reduction of the break energy
down to 200 GeV could in principle solve the problem. Since the
magnetic field in this model cannot significantly exceed 10 lG,
the only possibility to shift the Compton peak to sub-TeV energies
is to assume that the remnant is much older than 103 years, which
however is not supported by multiwavelength data. On the other
hand, the constraints on the strength of the magnetic field are less
robust, if the IC and synchrotron components of radiation are
formed in different zones [51]. Such a scenario in young SNRs is
not only possible, but, in fact, can be naturally realized in the for-
ward and inverse shocks in which the magnetic fields are essen-
tially different [15].

The agreement of the spectrum of hadronic c-rays with the
measurements over the entire GeV to TeV region can achieved
assuming a very hard spectrum of protons with power-law index
1:7 and an exponential cutoff at 25 TeV. Although this spectrum
is harder than the nominal E!2 type acceleration spectrum pre-
dicted by the models applied to this source [12–15], such a hard
proton distribution cannot be excluded. Moreover, in the case of
inhomogeneous distribution of gas in the shell, the proton spec-
trum in the densest regions, where the major fraction of c-rays is
produced, can significantly deviate, due to the propagation effects,
from the acceleration spectrum [52,15] (see below).

The total energetics in accelerated electrons and protons in the
relevant leptonic and hadronic models of c-rays can be estimated
by invoking minimum model parameters. For the given distance to
the source of about 1 kpc, the required budget in electrons is deter-
mined only by the reported c-ray fluxes, We ’ 3" 1047 erg, while
the total energy budget of protons in hadronic models depends
on the ambient gas density, Wp ’ 1050ðn=1cm!3Þ!1 erg [50]. The
lack of the thermal X-ray emission from this source requires gas
density as low as 0:1 cm!3 which makes the realization of standard
hadronic scenarios rather problematic [53,15,14]. Still, even in the
case of very low gas density of the shell, the contribution of hadro-
nic gamma-rays can be significant, if accelerated protons interact

Fig. 3. Spatial and spectral characteristics of RX J1713.7-3946. (a) (Left panel): The X- and VHE c-ray images of RX J1713.7-3946 obtained with the ASCA and HESS telescope
array, respectively (from Ref. [49]). (b) (Right panel): The spectral energy distribution of RX J1713.7-3946 based on the Fermi [34] and HESS [49] data. The theoretical
‘‘hadronic’’ and ‘‘leptonic’’ c-ray spectra calculated within a simple one-zone model are from Ref. [50]. The IC curve is obtained for the electron spectrum derived from the
synchrotron X-ray flux assuming for the strength of the magnetic field 14 lG. The ‘‘p0-decay’’ c-ray spectrum corresponds to the spectrum of protons with the power-law
index C ¼ 1:7 and exponential cutoff at 25 TeV.
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trons. Generally, within the DSA paradigm, no TeV c-rays are ex-
pected from the shells of old and middle-aged SNRs. On the
other hand, this argument should not prevent us from future
searches for TeV c-rays from the shells of older SNRs. Although
so far the DSA mechanism seems to work without a major problem,
yet it remains a theoretical paradigm, therefore its predictions
should not be overestimated, in particular concerning the interpre-
tation of c-ray observations.

In addition to gamma-ray emission from classical shell-type
SNRs, a few TeV galactic c-ray sources spatially coincide with the
so-called composite SNRs, objects with combined features of two
different source populations – the shell-type SNRs and pulsar wind
nebulae. In one case, the association of a TeV c-ray source with the
composite SNR G0.9+0.1 seems to be robustly established [47]. The
point-like c-ray image of this source indicates that TeV c-rays orig-
inate, most likely, in the plerionic core of the remnant, rather than
in the 40 radius shell.

3. TeV emission of young SNRs

Both the particle acceleration and radiation processes are very
sensitive to the initial conditions of SN explosions, as well as to
the parameters characterizing the surrounding environment. This
can explains the diversity in the multiwavelength radiation prop-
erties of young SNRs reported as TeV c-ray sources. So far, the most
unusual representative of this class of objects is RX J1713.7-3946.

3.1. RX J1713.7-3946 – an atypical SNR

While the synchrotron radio emission and thermal X-rays are
two distinct components of shell type SNRs in general, RX
J1713.7-3946 shows weak radio emission, and no thermal X-radi-
ation at all. On the other hand, this object is a powerful nonthermal
X-ray and TeV c-ray emitter. The X- and VHE c-ray images of this
remnant are shown in Fig. 3a. The overall shell type structure and
its correlation with the nonthermal X-ray image is clearly recog-
nizable, although the ‘c-X’ correlation is less evident on smaller
angular scales [48].

The broad-band c-ray spectrum of the entire remnant based on
the Fermi LAT [34] and HESS [49] measurements is shown in
Fig. 3b. It extends over five decades, from 1 GeV to 100 TeV. The

theoretical curves correspond to the leptonic (IC) and hadronic
(p0-decay) model-predictions; they are calculated within a simple
one-zone model, assuming that the GeV and TeV c-ray regions fully
overlap. It is seen that although both hadronic and leptonic models
do satisfactorily explain the spectral points above 1 TeV, the one-
zone leptonic model fails to explain the GeV fluxes reported by Fer-
mi. The problem here is related to the synchrotron cooling break in
the electron spectrum, and correspondingly to the position of the
Compton peak which in the spectral energy distribution (SED) ap-
pears above 1 TeV [50]. Thus, the reduction of the break energy
down to 200 GeV could in principle solve the problem. Since the
magnetic field in this model cannot significantly exceed 10 lG,
the only possibility to shift the Compton peak to sub-TeV energies
is to assume that the remnant is much older than 103 years, which
however is not supported by multiwavelength data. On the other
hand, the constraints on the strength of the magnetic field are less
robust, if the IC and synchrotron components of radiation are
formed in different zones [51]. Such a scenario in young SNRs is
not only possible, but, in fact, can be naturally realized in the for-
ward and inverse shocks in which the magnetic fields are essen-
tially different [15].

The agreement of the spectrum of hadronic c-rays with the
measurements over the entire GeV to TeV region can achieved
assuming a very hard spectrum of protons with power-law index
1:7 and an exponential cutoff at 25 TeV. Although this spectrum
is harder than the nominal E!2 type acceleration spectrum pre-
dicted by the models applied to this source [12–15], such a hard
proton distribution cannot be excluded. Moreover, in the case of
inhomogeneous distribution of gas in the shell, the proton spec-
trum in the densest regions, where the major fraction of c-rays is
produced, can significantly deviate, due to the propagation effects,
from the acceleration spectrum [52,15] (see below).

The total energetics in accelerated electrons and protons in the
relevant leptonic and hadronic models of c-rays can be estimated
by invoking minimum model parameters. For the given distance to
the source of about 1 kpc, the required budget in electrons is deter-
mined only by the reported c-ray fluxes, We ’ 3" 1047 erg, while
the total energy budget of protons in hadronic models depends
on the ambient gas density, Wp ’ 1050ðn=1cm!3Þ!1 erg [50]. The
lack of the thermal X-ray emission from this source requires gas
density as low as 0:1 cm!3 which makes the realization of standard
hadronic scenarios rather problematic [53,15,14]. Still, even in the
case of very low gas density of the shell, the contribution of hadro-
nic gamma-rays can be significant, if accelerated protons interact

Fig. 3. Spatial and spectral characteristics of RX J1713.7-3946. (a) (Left panel): The X- and VHE c-ray images of RX J1713.7-3946 obtained with the ASCA and HESS telescope
array, respectively (from Ref. [49]). (b) (Right panel): The spectral energy distribution of RX J1713.7-3946 based on the Fermi [34] and HESS [49] data. The theoretical
‘‘hadronic’’ and ‘‘leptonic’’ c-ray spectra calculated within a simple one-zone model are from Ref. [50]. The IC curve is obtained for the electron spectrum derived from the
synchrotron X-ray flux assuming for the strength of the magnetic field 14 lG. The ‘‘p0-decay’’ c-ray spectrum corresponds to the spectrum of protons with the power-law
index C ¼ 1:7 and exponential cutoff at 25 TeV.
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Table 2
RX J1713.7−3946 Model Parameters

Parameter Symbol Model 1 (baseline) Model 2 Model 3 Model 4 Model 5

Blast energy (erg) E 1.6 × 1051 1.6 × 1051 1.6 × 1051 1.6 × 1051 1.6 × 1051

Initial mass (M⊙) M0 1.6 1.6 1.6 6.4 0.4
Initial velocity (cm s−1) v0 1.0 × 109 1.0 × 109 1.0 × 109 5 × 108 2.0 × 109

ICM density (cm−3) nICM 0.2 0.2 0.2 0.2 0.2
Sedov time (yr) ts 420 420 420 1300 132

Magnetic field (µG) B 12 60 2.4 12 12
Cooling constant (s−1) ν 2.2 × 10−19 4.7 × 10−18 3.7 × 10−20 2.2 × 10−19 2.2 × 10−19

Cooling electron Lorentz factor (νt)−1 9.1 × 107 4.2 × 106 5.4 × 108 9.1 × 107 9.1 × 107

Low energy electron cutoff γ1 10 10 10 10 10
High energy electron cutoff γ2 3.1 × 108 3.1 × 108 3.1 × 108 3.1 × 108 3.1 × 108

Injection spectral index q 2.1 2.1 2.1 2.1 2.1
Electron acceleration efficiency ηe 5.0 × 10−5 5.0 × 10−5 5.0 × 10−5 5.0 × 10−5 5.0 × 10−5
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Figure 10. Multi-zone model fit to RX J1713.7−3946. Curves show the total
emission from the knots and overall shock combined (black solid curve) as well
as synchrotron emission (dot-dashed curves), Compton-scattered CMB (dashed
curves), Compton-scattered IIRF (dotted curves), and SSC (double dot-dashed
curves) from the overall shock and knots.
(A color version of this figure is available in the online journal.)

themselves could contribute a significant amount to the γ -ray
emission from the source.

Smaller knots emitting synchrotron, SSC, and Comptonized
CMB and IIRF radiation were added to Model 1, as seen in
Figure 10. The much smaller volume of these knots results in
large synchrotron energy densities in the knots, with strong SSC
emission at GeV energies. This fit has the number of zones taken
to be Nknots = 100, with each zone having Bknots = 16 µG,
radii Rknot = 1 mpc, and an electron distribution that spans
from γknot,1 = 10 to γknot,2 = 1.4 × 108 with a break at
γknot,brk = 4.7 × 107 with Ne,knot(γ ) ∝ γ −2.3 for γ < γknot,brk
and Ne,knot(γ ) ∝ γ −3.3 for γ > γknot,brk. As can be seen in
Figure 10, this reproduces the SED well and makes interesting
predictions.

The synchrotron component is dominated by the large first
zone that effectively represents the entire remnant, which also
makes the bulk of the TeV radiation. Emission !1 TeV is
dominated by the Compton-scattered CMB of the remnant as
a whole, while in the range of the joint LAT/HESS window at
"1 TeV the γ -rays arise from the SSC component in the knots.
The angular resolution of the LAT is generally worse than 0.◦1.
At a distance of 1 kpc, the 1 mpc knots will have an angular
radius of 0.′′2 and thus cannot be resolved with LAT. CTA will

have an angular resolution of ∼1′ (Actis et al. 2011) and will
also not be able to distinguish the variable and non-variable
X-ray knots seen by Uchiyama et al. (2007) either, even if they
radiate in γ -rays. However, if the low- and high-energy γ -rays
come from different components, maps of RX J1713.7−3946
made with CTA may be different at lower ("1 TeV) and higher
(!1 TeV) energies, with the higher energy maps being in closer
agreement with X-ray ones. This may allow this multi-zone
model to be tested.

The knots contribute ∼10% to the X-ray emission of the
remnant, consistent with observations from Uchiyama et al.
(2003). They are also much lower than the values inferred from
variability by Uchiyama et al. (2007). However, there seem to
be many knots that are not variable, which could reflect a lower
magnetic field.

4. DISCUSSION AND CONCLUSIONS

The SNR RX J1713.7−3946 occupies an important place
in γ -ray studies of SNRs. Its TeV emission was first detected
with the CANGAROO experiment (Muraishi et al. 2000). Based
on further CANGAROO observations, Enomoto et al. (2002)
claimed that a standard leptonic synchrotron/EC-CMB model
did not fit these data, including the EGRET upper limit. Reimer
& Pohl (2002) argued that EGRET upper limits rule out a
hadronic origin, but diffusion of high-energy particles upstream
of the shock can harden nuclear emission (Malkov & Diamond
2006). Aharonian et al. (2004) produced the first resolved γ -ray
image of an SNR by HESS. Further HESS observations found
that the X-ray and VHE γ -rays were spatially well correlated
(Aharonian et al. 2006). Porter et al. (2006) found, however, that
Compton-scattered Galactic background photons, in addition to
CMB photons, could help to explain the RX J1713.7−3946
VHE emission in leptonic models. Still further HESS observa-
tions detected the remnant out to ∼100 TeV (Aharonian et al.
2007). Li et al. (2011) provide a good fit to the full SED including
the LAT spectrum with a model similar to Porter et al. (2006),
including Compton scattering of interstellar infrared photons.
As discussed above in Section 3.1, they assumed that the source
was at a distance of 6 kpc from us, closer to the Galactic cen-
ter where the IIRF is much more intense. However, we think
the molecular cloud and X-ray absorption evidence points to
RX J1713.7−3946 most likely being at d = 1 kpc. This empha-
sizes the crucial importance of an accurate distance measure-
ment to SNR modeling.
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index of !2 and weighted to E!3 to better represent the
index of the measured data in this energy range. For the
simulations, a composition of five elements (H, He, CNO,
Si, and Fe) with equal abundances has been used. The
reconstructed light spectra show a significant difference
in composition, where EPOS generated data result in a
much lighter composition. This is probably caused by the
fact that EPOS predicts more muons compared to QGSJet-
II and, therefore, the ratio of Nch to N! is smaller for a

given number of charged particles resulting in a larger k
value. Especially helium events migrate (by calibrating
with QGSJet-II) to the heavy mass group. This effect might
be slightly compensated by the higher reconstructed
energy of the events [18]. Using an EPOS calibration, the
measured showers appear to originate from lighter primar-
ies and of lower energy compared to the QGSJet-II cali-
bration. Figure 3 also demonstrates that the selection of
events according to the k parameter does not induce any
artificial structures in the spectra of light primaries. If the
data are well described by QGSJet-II, then the spectrum of
light primaries with the separation between He and CNO
should consist mainly of protons and helium, maybe with
some additional, less abundant elements between helium
and carbon. This can be seen in Fig. 3, where the combined
simulated proton and helium component for QGSJet-II is
in good agreement with the reconstructed spectrum of light
elements, which has been obtained by applying the
QGSJet-II based reconstruction and selection criteria to
the data simulated using QGSJet-II. Assuming that the
data simulated with EPOS are closer to real data, then
the measured spectrum of light particles is an almost
pure proton spectrum. The simulated proton spectrum for
EPOS is similar to the reconstructed spectrum of light
primaries, which have been derived from EPOS generated
events using again the QGSJet-II based reconstruction and
selection criteria. According to QGSJet-II, the spectrum of
heavy elements for the same separation would contain
carbon and primaries heavier than that. For EPOS it should
also contain most of the helium component.

In Fig. 4, the results of the present analysis are shown. To
cross-check the results from Ref. [8] the all-particle spec-
trum and the spectrum of light primaries for the former used
area and data are compared with the ones obtained with
higher statistics from the present studies. Both all-particle
spectra and spectra of light elements based on the separation
between CNO and Si are in good agreement. The spectra of
light and heavy particles with the separation between He and
CNO are obtained using the separation line shown in Fig. 2.
The spectrum of the heavy component, which now contains
also the medium mass component, exhibits a change of
index at E ¼ 1016:88#0:03 eV and it therefore agrees inside
the corresponding uncertainty with the previous result [8]

at Eheavy
knee ¼ 1016:92#0:04 eV. The hardening or ankle-like

feature visible in the enriched spectrum of light primaries
is more prominent compared to the one that includes the

CNO component. Although statistics gets quite low for the
spectrum of light elements with the separation on He
(obtained by a fit to the mean k values for He in Fig. 2), it
is obvious that it cannot be described by one single power
law only. Formula (4) [19] is used for fitting the spectra of
the light and heavy components:

dI

dE
ðEÞ ¼ I0 & E"1 &

!
1þ

"
E

Eb

#
#
$ð"1!"2Þ=#

;

I0: normalization factor;

"1=2: index before/after the bending;

Eb: energy of the break position;

#: smoothness of the break:

(4)

As shown in Fig. 5, a change of the spectral index from
"1 ¼ !3:25# 0:05 to "2 ¼ !2:79# 0:08 at an energy of
1017:08#0:08 eV is observed for the light component. The
dashed lines mark the systematic error band for the sepa-
ration between He and CNO obtained by using the selec-
tion shown in Fig. 2. The measured number of events above
the bending isNmeas ¼ 595. Without the bending wewould
expect Nexp ¼ 467 events above this ankle-like feature.
The Poisson probability to measure at least Nmeas events

above the bending, if Nexp events are expected, is PðN (
NmeasÞ ¼

P1
k¼Nmeas

ðN
k
exp

k! eð!NexpÞÞ ) 7:23* 10!09. This cor-

responds to a significance of 5:8$ that in this energy range
the spectrum of light primaries cannot be described by a
single power law. If we shift the separation criteria in order
to obtain an even purer proton sample (sep. on He, Fig. 4)
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index of !2 and weighted to E!3 to better represent the
index of the measured data in this energy range. For the
simulations, a composition of five elements (H, He, CNO,
Si, and Fe) with equal abundances has been used. The
reconstructed light spectra show a significant difference
in composition, where EPOS generated data result in a
much lighter composition. This is probably caused by the
fact that EPOS predicts more muons compared to QGSJet-
II and, therefore, the ratio of Nch to N! is smaller for a

given number of charged particles resulting in a larger k
value. Especially helium events migrate (by calibrating
with QGSJet-II) to the heavy mass group. This effect might
be slightly compensated by the higher reconstructed
energy of the events [18]. Using an EPOS calibration, the
measured showers appear to originate from lighter primar-
ies and of lower energy compared to the QGSJet-II cali-
bration. Figure 3 also demonstrates that the selection of
events according to the k parameter does not induce any
artificial structures in the spectra of light primaries. If the
data are well described by QGSJet-II, then the spectrum of
light primaries with the separation between He and CNO
should consist mainly of protons and helium, maybe with
some additional, less abundant elements between helium
and carbon. This can be seen in Fig. 3, where the combined
simulated proton and helium component for QGSJet-II is
in good agreement with the reconstructed spectrum of light
elements, which has been obtained by applying the
QGSJet-II based reconstruction and selection criteria to
the data simulated using QGSJet-II. Assuming that the
data simulated with EPOS are closer to real data, then
the measured spectrum of light particles is an almost
pure proton spectrum. The simulated proton spectrum for
EPOS is similar to the reconstructed spectrum of light
primaries, which have been derived from EPOS generated
events using again the QGSJet-II based reconstruction and
selection criteria. According to QGSJet-II, the spectrum of
heavy elements for the same separation would contain
carbon and primaries heavier than that. For EPOS it should
also contain most of the helium component.

In Fig. 4, the results of the present analysis are shown. To
cross-check the results from Ref. [8] the all-particle spec-
trum and the spectrum of light primaries for the former used
area and data are compared with the ones obtained with
higher statistics from the present studies. Both all-particle
spectra and spectra of light elements based on the separation
between CNO and Si are in good agreement. The spectra of
light and heavy particles with the separation between He and
CNO are obtained using the separation line shown in Fig. 2.
The spectrum of the heavy component, which now contains
also the medium mass component, exhibits a change of
index at E ¼ 1016:88#0:03 eV and it therefore agrees inside
the corresponding uncertainty with the previous result [8]

at Eheavy
knee ¼ 1016:92#0:04 eV. The hardening or ankle-like

feature visible in the enriched spectrum of light primaries
is more prominent compared to the one that includes the

CNO component. Although statistics gets quite low for the
spectrum of light elements with the separation on He
(obtained by a fit to the mean k values for He in Fig. 2), it
is obvious that it cannot be described by one single power
law only. Formula (4) [19] is used for fitting the spectra of
the light and heavy components:
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;

I0: normalization factor;

"1=2: index before/after the bending;

Eb: energy of the break position;

#: smoothness of the break:

(4)

As shown in Fig. 5, a change of the spectral index from
"1 ¼ !3:25# 0:05 to "2 ¼ !2:79# 0:08 at an energy of
1017:08#0:08 eV is observed for the light component. The
dashed lines mark the systematic error band for the sepa-
ration between He and CNO obtained by using the selec-
tion shown in Fig. 2. The measured number of events above
the bending isNmeas ¼ 595. Without the bending wewould
expect Nexp ¼ 467 events above this ankle-like feature.
The Poisson probability to measure at least Nmeas events

above the bending, if Nexp events are expected, is PðN (
NmeasÞ ¼

P1
k¼Nmeas

ðN
k
exp

k! eð!NexpÞÞ ) 7:23* 10!09. This cor-

responds to a significance of 5:8$ that in this energy range
the spectrum of light primaries cannot be described by a
single power law. If we shift the separation criteria in order
to obtain an even purer proton sample (sep. on He, Fig. 4)
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FIG. 4 (color online). The all-particle and electron-rich spectra
from the analysis [8] in comparison to the results of this analysis
with higher statistics. In addition to the light and heavy spectrum
based on the separation between He and CNO, the light spectrum
based on the separation on He is also shown. The error bars show
the statistical uncertainties.
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index of !2 and weighted to E!3 to better represent the
index of the measured data in this energy range. For the
simulations, a composition of five elements (H, He, CNO,
Si, and Fe) with equal abundances has been used. The
reconstructed light spectra show a significant difference
in composition, where EPOS generated data result in a
much lighter composition. This is probably caused by the
fact that EPOS predicts more muons compared to QGSJet-
II and, therefore, the ratio of Nch to N! is smaller for a

given number of charged particles resulting in a larger k
value. Especially helium events migrate (by calibrating
with QGSJet-II) to the heavy mass group. This effect might
be slightly compensated by the higher reconstructed
energy of the events [18]. Using an EPOS calibration, the
measured showers appear to originate from lighter primar-
ies and of lower energy compared to the QGSJet-II cali-
bration. Figure 3 also demonstrates that the selection of
events according to the k parameter does not induce any
artificial structures in the spectra of light primaries. If the
data are well described by QGSJet-II, then the spectrum of
light primaries with the separation between He and CNO
should consist mainly of protons and helium, maybe with
some additional, less abundant elements between helium
and carbon. This can be seen in Fig. 3, where the combined
simulated proton and helium component for QGSJet-II is
in good agreement with the reconstructed spectrum of light
elements, which has been obtained by applying the
QGSJet-II based reconstruction and selection criteria to
the data simulated using QGSJet-II. Assuming that the
data simulated with EPOS are closer to real data, then
the measured spectrum of light particles is an almost
pure proton spectrum. The simulated proton spectrum for
EPOS is similar to the reconstructed spectrum of light
primaries, which have been derived from EPOS generated
events using again the QGSJet-II based reconstruction and
selection criteria. According to QGSJet-II, the spectrum of
heavy elements for the same separation would contain
carbon and primaries heavier than that. For EPOS it should
also contain most of the helium component.

In Fig. 4, the results of the present analysis are shown. To
cross-check the results from Ref. [8] the all-particle spec-
trum and the spectrum of light primaries for the former used
area and data are compared with the ones obtained with
higher statistics from the present studies. Both all-particle
spectra and spectra of light elements based on the separation
between CNO and Si are in good agreement. The spectra of
light and heavy particles with the separation between He and
CNO are obtained using the separation line shown in Fig. 2.
The spectrum of the heavy component, which now contains
also the medium mass component, exhibits a change of
index at E ¼ 1016:88#0:03 eV and it therefore agrees inside
the corresponding uncertainty with the previous result [8]

at Eheavy
knee ¼ 1016:92#0:04 eV. The hardening or ankle-like

feature visible in the enriched spectrum of light primaries
is more prominent compared to the one that includes the

CNO component. Although statistics gets quite low for the
spectrum of light elements with the separation on He
(obtained by a fit to the mean k values for He in Fig. 2), it
is obvious that it cannot be described by one single power
law only. Formula (4) [19] is used for fitting the spectra of
the light and heavy components:
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;

I0: normalization factor;

"1=2: index before/after the bending;

Eb: energy of the break position;

#: smoothness of the break:

(4)

As shown in Fig. 5, a change of the spectral index from
"1 ¼ !3:25# 0:05 to "2 ¼ !2:79# 0:08 at an energy of
1017:08#0:08 eV is observed for the light component. The
dashed lines mark the systematic error band for the sepa-
ration between He and CNO obtained by using the selec-
tion shown in Fig. 2. The measured number of events above
the bending isNmeas ¼ 595. Without the bending wewould
expect Nexp ¼ 467 events above this ankle-like feature.
The Poisson probability to measure at least Nmeas events

above the bending, if Nexp events are expected, is PðN (
NmeasÞ ¼

P1
k¼Nmeas

ðN
k
exp

k! eð!NexpÞÞ ) 7:23* 10!09. This cor-

responds to a significance of 5:8$ that in this energy range
the spectrum of light primaries cannot be described by a
single power law. If we shift the separation criteria in order
to obtain an even purer proton sample (sep. on He, Fig. 4)

(E/eV)
10

log
16.4 16.6 16.8 17 17.2 17.4 17.6 17.8 18 18.2 18.4

)
1.

7
 e

V
-1

 s
-1

 s
r

-2
 (m

2.
7

dI
/d

E
 x

 E

1810

1910

all-particle -- PRL 107

all-particle

heavy (sep. between He-CNO)

light (sep. between CNO-Si) -- PRL 107

light (sep. between CNO-Si)
light (sep. between He-CNO)

light (sep. on He)

FIG. 4 (color online). The all-particle and electron-rich spectra
from the analysis [8] in comparison to the results of this analysis
with higher statistics. In addition to the light and heavy spectrum
based on the separation between He and CNO, the light spectrum
based on the separation on He is also shown. The error bars show
the statistical uncertainties.
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Fig. 13. Different extrapolations of the lg Ne-distribution for 0.5 PeV proton induced
showers (QGSJet 01).

Second, the form of the tails of the shower size distributions is not known.
Fig. 13 shows an example of the lg Ne–distribution for showers induced by
0.5 PeV protons. Besides the parameterization used, two different extrap-
olations are displayed, the first one with sharp cutoffs at the edges of the
distribution, the second one with an exponential decrease up to higher and
lower values of lg Ne. Within the statistics of the simulations each of these
functions describes the distribution equally well. The influence of these tails
on the shower size spectra and the unfolding result may be quite important
because of the steeply falling primary energy spectra. The displayed parame-
terizations in Fig. 13 can be regarded as extreme assumptions and it has been

Fig. 14. Unfolded energy spectra for H, He, C (left panel) and Si, Fe (right panel)
based on QGSJet simulations. The shaded bands are an estimate of the systematic
uncertainties due to the used parametrizations and the applied unfolding method
(Gold algorithm).
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olations are displayed, the first one with sharp cutoffs at the edges of the
distribution, the second one with an exponential decrease up to higher and
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on the shower size spectra and the unfolding result may be quite important
because of the steeply falling primary energy spectra. The displayed parame-
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Fig. 14. Unfolded energy spectra for H, He, C (left panel) and Si, Fe (right panel)
based on QGSJet simulations. The shaded bands are an estimate of the systematic
uncertainties due to the used parametrizations and the applied unfolding method
(Gold algorithm).
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Fig. 13 shows an example of the lg Ne–distribution for showers induced by
0.5 PeV protons. Besides the parameterization used, two different extrap-
olations are displayed, the first one with sharp cutoffs at the edges of the
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Second, the form of the tails of the shower size distributions is not known.
Fig. 13 shows an example of the lg Ne–distribution for showers induced by
0.5 PeV protons. Besides the parameterization used, two different extrap-
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distribution, the second one with an exponential decrease up to higher and
lower values of lg Ne. Within the statistics of the simulations each of these
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on the shower size spectra and the unfolding result may be quite important
because of the steeply falling primary energy spectra. The displayed parame-
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Second, the form of the tails of the shower size distributions is not known.
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distribution, the second one with an exponential decrease up to higher and
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functions describes the distribution equally well. The influence of these tails
on the shower size spectra and the unfolding result may be quite important
because of the steeply falling primary energy spectra. The displayed parame-
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Second, the form of the tails of the shower size distributions is not known.
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olations are displayed, the first one with sharp cutoffs at the edges of the
distribution, the second one with an exponential decrease up to higher and
lower values of lg Ne. Within the statistics of the simulations each of these
functions describes the distribution equally well. The influence of these tails
on the shower size spectra and the unfolding result may be quite important
because of the steeply falling primary energy spectra. The displayed parame-
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based on QGSJet simulations. The shaded bands are an estimate of the systematic
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Fig. 13. Different extrapolations of the lg Ne-distribution for 0.5 PeV proton induced
showers (QGSJet 01).

Second, the form of the tails of the shower size distributions is not known.
Fig. 13 shows an example of the lg Ne–distribution for showers induced by
0.5 PeV protons. Besides the parameterization used, two different extrap-
olations are displayed, the first one with sharp cutoffs at the edges of the
distribution, the second one with an exponential decrease up to higher and
lower values of lg Ne. Within the statistics of the simulations each of these
functions describes the distribution equally well. The influence of these tails
on the shower size spectra and the unfolding result may be quite important
because of the steeply falling primary energy spectra. The displayed parame-
terizations in Fig. 13 can be regarded as extreme assumptions and it has been

Fig. 14. Unfolded energy spectra for H, He, C (left panel) and Si, Fe (right panel)
based on QGSJet simulations. The shaded bands are an estimate of the systematic
uncertainties due to the used parametrizations and the applied unfolding method
(Gold algorithm).
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this is a break and NOT a cutoff 
-> SNR must accelerate protons 

up to 1017 eV 

-> a subset of SNRs accelerate H up to >1017 eV? 
(Ptuskin&Zirakashvili) 

-> SNRs are NOT the sources of CRs? 
(superbubbles? Bykov+, Parizot+) 

-> Emax = Z only if iron is FULLY ionized. Is that true? 
(Morlino)


