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Fig. 3. Spectra of gamma rays from production and decays of neutral
pions for the proton spectra shown in Fig. 2. The data points show
the results of Fermi-LAT (Giordano et al. 2012; diamonds) and Veritas
(Acciari et al. 2011; circles). The shaded area represents the preliminary
data recently presented by the VERITAS collaboration (Park 2015).

To reflect these requirements, we assumed here that about
half of the shock is expanding in a denser medium with density
n0 = 1.5 cm−3. While a detailed fit to the data would have re-
quired also taking the gamma ray emission into account from the
other half of the remnant, we decided here to avoid such a com-
plication since it is not our purpose to achieve a quantitative fit to
the data. Nevertheless, the question remains of whether limiting
the calculation of the gamma ray emission to half of the rem-
nant may be consistent with observations from Tycho at other
wavelengths. The gamma ray emission from the faster region
of the remnant is expected to have a harder and concave shape
(if no attempt is made to introduce the velocity of the scattering
centres) and a lower normalisation because of the lower gas den-
sity. On the other hand, the CR acceleration efficiency might be
somewhat higher because of the faster shock motion, although
it is unlikely that this efficiency can become higher than ∼20%
because of the various self-regulation processes that take place
during the acceleration process.

Observations in the spatially integrated radio emission seem
to suggest that the electron spectrum in the ∼GeV energy region
is somewhat steeper than E−2 (Kothes et al. 2006). However, the
morphology of the radio emission shows that the slower NE re-
gion of the remnant is about twice as bright as the faster re-
gion, thereby suggesting that even the radio emission could be
dominated by electrons accelerated in the region where neutral
hydrogen is present. This scenario requires that the magnetic
field downstream of the NE region of the shock be amplified
due to hydrodynamical instabilities (e.g. Giacalone & Jokipii
2007). As discussed above, this amplified field would have lit-
tle impact on the maximum energy (if any, Emax would slightly
increase) but would increase the radio emissivity and limit the
inverse Compton contribution to the observed gamma ray emis-
sion). The best way to check the correctness of this ansatz is to
measure the spatially resolved spectrum of the radio emission
and test the possibility that the radio spectrum is steeper in the
NE region. The only attempt to carry out a spatially resolved
spectral analysis from Tycho (Katz-Stone et al. 2000) provided
results that are not conclusive.

4. Conclusions

It was first shown by Blasi et al. (2012) that the presence of neu-
tral hydrogen in the acceleration region of SNRs may strongly
affect the spectrum of accelerated particles. The effect is the
highest for shock velocities <∼4000 km s−1 for which the path
length for CE and ionisation are short enough to allow for the
deposition of energy and momentum back in the downstream
plasma caused by the NRF. For this phenomenon to be effective,
these processes must take place on spatial scales that are smaller
than the diffusion length of accelerated particles upstream. For
typical values of the parameters, this happens for CR energies
<∼1 TeV. If the NRF deposits energy and momentum upstream,
the shock is weakened and the spectrum of accelerated parti-
cles steepens. At high enough energies, the standard spectrum of
DSA is recovered. The non-linear theory of particle acceleration,
where both the NRF and the dynamical reaction of accelerated
particles are taken into account, was presented by Morlino et al.
(2013a).

In this paper we applied this theoretical framework to the
Tycho SNR. We built upon previous claims that some regions
of the Tycho SNR shock may be moving appreciably slower
than the average velocity (Reynoso et al. 1997; Katsuda et al.
2010), and we pointed out that the spectrum of accelerated par-
ticles in such regions may be steeper than the canonical E−2 ex-
pected from DSA. This also reflects in steeper gamma ray spec-
tra, which compare well with data from Fermi-LAT (Giordano
et al. 2012) and Veritas (Acciari et al. 2011).

The existence of spectra of accelerated particles that are
steeper than expected are rather widely accepted now (Caprioli
2011; De Palma et al. 2015) and a generic explanation of such
findings is necessary. Explanations of the steeper spectra range
from morphological considerations (see Berezhko et al. 2013,
for a specific application to the Tycho SNR) to speculations
about the velocity of scattering centres (Caprioli 2012). Since the
presence of neutral hydrogen is quite widespread in the Galaxy,
it seems plausible that the steeper spectra of accelerated parti-
cles may be due to the neutral induced precursor, as discussed
above. This possibility can be tested by using spatially resolved
measurements of the radio spectrum, which may show the exis-
tence of electrons with harder spectra where the shock is faster
(and the NRF is suppressed) and steeper spectra where the shock
is slower. For closer SNRs, where spatially resolved gamma-ray
observations may be possible, a similar test can be performed in
the gamma ray band.
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Fig. 3. Spectra of gamma rays from production and decays of neutral
pions for the proton spectra shown in Fig. 2. The data points show
the results of Fermi-LAT (Giordano et al. 2012; diamonds) and Veritas
(Acciari et al. 2011; circles). The shaded area represents the preliminary
data recently presented by the VERITAS collaboration (Park 2015).
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n0 = 1.5 cm−3. While a detailed fit to the data would have re-
quired also taking the gamma ray emission into account from the
other half of the remnant, we decided here to avoid such a com-
plication since it is not our purpose to achieve a quantitative fit to
the data. Nevertheless, the question remains of whether limiting
the calculation of the gamma ray emission to half of the rem-
nant may be consistent with observations from Tycho at other
wavelengths. The gamma ray emission from the faster region
of the remnant is expected to have a harder and concave shape
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centres) and a lower normalisation because of the lower gas den-
sity. On the other hand, the CR acceleration efficiency might be
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it is unlikely that this efficiency can become higher than ∼20%
because of the various self-regulation processes that take place
during the acceleration process.
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to suggest that the electron spectrum in the ∼GeV energy region
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Fig. 3. Spectra of gamma rays from production and decays of neutral
pions for the proton spectra shown in Fig. 2. The data points show
the results of Fermi-LAT (Giordano et al. 2012; diamonds) and Veritas
(Acciari et al. 2011; circles). The shaded area represents the preliminary
data recently presented by the VERITAS collaboration (Park 2015).

To reflect these requirements, we assumed here that about
half of the shock is expanding in a denser medium with density
n0 = 1.5 cm−3. While a detailed fit to the data would have re-
quired also taking the gamma ray emission into account from the
other half of the remnant, we decided here to avoid such a com-
plication since it is not our purpose to achieve a quantitative fit to
the data. Nevertheless, the question remains of whether limiting
the calculation of the gamma ray emission to half of the rem-
nant may be consistent with observations from Tycho at other
wavelengths. The gamma ray emission from the faster region
of the remnant is expected to have a harder and concave shape
(if no attempt is made to introduce the velocity of the scattering
centres) and a lower normalisation because of the lower gas den-
sity. On the other hand, the CR acceleration efficiency might be
somewhat higher because of the faster shock motion, although
it is unlikely that this efficiency can become higher than ∼20%
because of the various self-regulation processes that take place
during the acceleration process.

Observations in the spatially integrated radio emission seem
to suggest that the electron spectrum in the ∼GeV energy region
is somewhat steeper than E−2 (Kothes et al. 2006). However, the
morphology of the radio emission shows that the slower NE re-
gion of the remnant is about twice as bright as the faster re-
gion, thereby suggesting that even the radio emission could be
dominated by electrons accelerated in the region where neutral
hydrogen is present. This scenario requires that the magnetic
field downstream of the NE region of the shock be amplified
due to hydrodynamical instabilities (e.g. Giacalone & Jokipii
2007). As discussed above, this amplified field would have lit-
tle impact on the maximum energy (if any, Emax would slightly
increase) but would increase the radio emissivity and limit the
inverse Compton contribution to the observed gamma ray emis-
sion). The best way to check the correctness of this ansatz is to
measure the spatially resolved spectrum of the radio emission
and test the possibility that the radio spectrum is steeper in the
NE region. The only attempt to carry out a spatially resolved
spectral analysis from Tycho (Katz-Stone et al. 2000) provided
results that are not conclusive.
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where both the NRF and the dynamical reaction of accelerated
particles are taken into account, was presented by Morlino et al.
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Fig. 3. Spectra of gamma rays from production and decays of neutral
pions for the proton spectra shown in Fig. 2. The data points show
the results of Fermi-LAT (Giordano et al. 2012; diamonds) and Veritas
(Acciari et al. 2011; circles). The shaded area represents the preliminary
data recently presented by the VERITAS collaboration (Park 2015).

To reflect these requirements, we assumed here that about
half of the shock is expanding in a denser medium with density
n0 = 1.5 cm−3. While a detailed fit to the data would have re-
quired also taking the gamma ray emission into account from the
other half of the remnant, we decided here to avoid such a com-
plication since it is not our purpose to achieve a quantitative fit to
the data. Nevertheless, the question remains of whether limiting
the calculation of the gamma ray emission to half of the rem-
nant may be consistent with observations from Tycho at other
wavelengths. The gamma ray emission from the faster region
of the remnant is expected to have a harder and concave shape
(if no attempt is made to introduce the velocity of the scattering
centres) and a lower normalisation because of the lower gas den-
sity. On the other hand, the CR acceleration efficiency might be
somewhat higher because of the faster shock motion, although
it is unlikely that this efficiency can become higher than ∼20%
because of the various self-regulation processes that take place
during the acceleration process.

Observations in the spatially integrated radio emission seem
to suggest that the electron spectrum in the ∼GeV energy region
is somewhat steeper than E−2 (Kothes et al. 2006). However, the
morphology of the radio emission shows that the slower NE re-
gion of the remnant is about twice as bright as the faster re-
gion, thereby suggesting that even the radio emission could be
dominated by electrons accelerated in the region where neutral
hydrogen is present. This scenario requires that the magnetic
field downstream of the NE region of the shock be amplified
due to hydrodynamical instabilities (e.g. Giacalone & Jokipii
2007). As discussed above, this amplified field would have lit-
tle impact on the maximum energy (if any, Emax would slightly
increase) but would increase the radio emissivity and limit the
inverse Compton contribution to the observed gamma ray emis-
sion). The best way to check the correctness of this ansatz is to
measure the spatially resolved spectrum of the radio emission
and test the possibility that the radio spectrum is steeper in the
NE region. The only attempt to carry out a spatially resolved
spectral analysis from Tycho (Katz-Stone et al. 2000) provided
results that are not conclusive.

4. Conclusions

It was first shown by Blasi et al. (2012) that the presence of neu-
tral hydrogen in the acceleration region of SNRs may strongly
affect the spectrum of accelerated particles. The effect is the
highest for shock velocities <∼4000 km s−1 for which the path
length for CE and ionisation are short enough to allow for the
deposition of energy and momentum back in the downstream
plasma caused by the NRF. For this phenomenon to be effective,
these processes must take place on spatial scales that are smaller
than the diffusion length of accelerated particles upstream. For
typical values of the parameters, this happens for CR energies
<∼1 TeV. If the NRF deposits energy and momentum upstream,
the shock is weakened and the spectrum of accelerated parti-
cles steepens. At high enough energies, the standard spectrum of
DSA is recovered. The non-linear theory of particle acceleration,
where both the NRF and the dynamical reaction of accelerated
particles are taken into account, was presented by Morlino et al.
(2013a).

In this paper we applied this theoretical framework to the
Tycho SNR. We built upon previous claims that some regions
of the Tycho SNR shock may be moving appreciably slower
than the average velocity (Reynoso et al. 1997; Katsuda et al.
2010), and we pointed out that the spectrum of accelerated par-
ticles in such regions may be steeper than the canonical E−2 ex-
pected from DSA. This also reflects in steeper gamma ray spec-
tra, which compare well with data from Fermi-LAT (Giordano
et al. 2012) and Veritas (Acciari et al. 2011).

The existence of spectra of accelerated particles that are
steeper than expected are rather widely accepted now (Caprioli
2011; De Palma et al. 2015) and a generic explanation of such
findings is necessary. Explanations of the steeper spectra range
from morphological considerations (see Berezhko et al. 2013,
for a specific application to the Tycho SNR) to speculations
about the velocity of scattering centres (Caprioli 2012). Since the
presence of neutral hydrogen is quite widespread in the Galaxy,
it seems plausible that the steeper spectra of accelerated parti-
cles may be due to the neutral induced precursor, as discussed
above. This possibility can be tested by using spatially resolved
measurements of the radio spectrum, which may show the exis-
tence of electrons with harder spectra where the shock is faster
(and the NRF is suppressed) and steeper spectra where the shock
is slower. For closer SNRs, where spatially resolved gamma-ray
observations may be possible, a similar test can be performed in
the gamma ray band.
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Fig. 3. Spectra of gamma rays from production and decays of neutral
pions for the proton spectra shown in Fig. 2. The data points show
the results of Fermi-LAT (Giordano et al. 2012; diamonds) and Veritas
(Acciari et al. 2011; circles). The shaded area represents the preliminary
data recently presented by the VERITAS collaboration (Park 2015).

To reflect these requirements, we assumed here that about
half of the shock is expanding in a denser medium with density
n0 = 1.5 cm−3. While a detailed fit to the data would have re-
quired also taking the gamma ray emission into account from the
other half of the remnant, we decided here to avoid such a com-
plication since it is not our purpose to achieve a quantitative fit to
the data. Nevertheless, the question remains of whether limiting
the calculation of the gamma ray emission to half of the rem-
nant may be consistent with observations from Tycho at other
wavelengths. The gamma ray emission from the faster region
of the remnant is expected to have a harder and concave shape
(if no attempt is made to introduce the velocity of the scattering
centres) and a lower normalisation because of the lower gas den-
sity. On the other hand, the CR acceleration efficiency might be
somewhat higher because of the faster shock motion, although
it is unlikely that this efficiency can become higher than ∼20%
because of the various self-regulation processes that take place
during the acceleration process.

Observations in the spatially integrated radio emission seem
to suggest that the electron spectrum in the ∼GeV energy region
is somewhat steeper than E−2 (Kothes et al. 2006). However, the
morphology of the radio emission shows that the slower NE re-
gion of the remnant is about twice as bright as the faster re-
gion, thereby suggesting that even the radio emission could be
dominated by electrons accelerated in the region where neutral
hydrogen is present. This scenario requires that the magnetic
field downstream of the NE region of the shock be amplified
due to hydrodynamical instabilities (e.g. Giacalone & Jokipii
2007). As discussed above, this amplified field would have lit-
tle impact on the maximum energy (if any, Emax would slightly
increase) but would increase the radio emissivity and limit the
inverse Compton contribution to the observed gamma ray emis-
sion). The best way to check the correctness of this ansatz is to
measure the spatially resolved spectrum of the radio emission
and test the possibility that the radio spectrum is steeper in the
NE region. The only attempt to carry out a spatially resolved
spectral analysis from Tycho (Katz-Stone et al. 2000) provided
results that are not conclusive.

4. Conclusions

It was first shown by Blasi et al. (2012) that the presence of neu-
tral hydrogen in the acceleration region of SNRs may strongly
affect the spectrum of accelerated particles. The effect is the
highest for shock velocities <∼4000 km s−1 for which the path
length for CE and ionisation are short enough to allow for the
deposition of energy and momentum back in the downstream
plasma caused by the NRF. For this phenomenon to be effective,
these processes must take place on spatial scales that are smaller
than the diffusion length of accelerated particles upstream. For
typical values of the parameters, this happens for CR energies
<∼1 TeV. If the NRF deposits energy and momentum upstream,
the shock is weakened and the spectrum of accelerated parti-
cles steepens. At high enough energies, the standard spectrum of
DSA is recovered. The non-linear theory of particle acceleration,
where both the NRF and the dynamical reaction of accelerated
particles are taken into account, was presented by Morlino et al.
(2013a).

In this paper we applied this theoretical framework to the
Tycho SNR. We built upon previous claims that some regions
of the Tycho SNR shock may be moving appreciably slower
than the average velocity (Reynoso et al. 1997; Katsuda et al.
2010), and we pointed out that the spectrum of accelerated par-
ticles in such regions may be steeper than the canonical E−2 ex-
pected from DSA. This also reflects in steeper gamma ray spec-
tra, which compare well with data from Fermi-LAT (Giordano
et al. 2012) and Veritas (Acciari et al. 2011).

The existence of spectra of accelerated particles that are
steeper than expected are rather widely accepted now (Caprioli
2011; De Palma et al. 2015) and a generic explanation of such
findings is necessary. Explanations of the steeper spectra range
from morphological considerations (see Berezhko et al. 2013,
for a specific application to the Tycho SNR) to speculations
about the velocity of scattering centres (Caprioli 2012). Since the
presence of neutral hydrogen is quite widespread in the Galaxy,
it seems plausible that the steeper spectra of accelerated parti-
cles may be due to the neutral induced precursor, as discussed
above. This possibility can be tested by using spatially resolved
measurements of the radio spectrum, which may show the exis-
tence of electrons with harder spectra where the shock is faster
(and the NRF is suppressed) and steeper spectra where the shock
is slower. For closer SNRs, where spatially resolved gamma-ray
observations may be possible, a similar test can be performed in
the gamma ray band.
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Fig. 3. Spectra of gamma rays from production and decays of neutral
pions for the proton spectra shown in Fig. 2. The data points show
the results of Fermi-LAT (Giordano et al. 2012; diamonds) and Veritas
(Acciari et al. 2011; circles). The shaded area represents the preliminary
data recently presented by the VERITAS collaboration (Park 2015).

To reflect these requirements, we assumed here that about
half of the shock is expanding in a denser medium with density
n0 = 1.5 cm−3. While a detailed fit to the data would have re-
quired also taking the gamma ray emission into account from the
other half of the remnant, we decided here to avoid such a com-
plication since it is not our purpose to achieve a quantitative fit to
the data. Nevertheless, the question remains of whether limiting
the calculation of the gamma ray emission to half of the rem-
nant may be consistent with observations from Tycho at other
wavelengths. The gamma ray emission from the faster region
of the remnant is expected to have a harder and concave shape
(if no attempt is made to introduce the velocity of the scattering
centres) and a lower normalisation because of the lower gas den-
sity. On the other hand, the CR acceleration efficiency might be
somewhat higher because of the faster shock motion, although
it is unlikely that this efficiency can become higher than ∼20%
because of the various self-regulation processes that take place
during the acceleration process.

Observations in the spatially integrated radio emission seem
to suggest that the electron spectrum in the ∼GeV energy region
is somewhat steeper than E−2 (Kothes et al. 2006). However, the
morphology of the radio emission shows that the slower NE re-
gion of the remnant is about twice as bright as the faster re-
gion, thereby suggesting that even the radio emission could be
dominated by electrons accelerated in the region where neutral
hydrogen is present. This scenario requires that the magnetic
field downstream of the NE region of the shock be amplified
due to hydrodynamical instabilities (e.g. Giacalone & Jokipii
2007). As discussed above, this amplified field would have lit-
tle impact on the maximum energy (if any, Emax would slightly
increase) but would increase the radio emissivity and limit the
inverse Compton contribution to the observed gamma ray emis-
sion). The best way to check the correctness of this ansatz is to
measure the spatially resolved spectrum of the radio emission
and test the possibility that the radio spectrum is steeper in the
NE region. The only attempt to carry out a spatially resolved
spectral analysis from Tycho (Katz-Stone et al. 2000) provided
results that are not conclusive.

4. Conclusions

It was first shown by Blasi et al. (2012) that the presence of neu-
tral hydrogen in the acceleration region of SNRs may strongly
affect the spectrum of accelerated particles. The effect is the
highest for shock velocities <∼4000 km s−1 for which the path
length for CE and ionisation are short enough to allow for the
deposition of energy and momentum back in the downstream
plasma caused by the NRF. For this phenomenon to be effective,
these processes must take place on spatial scales that are smaller
than the diffusion length of accelerated particles upstream. For
typical values of the parameters, this happens for CR energies
<∼1 TeV. If the NRF deposits energy and momentum upstream,
the shock is weakened and the spectrum of accelerated parti-
cles steepens. At high enough energies, the standard spectrum of
DSA is recovered. The non-linear theory of particle acceleration,
where both the NRF and the dynamical reaction of accelerated
particles are taken into account, was presented by Morlino et al.
(2013a).

In this paper we applied this theoretical framework to the
Tycho SNR. We built upon previous claims that some regions
of the Tycho SNR shock may be moving appreciably slower
than the average velocity (Reynoso et al. 1997; Katsuda et al.
2010), and we pointed out that the spectrum of accelerated par-
ticles in such regions may be steeper than the canonical E−2 ex-
pected from DSA. This also reflects in steeper gamma ray spec-
tra, which compare well with data from Fermi-LAT (Giordano
et al. 2012) and Veritas (Acciari et al. 2011).

The existence of spectra of accelerated particles that are
steeper than expected are rather widely accepted now (Caprioli
2011; De Palma et al. 2015) and a generic explanation of such
findings is necessary. Explanations of the steeper spectra range
from morphological considerations (see Berezhko et al. 2013,
for a specific application to the Tycho SNR) to speculations
about the velocity of scattering centres (Caprioli 2012). Since the
presence of neutral hydrogen is quite widespread in the Galaxy,
it seems plausible that the steeper spectra of accelerated parti-
cles may be due to the neutral induced precursor, as discussed
above. This possibility can be tested by using spatially resolved
measurements of the radio spectrum, which may show the exis-
tence of electrons with harder spectra where the shock is faster
(and the NRF is suppressed) and steeper spectra where the shock
is slower. For closer SNRs, where spatially resolved gamma-ray
observations may be possible, a similar test can be performed in
the gamma ray band.
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Fig. 3. Spectra of gamma rays from production and decays of neutral
pions for the proton spectra shown in Fig. 2. The data points show
the results of Fermi-LAT (Giordano et al. 2012; diamonds) and Veritas
(Acciari et al. 2011; circles). The shaded area represents the preliminary
data recently presented by the VERITAS collaboration (Park 2015).

To reflect these requirements, we assumed here that about
half of the shock is expanding in a denser medium with density
n0 = 1.5 cm−3. While a detailed fit to the data would have re-
quired also taking the gamma ray emission into account from the
other half of the remnant, we decided here to avoid such a com-
plication since it is not our purpose to achieve a quantitative fit to
the data. Nevertheless, the question remains of whether limiting
the calculation of the gamma ray emission to half of the rem-
nant may be consistent with observations from Tycho at other
wavelengths. The gamma ray emission from the faster region
of the remnant is expected to have a harder and concave shape
(if no attempt is made to introduce the velocity of the scattering
centres) and a lower normalisation because of the lower gas den-
sity. On the other hand, the CR acceleration efficiency might be
somewhat higher because of the faster shock motion, although
it is unlikely that this efficiency can become higher than ∼20%
because of the various self-regulation processes that take place
during the acceleration process.

Observations in the spatially integrated radio emission seem
to suggest that the electron spectrum in the ∼GeV energy region
is somewhat steeper than E−2 (Kothes et al. 2006). However, the
morphology of the radio emission shows that the slower NE re-
gion of the remnant is about twice as bright as the faster re-
gion, thereby suggesting that even the radio emission could be
dominated by electrons accelerated in the region where neutral
hydrogen is present. This scenario requires that the magnetic
field downstream of the NE region of the shock be amplified
due to hydrodynamical instabilities (e.g. Giacalone & Jokipii
2007). As discussed above, this amplified field would have lit-
tle impact on the maximum energy (if any, Emax would slightly
increase) but would increase the radio emissivity and limit the
inverse Compton contribution to the observed gamma ray emis-
sion). The best way to check the correctness of this ansatz is to
measure the spatially resolved spectrum of the radio emission
and test the possibility that the radio spectrum is steeper in the
NE region. The only attempt to carry out a spatially resolved
spectral analysis from Tycho (Katz-Stone et al. 2000) provided
results that are not conclusive.

4. Conclusions

It was first shown by Blasi et al. (2012) that the presence of neu-
tral hydrogen in the acceleration region of SNRs may strongly
affect the spectrum of accelerated particles. The effect is the
highest for shock velocities <∼4000 km s−1 for which the path
length for CE and ionisation are short enough to allow for the
deposition of energy and momentum back in the downstream
plasma caused by the NRF. For this phenomenon to be effective,
these processes must take place on spatial scales that are smaller
than the diffusion length of accelerated particles upstream. For
typical values of the parameters, this happens for CR energies
<∼1 TeV. If the NRF deposits energy and momentum upstream,
the shock is weakened and the spectrum of accelerated parti-
cles steepens. At high enough energies, the standard spectrum of
DSA is recovered. The non-linear theory of particle acceleration,
where both the NRF and the dynamical reaction of accelerated
particles are taken into account, was presented by Morlino et al.
(2013a).

In this paper we applied this theoretical framework to the
Tycho SNR. We built upon previous claims that some regions
of the Tycho SNR shock may be moving appreciably slower
than the average velocity (Reynoso et al. 1997; Katsuda et al.
2010), and we pointed out that the spectrum of accelerated par-
ticles in such regions may be steeper than the canonical E−2 ex-
pected from DSA. This also reflects in steeper gamma ray spec-
tra, which compare well with data from Fermi-LAT (Giordano
et al. 2012) and Veritas (Acciari et al. 2011).

The existence of spectra of accelerated particles that are
steeper than expected are rather widely accepted now (Caprioli
2011; De Palma et al. 2015) and a generic explanation of such
findings is necessary. Explanations of the steeper spectra range
from morphological considerations (see Berezhko et al. 2013,
for a specific application to the Tycho SNR) to speculations
about the velocity of scattering centres (Caprioli 2012). Since the
presence of neutral hydrogen is quite widespread in the Galaxy,
it seems plausible that the steeper spectra of accelerated parti-
cles may be due to the neutral induced precursor, as discussed
above. This possibility can be tested by using spatially resolved
measurements of the radio spectrum, which may show the exis-
tence of electrons with harder spectra where the shock is faster
(and the NRF is suppressed) and steeper spectra where the shock
is slower. For closer SNRs, where spatially resolved gamma-ray
observations may be possible, a similar test can be performed in
the gamma ray band.
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RED and BLACK regions -> with or without Inverse Compton contribution

Spectral index
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allowed range of spectral slopes from CR propagation studies!

<- too many too few ->

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



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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⇡ 1 PeV �! E�

max

⇡ 100 TeV
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inverse Compton-> suppressed in the multi-TeV domain (Klein-Nishina effect)
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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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The GC ridge as seen 10 years ago
H.E.S.S. Coll. 2006

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

55 h
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Where is the source?

CR spatial distribution
one source 

impulsive injection of CRs
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CR spatial distribution
one source 

impulsive injection of CRs
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D ⇥ t

diffusion length
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Where is the source?

CR spatial distribution many sources 
-> any distribution
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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!

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

H.E.S.S. Coll. 2016

accelerator must be active for:

�t > R2
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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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~10 TeV cutoff -> inconsistency? no…

emission could be unrelated 
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

Q̇p ⇠ 4⇥ 1037
⇣

D
1030cm2/s

⌘
erg/s

1/R profile
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Fermi 
bubbles

the GC activity highly variable 
(Ponti+2013) -> what if the CR 

acceleration efficiency was 
larger in the past?

BH activity, cosmic rays, neutrinos
spe

cul
ati

ons
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CR bursts from GC 
Ptuskin & Khazan (1981) 
see also Fujita+ 2016 

CR in Gal. breeze 
Taylor & Giacinti 2016

IceCube neutrinos

Taylor, SG, Aharonian 2014



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 CR acceleration

SNRs

molecular cloud

γ-rays

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

targets f
or gamma-ray observations due to the enhanced rate of CR 

interactions with the gas
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Another scenario: SNOBs,superbubbles…
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Intro             SNRs             Gal Centre              SNRs?              Conclusions

 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…
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 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
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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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Conclusions

Intro             SNRs             Gal Centre              SNRs?              Conclusions

The SNR hypothesis for the origin of galactic CRs is widely accepted 

   …but it is not proven!    

 tested against Fermi and HESS observations -> OK 

 one crucial question is: where are PeVatrons? 

 the only known proton PeVatron in the MW is the galactic centre! 

 SNOBs/superbubbles are gainign some observational support 

 needs to explore alternative scenarios to the standard SNR hypothesis
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Molecular Clouds:boosting γ-ray emission

shock/MC interaction

W51C 
W44 
IC443

Blandford&Cowie 1982, Aharonian+ 1994, Bykov+ 2000, Uchiyama+ 2010
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Molecular Clouds:boosting γ-ray emission

shock/MC interaction

W51C 
W44 
IC443

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

W28

runaway CRs

Aharonian&Atoyan 1996, SG&Aharonian 2007, SG+ 2009,2010, Nava&SG 2013
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From SNRs to the galactic pool

Ptuskin+ 2013

hard injection spectrum

soft observed spectrum⇡ E�2

⇡ E�2.7
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From SNRs to the galactic pool

Ptuskin+ 2013

hard injection spectrum

soft observed spectrum⇡ E�2

⇡ E�2.7

energy dependent 
escape from the MW

production of stable secondary particles

γ-rays, nuclei (-> B/C), e+, e-, p, …-

FERMI

additional constraints from chemical composition & anisotropy
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weak B-field -> uncooled e- spectrum -> hard leptonic*

RXJ1713

* very low level of thermal X-rays from RXJ1713 -> leptonic? (Ellison+ 2010)

Tycho

strong B-field -> low ICS -> soft hadronic

Young/mid aged SNRs: hadronic or 
leptonic?
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creates a cavity

dense clumps survive (unshocked) both 
the stellar wind and the SNR shock

no thermal X-rays!

clumpy ISM
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Soft/hadronic & hard/leptonic?
Zirakashvili & Aharonian 2010, Fukui+ 2012, Inoue+ 2012, Gabici & Aharonian 2014

stellar wind sweeps the gas and 
creates a cavity

dense clumps survive (unshocked) both 
the stellar wind and the SNR shock

no thermal X-rays!

high energy CRs penetrate

low energy CRs don’t
clumps!

sub-parsec

clumpy ISM

Gabici & Aharonian 2014

old SNRs -> hadronic, young/mid aged -> still open issue



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

Intro             SNRs             Gal Centre              SNRs?              Conclusions



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+...

Intro             SNRs             Gal Centre              SNRs?              Conclusions



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             Gal Centre              SNRs?              Conclusions



SuperNova Remnants & MeV cosmic rays

A&A proofs: manuscript no. w28-AA_v10
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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;
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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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bars are dominated by the uncertainties on the H2 densities (see
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(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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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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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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