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CR escape time

CR total energy
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-> power of CR sources 1041 erg/s

supernovae first proposed by Baade&Zwicky1934

-> power of SuperNovae 1042 erg/s

few supernovae per 
century in the Galaxy

Supernovae (or anything connected to them) 
might be the sources of cosmic rays: 

most popular scenario -> supernova remnants



Cosmic ray sources: why is it so difficult?

CR

CR source you

...magnetic field...

We cannot do CR Astronomy. 

Need for indirect identification of CR sources.
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Gamma rays from SNRs: 
a test for CR origin

Drury, Aharonian & Volk, 1994

SNRs detected @TeVs ➜ TEST PASSED!SNRs detected @TeVs ➜ TEST PASSED!

RCW 86Vela JuniorRXJ1713

had
roni

c or
 lep

toni
c?

we need an unambiguous proof for CR acceleration 

neutrinos are the candidates, but their detection is challenging 

-> other gamma-ray based tests?
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steep spectra
GeV CR are present 

-> we want SNR to be 
PeVatrons -> additional 

evidence required
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FERMI detects RX J1713

p-p interactions ->

inverse Compton ->

Abdo et al, 2011

this does NOT mean 
that there are no 

protons!!!

emission most 
likely 

LEPTONIC?

Wp < 0.3⇥ 1051
⇣ n

0.1 cm�3)

⌘�1
erg
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hadronic

high gas density + shock heating  
-> bright X-ray thermal emission (lines) 

-> NOT OBSERVED
(see also Katz&Waxman2008)

leptonic

gas density is not a crucial parameter so 
one can tune it not to violate X-ray 

constraints



Gamma rays from SNRs
(Giordano et al 2011)

(A
bdo et al 2010)

Tycho
RXJ1713

steep (2.3) -> hadronic?

hard (1.5) -> leptonic?



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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sensitive to the initial conditions of SN explosions, as well as to
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remnant are shown in Fig. 3a. The overall shell type structure and
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angular scales [48].
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the Fermi LAT [34] and HESS [49] measurements is shown in
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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.
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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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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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A hadronic model for RXJ1713
(Zirakashvili & Aharonian 2010, Inoue et al. 2012, Gabici & Aharonian 2014)

SNR in a dense (and clumpy!) environment

stellar wind sweeps the gas and 
creates a cavity

dense clumps survive [unshocked  
-> uc ~ us (nh/nc)1/2 ] both the stellar 

wind and the SNR shock

no thermal X-rays!

high energy CRs penetrate

low energy CRs don’t
clumps!

sub-parsec



Requirements
Inoue et al. 2012, Gabici & Aharonian 2014

 mass in clumps >> mass in diffuse hot gas 

 sub-pc scale clumps, density ~103 cm-3 

 hot tenuous medium in the bubble n~10-2 cm-3 

 turbulent layer between clumps and hot medium 

(~0.05 pc) with B~100 microGauss 

 Bohm diffusion coefficient



A hadronic model for RXJ1713
Gabici & Aharonian 2014
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A hadronic model for RXJ1713
Gabici & Aharonian 2014

age -> ~1620 yr
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straightforward way to test this -> neutrinos detectable with a km3 telescope



Hadronic or leptonic?

Gabici & Aharonian 2014
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