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—> Cosmic rays are energetic particles hitting the Earth’s 

atmosphere from outer space. 

—> Most of them (90%) are protons. 

—> Most people believe they are accelerated at supernova 

remnant shocks.



Cosmic ray sources: why is it so difficult?

CR

...magnetic field...

We cannot do CR Astronomy. 

Need for indirect identification of CR sources.

CR source you
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the local interstellar spectrum of CRs is very well measured from 
Earth at high energies, but is modulated at low energyes (< 20 GeV)



Voyager probes

September 5 1977 
the launch of Voyager 1

August 20 1977 launch of the twin probe Voyager 2



Voyager probes crossed the heliopause

~160 AU

~130 AU

~45 years after the launch, the CR detectors onboard still collect data!
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An epic journey

~11 yr Solar cycle

wind termination shock

heliopause

unaffected by 
Solar wind!

Cummings+ 2016



The local interstellar spectrum of CRs
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Electron spectrum in the local ISM

Cummings+ 2016

Voyager 1 e- dominate

p dominate
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Far away cosmic rays
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Gamma-rays from distant cosmic rays

Fermi and Voyager observations 
are complementary



How well we know the 
spatial distribution of 
cosmic rays throughout 

the Galactic disk?



Molecular clouds as cosmic ray probes

Black&Fazio1973

MC see e.g.
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Aharonian&Atoyan1996

if a CR source is present, the MC emits more γ-rays

SNR

MC see e.g.

γ-rays



a MC immersed in the CR sea emits γ-rays

Molecular clouds as cosmic ray probes

Black&Fazio1973

Aharonian&Atoyan1996
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interval of NH…
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Ballistic penetration into clouds

protons

electrons

total

CRs penetrate 
clouds moving along 

straight lines

OK

not OK

is this a realistic scenario?

Most likely not…  
Cosmic ray streaming into a cloud —> plasma instability (streaming 

instability) —> turbulence! —> diffusive transport —> CR intensity is more 
heavily suppressed! 

—> see Minh Phan’s talk tomorrow morning
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Figure 6. Di↵erential ionization rate of both proton and electron CRs (left and right panel, respectively) at di↵erent column densities with the ISM spectra
f0(E) assumed to be that from Voyager and AMS-02 fits. The black curves are the di↵erential ionization rates obtained neglecting propagation and ionization
losses into the cloud.
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Figure 7. Ionization rate derived from Voyager spectra compared to obser-
vational data as a function of the column density. The two-dot-dashed line
and the dotted line correspond to the ionization rates of electrons and pro-
tons, respectively, neglecting the e↵ects of ionization losses. Data points are
from Caselli et al. (1998) (blue filled circles), Williams et al. (1998) (blue
empty triangle), Maret & Bergin (2007) (purple asterisk), and Indriolo &
McCall (2012) (black filled squares are data points while yellow filled in-
verted triangles are upper limits).

penetration of CRs into MCs rely on the assumption of a quite sharp
transition between a diluted and ionized medium, and a dense and
neutral one. A more accurate description should consider a more
gradual transition between these two di↵erent phases of the ISM.
However, we recall that the simple flux-balance argument men-
tioned in Sec. 2 and discussed in great detail in Morlino & Gabici
(2015) would most likely hold also in this scenario. It seems thus
unlikely that a more accurate modeling could result in a prediction
of ionization rates more than one order of magnitude larger than
that presented here (as required to fit data);

(ii) Inhomogeneous distribution of ionizing CRs in the ISM: the
assumption of an uniform distribution of CRs permeating the en-
tire ISM could be incorrect. Fluctuations in the CR intensity are

indeed expected to exist, due for example to the discrete nature of
CR sources (see for example Gabici & Montmerle 2015, and refer-
ences therein). However, gamma-ray observations of MCs suggests
that such fluctuations are not that pronounced for CR protons in the
GeV energy domain (Yang et al. 2014). Thus, fluctuations of dif-
ferent amplitude should be invoked for MeV and GeV particles;

(iii) CR sources inside clouds: the ionizing particles could be ac-
celerated locally by CR accelerators residing inside MCs. Obvious
candidate could be protostars, which might accelerate MeV CRs,
as proposed by Padovani at al. (2015, 2016);

(iv) The return of the CR carrot? The existence of an unseen
component of low energy CRs, called carrot, was proposed a long
time ago by Meneguzzi et al. (1971) in order to enhance the spalla-
tive generation of 7Li, which at that time was problematic. Voy-
ager data strongly constrain such a component, that should become
dominant below particle energies of few MeV (the energy of the
lowest data points from Voyager). Such a low energy component
could also enhance the ionization rate, as recently proposed by
Cummings et al. (2016).

Further investigations are needed in order to test these hypoth-
esis and reach a better understanding of ionization of MCs.
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Figure 6. Di↵erential ionization rate of both proton and electron CRs (left and right panel, respectively) at di↵erent column densities with the ISM spectra
f0(E) assumed to be that from Voyager and AMS-02 fits. The black curves are the di↵erential ionization rates obtained neglecting propagation and ionization
losses into the cloud.
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Figure 7. Ionization rate derived from Voyager spectra compared to obser-
vational data as a function of the column density. The two-dot-dashed line
and the dotted line correspond to the ionization rates of electrons and pro-
tons, respectively, neglecting the e↵ects of ionization losses. Data points are
from Caselli et al. (1998) (blue filled circles), Williams et al. (1998) (blue
empty triangle), Maret & Bergin (2007) (purple asterisk), and Indriolo &
McCall (2012) (black filled squares are data points while yellow filled in-
verted triangles are upper limits).

penetration of CRs into MCs rely on the assumption of a quite sharp
transition between a diluted and ionized medium, and a dense and
neutral one. A more accurate description should consider a more
gradual transition between these two di↵erent phases of the ISM.
However, we recall that the simple flux-balance argument men-
tioned in Sec. 2 and discussed in great detail in Morlino & Gabici
(2015) would most likely hold also in this scenario. It seems thus
unlikely that a more accurate modeling could result in a prediction
of ionization rates more than one order of magnitude larger than
that presented here (as required to fit data);

(ii) Inhomogeneous distribution of ionizing CRs in the ISM: the
assumption of an uniform distribution of CRs permeating the en-
tire ISM could be incorrect. Fluctuations in the CR intensity are

indeed expected to exist, due for example to the discrete nature of
CR sources (see for example Gabici & Montmerle 2015, and refer-
ences therein). However, gamma-ray observations of MCs suggests
that such fluctuations are not that pronounced for CR protons in the
GeV energy domain (Yang et al. 2014). Thus, fluctuations of dif-
ferent amplitude should be invoked for MeV and GeV particles;

(iii) CR sources inside clouds: the ionizing particles could be ac-
celerated locally by CR accelerators residing inside MCs. Obvious
candidate could be protostars, which might accelerate MeV CRs,
as proposed by Padovani at al. (2015, 2016);

(iv) The return of the CR carrot? The existence of an unseen
component of low energy CRs, called carrot, was proposed a long
time ago by Meneguzzi et al. (1971) in order to enhance the spalla-
tive generation of 7Li, which at that time was problematic. Voy-
ager data strongly constrain such a component, that should become
dominant below particle energies of few MeV (the energy of the
lowest data points from Voyager). Such a low energy component
could also enhance the ionization rate, as recently proposed by
Cummings et al. (2016).

Further investigations are needed in order to test these hypoth-
esis and reach a better understanding of ionization of MCs.
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detectors. These PHs are from B1, C1, and C4+C3+C2, which
we refer to here as C432. For each C432 channel applicable to
the species (proton or helium nucleus), a response table
contains limits of B1 channels, limits of C1 channels, and the
highest incident energy that triggers this C432 channel. If the
B1 and C1 PHs of an event fall within the B1 and C1 limits,
respectively, for the C432 channel of a certain element, then
this event is identified as belonging to that element, and its
incident energy lies between the incident energy corresponding
to the next lower C432 channel and that corresponding to C432
of the event.

The construction of the response table proceeds as follows.
For the applicable range of incident energies, energy losses
along a mean trajectory through the telescope are computed
using a range-energy relation. From these energy losses, mean
energy losses in B1 and C1 for C432 energy losses
corresponding to the C432 channel boundaries are located.
Representative samples of flight data are examined to estimate
the spread of B1 and C1 PHs about the mean values. These
estimates are used to compute the limits on B1 and C1 for each
C432 channel for each element.

The effect of nuclear interactions is accounted for in an
approximate way. First, for protons it is assumed that the effect
of interactions is negligible. For He, it is assumed there is an
11% reduction in He intensities due to nuclear interactions and

that correction is accounted for by using different geometry
factors for H as compared to He.

A.3. HET B Stopping Z > 2

The time period for this type of analysis of nuclei uses a
slightly shorter period, 2012/342–2014/365, which is equiva-
lent to the longer period since we have found no evidence of a
radial gradient. This analysis involves three parameters: B1, B2,
and C432 (C4+C3+C2). Matrices are made of each combina-
tion of variables and the energy scale of the PH is determined
for the most abundant charges, and the coordinates of the
consistency line in B1 versus B2 are also determined. A simple
consistency criteria, 1.33 < B1/B2 < 2.20, is then applied. The
resulting charge matrix, C432 versus B1+B2, is essentially
background free, e.g., Li, 7Be, 9Be, F, and P are resolved
visually with no background.
The energy scale for each charge is determined by

comparing the maximum stopping PH channel with the
calculated maximum energy loss, Emax. These scales are
adjusted so that the maximum PH/Emax loss is within 1% for
all major charges. The energy scale is then defined as the
energy that is equal to the energy loss that is calculated for
PH = 0.77, 0.54, 0.333, and 0.166 × the maximum PH for
each charge. In effect, the energy scale for each charge is
divided into four intervals between Emax and the energy
corresponding to a PH = 0.166 × maximum PH.
Correction factors for losses due to nuclear interactions are

calculated and vary from 1.028 to 1.069 for the four energy
intervals of Li to factors of 1.06–1.18 for the four energy
intervals of Fe.

A.4. Electrons

The TET and HET BSe (B stopping electron) modes are
described in Stone et al. (1977). We first discuss the analysis of
data from the TET telescope. TET consists of a set of eight
cylindrical, 3 mm thick, silicon solid-state detectors, and a set of
interleaved absorbers made of a tungsten alloy (Mallory 2000 =
90% W, 5% Cu, and 5% Ni; density = 18 g cm−3). PHs are
captured for the front two detectors, referred to as D1 and D2.
These detectors have both a lower (∼500 keV) and an upper
(∼2.5MeV) threshold. An electron event is identifed as one that
triggers the lower threshold of D1 and D2 in coincidence but not
their upper threshold and also triggers the threshold for D3 and
possibly triggers the thresholds of detectors deeper in the stack.
For the analysis employed here, average counting rates were
gathered over the time period 2012/342–2015/181 for particles
that satisfy in coincidence the threshold requirements for D1, D2,
and D3 (D13); D1, D2, D3, and D4 (D14); D1, D2, D3, D4, and
D5 (D15); and D1, D2, D3, D4, D5, and D6 (D16). Response
functions for each of these “range rates” were determined from a
GEANT4 simulation. These response functions, F(E), in units of
m2 sr are shown in the top panel of Figure 17. Given a trial energy
spectrum incident isotropically on TET, rates for D13, D14, D15,
and D16 can be calculated by integrating the product of the
response function and the energy spectrum over a broad energy
range:

ò=R J E F E dE. 7
E

E

low

high
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These rates can then be compared to observed, background-
corrected rates.

Figure 16. Possible suprathermal tail on interstellar wind distribution that
could account for factor of 12 increase in ionization rate of atomic H. The
portion of the GCR LISM spectrum �3 MeV is from the LBM model.
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detectors. These PHs are from B1, C1, and C4+C3+C2, which
we refer to here as C432. For each C432 channel applicable to
the species (proton or helium nucleus), a response table
contains limits of B1 channels, limits of C1 channels, and the
highest incident energy that triggers this C432 channel. If the
B1 and C1 PHs of an event fall within the B1 and C1 limits,
respectively, for the C432 channel of a certain element, then
this event is identified as belonging to that element, and its
incident energy lies between the incident energy corresponding
to the next lower C432 channel and that corresponding to C432
of the event.

The construction of the response table proceeds as follows.
For the applicable range of incident energies, energy losses
along a mean trajectory through the telescope are computed
using a range-energy relation. From these energy losses, mean
energy losses in B1 and C1 for C432 energy losses
corresponding to the C432 channel boundaries are located.
Representative samples of flight data are examined to estimate
the spread of B1 and C1 PHs about the mean values. These
estimates are used to compute the limits on B1 and C1 for each
C432 channel for each element.

The effect of nuclear interactions is accounted for in an
approximate way. First, for protons it is assumed that the effect
of interactions is negligible. For He, it is assumed there is an
11% reduction in He intensities due to nuclear interactions and

that correction is accounted for by using different geometry
factors for H as compared to He.

A.3. HET B Stopping Z > 2

The time period for this type of analysis of nuclei uses a
slightly shorter period, 2012/342–2014/365, which is equiva-
lent to the longer period since we have found no evidence of a
radial gradient. This analysis involves three parameters: B1, B2,
and C432 (C4+C3+C2). Matrices are made of each combina-
tion of variables and the energy scale of the PH is determined
for the most abundant charges, and the coordinates of the
consistency line in B1 versus B2 are also determined. A simple
consistency criteria, 1.33 < B1/B2 < 2.20, is then applied. The
resulting charge matrix, C432 versus B1+B2, is essentially
background free, e.g., Li, 7Be, 9Be, F, and P are resolved
visually with no background.
The energy scale for each charge is determined by

comparing the maximum stopping PH channel with the
calculated maximum energy loss, Emax. These scales are
adjusted so that the maximum PH/Emax loss is within 1% for
all major charges. The energy scale is then defined as the
energy that is equal to the energy loss that is calculated for
PH = 0.77, 0.54, 0.333, and 0.166 × the maximum PH for
each charge. In effect, the energy scale for each charge is
divided into four intervals between Emax and the energy
corresponding to a PH = 0.166 × maximum PH.
Correction factors for losses due to nuclear interactions are

calculated and vary from 1.028 to 1.069 for the four energy
intervals of Li to factors of 1.06–1.18 for the four energy
intervals of Fe.

A.4. Electrons

The TET and HET BSe (B stopping electron) modes are
described in Stone et al. (1977). We first discuss the analysis of
data from the TET telescope. TET consists of a set of eight
cylindrical, 3 mm thick, silicon solid-state detectors, and a set of
interleaved absorbers made of a tungsten alloy (Mallory 2000 =
90% W, 5% Cu, and 5% Ni; density = 18 g cm−3). PHs are
captured for the front two detectors, referred to as D1 and D2.
These detectors have both a lower (∼500 keV) and an upper
(∼2.5MeV) threshold. An electron event is identifed as one that
triggers the lower threshold of D1 and D2 in coincidence but not
their upper threshold and also triggers the threshold for D3 and
possibly triggers the thresholds of detectors deeper in the stack.
For the analysis employed here, average counting rates were
gathered over the time period 2012/342–2015/181 for particles
that satisfy in coincidence the threshold requirements for D1, D2,
and D3 (D13); D1, D2, D3, and D4 (D14); D1, D2, D3, D4, and
D5 (D15); and D1, D2, D3, D4, D5, and D6 (D16). Response
functions for each of these “range rates” were determined from a
GEANT4 simulation. These response functions, F(E), in units of
m2 sr are shown in the top panel of Figure 17. Given a trial energy
spectrum incident isotropically on TET, rates for D13, D14, D15,
and D16 can be calculated by integrating the product of the
response function and the energy spectrum over a broad energy
range:
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These rates can then be compared to observed, background-
corrected rates.

Figure 16. Possible suprathermal tail on interstellar wind distribution that
could account for factor of 12 increase in ionization rate of atomic H. The
portion of the GCR LISM spectrum �3 MeV is from the LBM model.
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detectors. These PHs are from B1, C1, and C4+C3+C2, which
we refer to here as C432. For each C432 channel applicable to
the species (proton or helium nucleus), a response table
contains limits of B1 channels, limits of C1 channels, and the
highest incident energy that triggers this C432 channel. If the
B1 and C1 PHs of an event fall within the B1 and C1 limits,
respectively, for the C432 channel of a certain element, then
this event is identified as belonging to that element, and its
incident energy lies between the incident energy corresponding
to the next lower C432 channel and that corresponding to C432
of the event.

The construction of the response table proceeds as follows.
For the applicable range of incident energies, energy losses
along a mean trajectory through the telescope are computed
using a range-energy relation. From these energy losses, mean
energy losses in B1 and C1 for C432 energy losses
corresponding to the C432 channel boundaries are located.
Representative samples of flight data are examined to estimate
the spread of B1 and C1 PHs about the mean values. These
estimates are used to compute the limits on B1 and C1 for each
C432 channel for each element.

The effect of nuclear interactions is accounted for in an
approximate way. First, for protons it is assumed that the effect
of interactions is negligible. For He, it is assumed there is an
11% reduction in He intensities due to nuclear interactions and

that correction is accounted for by using different geometry
factors for H as compared to He.

A.3. HET B Stopping Z > 2

The time period for this type of analysis of nuclei uses a
slightly shorter period, 2012/342–2014/365, which is equiva-
lent to the longer period since we have found no evidence of a
radial gradient. This analysis involves three parameters: B1, B2,
and C432 (C4+C3+C2). Matrices are made of each combina-
tion of variables and the energy scale of the PH is determined
for the most abundant charges, and the coordinates of the
consistency line in B1 versus B2 are also determined. A simple
consistency criteria, 1.33 < B1/B2 < 2.20, is then applied. The
resulting charge matrix, C432 versus B1+B2, is essentially
background free, e.g., Li, 7Be, 9Be, F, and P are resolved
visually with no background.
The energy scale for each charge is determined by

comparing the maximum stopping PH channel with the
calculated maximum energy loss, Emax. These scales are
adjusted so that the maximum PH/Emax loss is within 1% for
all major charges. The energy scale is then defined as the
energy that is equal to the energy loss that is calculated for
PH = 0.77, 0.54, 0.333, and 0.166 × the maximum PH for
each charge. In effect, the energy scale for each charge is
divided into four intervals between Emax and the energy
corresponding to a PH = 0.166 × maximum PH.
Correction factors for losses due to nuclear interactions are

calculated and vary from 1.028 to 1.069 for the four energy
intervals of Li to factors of 1.06–1.18 for the four energy
intervals of Fe.

A.4. Electrons

The TET and HET BSe (B stopping electron) modes are
described in Stone et al. (1977). We first discuss the analysis of
data from the TET telescope. TET consists of a set of eight
cylindrical, 3 mm thick, silicon solid-state detectors, and a set of
interleaved absorbers made of a tungsten alloy (Mallory 2000 =
90% W, 5% Cu, and 5% Ni; density = 18 g cm−3). PHs are
captured for the front two detectors, referred to as D1 and D2.
These detectors have both a lower (∼500 keV) and an upper
(∼2.5MeV) threshold. An electron event is identifed as one that
triggers the lower threshold of D1 and D2 in coincidence but not
their upper threshold and also triggers the threshold for D3 and
possibly triggers the thresholds of detectors deeper in the stack.
For the analysis employed here, average counting rates were
gathered over the time period 2012/342–2015/181 for particles
that satisfy in coincidence the threshold requirements for D1, D2,
and D3 (D13); D1, D2, D3, and D4 (D14); D1, D2, D3, D4, and
D5 (D15); and D1, D2, D3, D4, D5, and D6 (D16). Response
functions for each of these “range rates” were determined from a
GEANT4 simulation. These response functions, F(E), in units of
m2 sr are shown in the top panel of Figure 17. Given a trial energy
spectrum incident isotropically on TET, rates for D13, D14, D15,
and D16 can be calculated by integrating the product of the
response function and the energy spectrum over a broad energy
range:
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These rates can then be compared to observed, background-
corrected rates.

Figure 16. Possible suprathermal tail on interstellar wind distribution that
could account for factor of 12 increase in ionization rate of atomic H. The
portion of the GCR LISM spectrum �3 MeV is from the LBM model.
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detectors. These PHs are from B1, C1, and C4+C3+C2, which
we refer to here as C432. For each C432 channel applicable to
the species (proton or helium nucleus), a response table
contains limits of B1 channels, limits of C1 channels, and the
highest incident energy that triggers this C432 channel. If the
B1 and C1 PHs of an event fall within the B1 and C1 limits,
respectively, for the C432 channel of a certain element, then
this event is identified as belonging to that element, and its
incident energy lies between the incident energy corresponding
to the next lower C432 channel and that corresponding to C432
of the event.

The construction of the response table proceeds as follows.
For the applicable range of incident energies, energy losses
along a mean trajectory through the telescope are computed
using a range-energy relation. From these energy losses, mean
energy losses in B1 and C1 for C432 energy losses
corresponding to the C432 channel boundaries are located.
Representative samples of flight data are examined to estimate
the spread of B1 and C1 PHs about the mean values. These
estimates are used to compute the limits on B1 and C1 for each
C432 channel for each element.

The effect of nuclear interactions is accounted for in an
approximate way. First, for protons it is assumed that the effect
of interactions is negligible. For He, it is assumed there is an
11% reduction in He intensities due to nuclear interactions and

that correction is accounted for by using different geometry
factors for H as compared to He.

A.3. HET B Stopping Z > 2

The time period for this type of analysis of nuclei uses a
slightly shorter period, 2012/342–2014/365, which is equiva-
lent to the longer period since we have found no evidence of a
radial gradient. This analysis involves three parameters: B1, B2,
and C432 (C4+C3+C2). Matrices are made of each combina-
tion of variables and the energy scale of the PH is determined
for the most abundant charges, and the coordinates of the
consistency line in B1 versus B2 are also determined. A simple
consistency criteria, 1.33 < B1/B2 < 2.20, is then applied. The
resulting charge matrix, C432 versus B1+B2, is essentially
background free, e.g., Li, 7Be, 9Be, F, and P are resolved
visually with no background.
The energy scale for each charge is determined by

comparing the maximum stopping PH channel with the
calculated maximum energy loss, Emax. These scales are
adjusted so that the maximum PH/Emax loss is within 1% for
all major charges. The energy scale is then defined as the
energy that is equal to the energy loss that is calculated for
PH = 0.77, 0.54, 0.333, and 0.166 × the maximum PH for
each charge. In effect, the energy scale for each charge is
divided into four intervals between Emax and the energy
corresponding to a PH = 0.166 × maximum PH.
Correction factors for losses due to nuclear interactions are

calculated and vary from 1.028 to 1.069 for the four energy
intervals of Li to factors of 1.06–1.18 for the four energy
intervals of Fe.

A.4. Electrons

The TET and HET BSe (B stopping electron) modes are
described in Stone et al. (1977). We first discuss the analysis of
data from the TET telescope. TET consists of a set of eight
cylindrical, 3 mm thick, silicon solid-state detectors, and a set of
interleaved absorbers made of a tungsten alloy (Mallory 2000 =
90% W, 5% Cu, and 5% Ni; density = 18 g cm−3). PHs are
captured for the front two detectors, referred to as D1 and D2.
These detectors have both a lower (∼500 keV) and an upper
(∼2.5MeV) threshold. An electron event is identifed as one that
triggers the lower threshold of D1 and D2 in coincidence but not
their upper threshold and also triggers the threshold for D3 and
possibly triggers the thresholds of detectors deeper in the stack.
For the analysis employed here, average counting rates were
gathered over the time period 2012/342–2015/181 for particles
that satisfy in coincidence the threshold requirements for D1, D2,
and D3 (D13); D1, D2, D3, and D4 (D14); D1, D2, D3, D4, and
D5 (D15); and D1, D2, D3, D4, D5, and D6 (D16). Response
functions for each of these “range rates” were determined from a
GEANT4 simulation. These response functions, F(E), in units of
m2 sr are shown in the top panel of Figure 17. Given a trial energy
spectrum incident isotropically on TET, rates for D13, D14, D15,
and D16 can be calculated by integrating the product of the
response function and the energy spectrum over a broad energy
range:
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These rates can then be compared to observed, background-
corrected rates.

Figure 16. Possible suprathermal tail on interstellar wind distribution that
could account for factor of 12 increase in ionization rate of atomic H. The
portion of the GCR LISM spectrum �3 MeV is from the LBM model.
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detectors. These PHs are from B1, C1, and C4+C3+C2, which
we refer to here as C432. For each C432 channel applicable to
the species (proton or helium nucleus), a response table
contains limits of B1 channels, limits of C1 channels, and the
highest incident energy that triggers this C432 channel. If the
B1 and C1 PHs of an event fall within the B1 and C1 limits,
respectively, for the C432 channel of a certain element, then
this event is identified as belonging to that element, and its
incident energy lies between the incident energy corresponding
to the next lower C432 channel and that corresponding to C432
of the event.

The construction of the response table proceeds as follows.
For the applicable range of incident energies, energy losses
along a mean trajectory through the telescope are computed
using a range-energy relation. From these energy losses, mean
energy losses in B1 and C1 for C432 energy losses
corresponding to the C432 channel boundaries are located.
Representative samples of flight data are examined to estimate
the spread of B1 and C1 PHs about the mean values. These
estimates are used to compute the limits on B1 and C1 for each
C432 channel for each element.

The effect of nuclear interactions is accounted for in an
approximate way. First, for protons it is assumed that the effect
of interactions is negligible. For He, it is assumed there is an
11% reduction in He intensities due to nuclear interactions and

that correction is accounted for by using different geometry
factors for H as compared to He.

A.3. HET B Stopping Z > 2

The time period for this type of analysis of nuclei uses a
slightly shorter period, 2012/342–2014/365, which is equiva-
lent to the longer period since we have found no evidence of a
radial gradient. This analysis involves three parameters: B1, B2,
and C432 (C4+C3+C2). Matrices are made of each combina-
tion of variables and the energy scale of the PH is determined
for the most abundant charges, and the coordinates of the
consistency line in B1 versus B2 are also determined. A simple
consistency criteria, 1.33 < B1/B2 < 2.20, is then applied. The
resulting charge matrix, C432 versus B1+B2, is essentially
background free, e.g., Li, 7Be, 9Be, F, and P are resolved
visually with no background.
The energy scale for each charge is determined by

comparing the maximum stopping PH channel with the
calculated maximum energy loss, Emax. These scales are
adjusted so that the maximum PH/Emax loss is within 1% for
all major charges. The energy scale is then defined as the
energy that is equal to the energy loss that is calculated for
PH = 0.77, 0.54, 0.333, and 0.166 × the maximum PH for
each charge. In effect, the energy scale for each charge is
divided into four intervals between Emax and the energy
corresponding to a PH = 0.166 × maximum PH.
Correction factors for losses due to nuclear interactions are

calculated and vary from 1.028 to 1.069 for the four energy
intervals of Li to factors of 1.06–1.18 for the four energy
intervals of Fe.

A.4. Electrons

The TET and HET BSe (B stopping electron) modes are
described in Stone et al. (1977). We first discuss the analysis of
data from the TET telescope. TET consists of a set of eight
cylindrical, 3 mm thick, silicon solid-state detectors, and a set of
interleaved absorbers made of a tungsten alloy (Mallory 2000 =
90% W, 5% Cu, and 5% Ni; density = 18 g cm−3). PHs are
captured for the front two detectors, referred to as D1 and D2.
These detectors have both a lower (∼500 keV) and an upper
(∼2.5MeV) threshold. An electron event is identifed as one that
triggers the lower threshold of D1 and D2 in coincidence but not
their upper threshold and also triggers the threshold for D3 and
possibly triggers the thresholds of detectors deeper in the stack.
For the analysis employed here, average counting rates were
gathered over the time period 2012/342–2015/181 for particles
that satisfy in coincidence the threshold requirements for D1, D2,
and D3 (D13); D1, D2, D3, and D4 (D14); D1, D2, D3, D4, and
D5 (D15); and D1, D2, D3, D4, D5, and D6 (D16). Response
functions for each of these “range rates” were determined from a
GEANT4 simulation. These response functions, F(E), in units of
m2 sr are shown in the top panel of Figure 17. Given a trial energy
spectrum incident isotropically on TET, rates for D13, D14, D15,
and D16 can be calculated by integrating the product of the
response function and the energy spectrum over a broad energy
range:
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These rates can then be compared to observed, background-
corrected rates.

Figure 16. Possible suprathermal tail on interstellar wind distribution that
could account for factor of 12 increase in ionization rate of atomic H. The
portion of the GCR LISM spectrum �3 MeV is from the LBM model.
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Possible solutions
a CR carrot?

detectors. These PHs are from B1, C1, and C4+C3+C2, which
we refer to here as C432. For each C432 channel applicable to
the species (proton or helium nucleus), a response table
contains limits of B1 channels, limits of C1 channels, and the
highest incident energy that triggers this C432 channel. If the
B1 and C1 PHs of an event fall within the B1 and C1 limits,
respectively, for the C432 channel of a certain element, then
this event is identified as belonging to that element, and its
incident energy lies between the incident energy corresponding
to the next lower C432 channel and that corresponding to C432
of the event.

The construction of the response table proceeds as follows.
For the applicable range of incident energies, energy losses
along a mean trajectory through the telescope are computed
using a range-energy relation. From these energy losses, mean
energy losses in B1 and C1 for C432 energy losses
corresponding to the C432 channel boundaries are located.
Representative samples of flight data are examined to estimate
the spread of B1 and C1 PHs about the mean values. These
estimates are used to compute the limits on B1 and C1 for each
C432 channel for each element.

The effect of nuclear interactions is accounted for in an
approximate way. First, for protons it is assumed that the effect
of interactions is negligible. For He, it is assumed there is an
11% reduction in He intensities due to nuclear interactions and

that correction is accounted for by using different geometry
factors for H as compared to He.

A.3. HET B Stopping Z > 2

The time period for this type of analysis of nuclei uses a
slightly shorter period, 2012/342–2014/365, which is equiva-
lent to the longer period since we have found no evidence of a
radial gradient. This analysis involves three parameters: B1, B2,
and C432 (C4+C3+C2). Matrices are made of each combina-
tion of variables and the energy scale of the PH is determined
for the most abundant charges, and the coordinates of the
consistency line in B1 versus B2 are also determined. A simple
consistency criteria, 1.33 < B1/B2 < 2.20, is then applied. The
resulting charge matrix, C432 versus B1+B2, is essentially
background free, e.g., Li, 7Be, 9Be, F, and P are resolved
visually with no background.
The energy scale for each charge is determined by

comparing the maximum stopping PH channel with the
calculated maximum energy loss, Emax. These scales are
adjusted so that the maximum PH/Emax loss is within 1% for
all major charges. The energy scale is then defined as the
energy that is equal to the energy loss that is calculated for
PH = 0.77, 0.54, 0.333, and 0.166 × the maximum PH for
each charge. In effect, the energy scale for each charge is
divided into four intervals between Emax and the energy
corresponding to a PH = 0.166 × maximum PH.
Correction factors for losses due to nuclear interactions are

calculated and vary from 1.028 to 1.069 for the four energy
intervals of Li to factors of 1.06–1.18 for the four energy
intervals of Fe.

A.4. Electrons

The TET and HET BSe (B stopping electron) modes are
described in Stone et al. (1977). We first discuss the analysis of
data from the TET telescope. TET consists of a set of eight
cylindrical, 3 mm thick, silicon solid-state detectors, and a set of
interleaved absorbers made of a tungsten alloy (Mallory 2000 =
90% W, 5% Cu, and 5% Ni; density = 18 g cm−3). PHs are
captured for the front two detectors, referred to as D1 and D2.
These detectors have both a lower (∼500 keV) and an upper
(∼2.5MeV) threshold. An electron event is identifed as one that
triggers the lower threshold of D1 and D2 in coincidence but not
their upper threshold and also triggers the threshold for D3 and
possibly triggers the thresholds of detectors deeper in the stack.
For the analysis employed here, average counting rates were
gathered over the time period 2012/342–2015/181 for particles
that satisfy in coincidence the threshold requirements for D1, D2,
and D3 (D13); D1, D2, D3, and D4 (D14); D1, D2, D3, D4, and
D5 (D15); and D1, D2, D3, D4, D5, and D6 (D16). Response
functions for each of these “range rates” were determined from a
GEANT4 simulation. These response functions, F(E), in units of
m2 sr are shown in the top panel of Figure 17. Given a trial energy
spectrum incident isotropically on TET, rates for D13, D14, D15,
and D16 can be calculated by integrating the product of the
response function and the energy spectrum over a broad energy
range:
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These rates can then be compared to observed, background-
corrected rates.

Figure 16. Possible suprathermal tail on interstellar wind distribution that
could account for factor of 12 increase in ionization rate of atomic H. The
portion of the GCR LISM spectrum �3 MeV is from the LBM model.
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enhancement of ionisation 
rate? Stay tuned! (Phan+ 
submitted —> HIS TALK 

TOMORROW!)



Open questions on low energy CRs
We do not understand the origin of the ionisation rates measured in clouds.  

Several questions need then to be answered. 

What induces the large ionisation rates observed in clouds? 

Are the spectra of low energy CRs measured in the local ISM representative of 

the entire Galaxy? Or, what is the spatial distribution of low energy CRs 

throughout the Galactic disk? 

Why are diffuse atomic and molecular clouds, despite their different column 

density, characterised by the same ionisation rate?  

Why is the ionisation rate so large in the Galactic centre region?  

What are the sites of acceleration of the low energy CRs responsible for the 

ionisation of clouds? —> turbulent reaccelerating in clouds? (Gaches+) 

Does the observed intensity of LECRs in the local ISM reflects the fact that we 

live in a special place in the Galaxy? —> Local Bubble? (Silsbee & Ivlev 2019)



The future (I): JWST
<latexit sha1_base64="I6XFI+178eMxBtz6mfMQhSJRo6g=">AAACJnicbVDLSsNAFJ3UV62vqEs3g0UQiiUpRd0IxW66rGIf0KRhMp22QycPZiZKCfkaN/6KGxcVEXd+itM0C209MHA451zu3OOGjAppGF9abm19Y3Mrv13Y2d3bP9APj9oiiDgmLRywgHddJAijPmlJKhnphpwgz2Wk407qc7/zSLiggf8gpyGxPTTy6ZBiJJXk6DexxT1Yv09gCaa0kTgVaHE6GkvEefAEVwP9koqUIOlfOHrRKBsp4CoxM1IEGZqOPrMGAY484kvMkBA90wilHSMuKWYkKViRICHCEzQiPUV95BFhx+mZCTxTygAOA66eL2Gq/p6IkSfE1HNV0kNyLJa9ufif14vk8NqOqR9Gkvh4sWgYMSgDOO8MDignWLKpIghzqv4K8RhxhKVqtqBKMJdPXiXtStm8LFfvqsXabVZHHpyAU3AOTHAFaqABmqAFMHgGr2AG3rUX7U370D4X0ZyWzRyDP9C+fwDJZ6Ld</latexit>

CR+H2 ! CR+H
+
2 + e�

<latexit sha1_base64="eqXjiwQkMMzz6YXzxCpPT43tiQk="></latexit>

e� +H2 ! rovibrational line emission (IR)



The future (I): JWST
<latexit sha1_base64="I6XFI+178eMxBtz6mfMQhSJRo6g=">AAACJnicbVDLSsNAFJ3UV62vqEs3g0UQiiUpRd0IxW66rGIf0KRhMp22QycPZiZKCfkaN/6KGxcVEXd+itM0C209MHA451zu3OOGjAppGF9abm19Y3Mrv13Y2d3bP9APj9oiiDgmLRywgHddJAijPmlJKhnphpwgz2Wk407qc7/zSLiggf8gpyGxPTTy6ZBiJJXk6DexxT1Yv09gCaa0kTgVaHE6GkvEefAEVwP9koqUIOlfOHrRKBsp4CoxM1IEGZqOPrMGAY484kvMkBA90wilHSMuKWYkKViRICHCEzQiPUV95BFhx+mZCTxTygAOA66eL2Gq/p6IkSfE1HNV0kNyLJa9ufif14vk8NqOqR9Gkvh4sWgYMSgDOO8MDignWLKpIghzqv4K8RhxhKVqtqBKMJdPXiXtStm8LFfvqsXabVZHHpyAU3AOTHAFaqABmqAFMHgGr2AG3rUX7U370D4X0ZyWzRyDP9C+fwDJZ6Ld</latexit>

CR+H2 ! CR+H
+
2 + e�

<latexit sha1_base64="eqXjiwQkMMzz6YXzxCpPT43tiQk="></latexit>

e� +H2 ! rovibrational line emission (IR)

NO CHEMISTRY!!!



The future (I): JWST
<latexit sha1_base64="I6XFI+178eMxBtz6mfMQhSJRo6g=">AAACJnicbVDLSsNAFJ3UV62vqEs3g0UQiiUpRd0IxW66rGIf0KRhMp22QycPZiZKCfkaN/6KGxcVEXd+itM0C209MHA451zu3OOGjAppGF9abm19Y3Mrv13Y2d3bP9APj9oiiDgmLRywgHddJAijPmlJKhnphpwgz2Wk407qc7/zSLiggf8gpyGxPTTy6ZBiJJXk6DexxT1Yv09gCaa0kTgVaHE6GkvEefAEVwP9koqUIOlfOHrRKBsp4CoxM1IEGZqOPrMGAY484kvMkBA90wilHSMuKWYkKViRICHCEzQiPUV95BFhx+mZCTxTygAOA66eL2Gq/p6IkSfE1HNV0kNyLJa9ufif14vk8NqOqR9Gkvh4sWgYMSgDOO8MDignWLKpIghzqv4K8RhxhKVqtqBKMJdPXiXtStm8LFfvqsXabVZHHpyAU3AOTHAFaqABmqAFMHgGr2AG3rUX7U370D4X0ZyWzRyDP9C+fwDJZ6Ld</latexit>

CR+H2 ! CR+H
+
2 + e�

<latexit sha1_base64="eqXjiwQkMMzz6YXzxCpPT43tiQk="></latexit>

e� +H2 ! rovibrational line emission (IR)

NO CHEMISTRY!!!

detectable by 
JWST

Padovani+ 2021



The future (II): Athena
cold gas irradiated by CRs 
—> Fe Kα line @6.4 keV

—> we need Athena

<— tentative evidence from a number of SNRs 

(Nobukawa+ 2018)



The future (III): MeV astronomy

de Angelis+ 2018

De-excitation nuclear gamma-ray line emission (Ramaty+)



The future (IV): SKA
Synchrotron radiation from low energy electrons

Padovani & Galli 2018



Merci!
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Figure 6. Di↵erential ionization rate of both proton and electron CRs (left and right panel, respectively) at di↵erent column densities with the ISM spectra
f0(E) assumed to be that from Voyager and AMS-02 fits. The black curves are the di↵erential ionization rates obtained neglecting propagation and ionization
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Figure 7. Ionization rate derived from Voyager spectra compared to obser-
vational data as a function of the column density. The two-dot-dashed line
and the dotted line correspond to the ionization rates of electrons and pro-
tons, respectively, neglecting the e↵ects of ionization losses. Data points are
from Caselli et al. (1998) (blue filled circles), Williams et al. (1998) (blue
empty triangle), Maret & Bergin (2007) (purple asterisk), and Indriolo &
McCall (2012) (black filled squares are data points while yellow filled in-
verted triangles are upper limits).

penetration of CRs into MCs rely on the assumption of a quite sharp
transition between a diluted and ionized medium, and a dense and
neutral one. A more accurate description should consider a more
gradual transition between these two di↵erent phases of the ISM.
However, we recall that the simple flux-balance argument men-
tioned in Sec. 2 and discussed in great detail in Morlino & Gabici
(2015) would most likely hold also in this scenario. It seems thus
unlikely that a more accurate modeling could result in a prediction
of ionization rates more than one order of magnitude larger than
that presented here (as required to fit data);

(ii) Inhomogeneous distribution of ionizing CRs in the ISM: the
assumption of an uniform distribution of CRs permeating the en-
tire ISM could be incorrect. Fluctuations in the CR intensity are

indeed expected to exist, due for example to the discrete nature of
CR sources (see for example Gabici & Montmerle 2015, and refer-
ences therein). However, gamma-ray observations of MCs suggests
that such fluctuations are not that pronounced for CR protons in the
GeV energy domain (Yang et al. 2014). Thus, fluctuations of dif-
ferent amplitude should be invoked for MeV and GeV particles;

(iii) CR sources inside clouds: the ionizing particles could be ac-
celerated locally by CR accelerators residing inside MCs. Obvious
candidate could be protostars, which might accelerate MeV CRs,
as proposed by Padovani at al. (2015, 2016);

(iv) The return of the CR carrot? The existence of an unseen
component of low energy CRs, called carrot, was proposed a long
time ago by Meneguzzi et al. (1971) in order to enhance the spalla-
tive generation of 7Li, which at that time was problematic. Voy-
ager data strongly constrain such a component, that should become
dominant below particle energies of few MeV (the energy of the
lowest data points from Voyager). Such a low energy component
could also enhance the ionization rate, as recently proposed by
Cummings et al. (2016).

Further investigations are needed in order to test these hypoth-
esis and reach a better understanding of ionization of MCs.
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medium, time dependence induced by turbulence?) —> the flux balance 
argument seems quite solid…
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(see Cesarsky 1975 for a 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molecular clouds? 
(turbulence —> Dogiel+, 
protostars —> Padovani+)

detectors. These PHs are from B1, C1, and C4+C3+C2, which
we refer to here as C432. For each C432 channel applicable to
the species (proton or helium nucleus), a response table
contains limits of B1 channels, limits of C1 channels, and the
highest incident energy that triggers this C432 channel. If the
B1 and C1 PHs of an event fall within the B1 and C1 limits,
respectively, for the C432 channel of a certain element, then
this event is identified as belonging to that element, and its
incident energy lies between the incident energy corresponding
to the next lower C432 channel and that corresponding to C432
of the event.

The construction of the response table proceeds as follows.
For the applicable range of incident energies, energy losses
along a mean trajectory through the telescope are computed
using a range-energy relation. From these energy losses, mean
energy losses in B1 and C1 for C432 energy losses
corresponding to the C432 channel boundaries are located.
Representative samples of flight data are examined to estimate
the spread of B1 and C1 PHs about the mean values. These
estimates are used to compute the limits on B1 and C1 for each
C432 channel for each element.

The effect of nuclear interactions is accounted for in an
approximate way. First, for protons it is assumed that the effect
of interactions is negligible. For He, it is assumed there is an
11% reduction in He intensities due to nuclear interactions and

that correction is accounted for by using different geometry
factors for H as compared to He.

A.3. HET B Stopping Z > 2

The time period for this type of analysis of nuclei uses a
slightly shorter period, 2012/342–2014/365, which is equiva-
lent to the longer period since we have found no evidence of a
radial gradient. This analysis involves three parameters: B1, B2,
and C432 (C4+C3+C2). Matrices are made of each combina-
tion of variables and the energy scale of the PH is determined
for the most abundant charges, and the coordinates of the
consistency line in B1 versus B2 are also determined. A simple
consistency criteria, 1.33 < B1/B2 < 2.20, is then applied. The
resulting charge matrix, C432 versus B1+B2, is essentially
background free, e.g., Li, 7Be, 9Be, F, and P are resolved
visually with no background.
The energy scale for each charge is determined by

comparing the maximum stopping PH channel with the
calculated maximum energy loss, Emax. These scales are
adjusted so that the maximum PH/Emax loss is within 1% for
all major charges. The energy scale is then defined as the
energy that is equal to the energy loss that is calculated for
PH = 0.77, 0.54, 0.333, and 0.166 × the maximum PH for
each charge. In effect, the energy scale for each charge is
divided into four intervals between Emax and the energy
corresponding to a PH = 0.166 × maximum PH.
Correction factors for losses due to nuclear interactions are

calculated and vary from 1.028 to 1.069 for the four energy
intervals of Li to factors of 1.06–1.18 for the four energy
intervals of Fe.

A.4. Electrons

The TET and HET BSe (B stopping electron) modes are
described in Stone et al. (1977). We first discuss the analysis of
data from the TET telescope. TET consists of a set of eight
cylindrical, 3 mm thick, silicon solid-state detectors, and a set of
interleaved absorbers made of a tungsten alloy (Mallory 2000 =
90% W, 5% Cu, and 5% Ni; density = 18 g cm−3). PHs are
captured for the front two detectors, referred to as D1 and D2.
These detectors have both a lower (∼500 keV) and an upper
(∼2.5MeV) threshold. An electron event is identifed as one that
triggers the lower threshold of D1 and D2 in coincidence but not
their upper threshold and also triggers the threshold for D3 and
possibly triggers the thresholds of detectors deeper in the stack.
For the analysis employed here, average counting rates were
gathered over the time period 2012/342–2015/181 for particles
that satisfy in coincidence the threshold requirements for D1, D2,
and D3 (D13); D1, D2, D3, and D4 (D14); D1, D2, D3, D4, and
D5 (D15); and D1, D2, D3, D4, D5, and D6 (D16). Response
functions for each of these “range rates” were determined from a
GEANT4 simulation. These response functions, F(E), in units of
m2 sr are shown in the top panel of Figure 17. Given a trial energy
spectrum incident isotropically on TET, rates for D13, D14, D15,
and D16 can be calculated by integrating the product of the
response function and the energy spectrum over a broad energy
range:
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These rates can then be compared to observed, background-
corrected rates.

Figure 16. Possible suprathermal tail on interstellar wind distribution that
could account for factor of 12 increase in ionization rate of atomic H. The
portion of the GCR LISM spectrum �3 MeV is from the LBM model.
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More refined model? (better description of transition from hot to neutral 
medium, time dependence induced by turbulence?) —> the flux balance 
argument seems quite solid…
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Hidden (very low energy)  
component in the CR spectrum?

detectors. These PHs are from B1, C1, and C4+C3+C2, which
we refer to here as C432. For each C432 channel applicable to
the species (proton or helium nucleus), a response table
contains limits of B1 channels, limits of C1 channels, and the
highest incident energy that triggers this C432 channel. If the
B1 and C1 PHs of an event fall within the B1 and C1 limits,
respectively, for the C432 channel of a certain element, then
this event is identified as belonging to that element, and its
incident energy lies between the incident energy corresponding
to the next lower C432 channel and that corresponding to C432
of the event.

The construction of the response table proceeds as follows.
For the applicable range of incident energies, energy losses
along a mean trajectory through the telescope are computed
using a range-energy relation. From these energy losses, mean
energy losses in B1 and C1 for C432 energy losses
corresponding to the C432 channel boundaries are located.
Representative samples of flight data are examined to estimate
the spread of B1 and C1 PHs about the mean values. These
estimates are used to compute the limits on B1 and C1 for each
C432 channel for each element.

The effect of nuclear interactions is accounted for in an
approximate way. First, for protons it is assumed that the effect
of interactions is negligible. For He, it is assumed there is an
11% reduction in He intensities due to nuclear interactions and

that correction is accounted for by using different geometry
factors for H as compared to He.

A.3. HET B Stopping Z > 2

The time period for this type of analysis of nuclei uses a
slightly shorter period, 2012/342–2014/365, which is equiva-
lent to the longer period since we have found no evidence of a
radial gradient. This analysis involves three parameters: B1, B2,
and C432 (C4+C3+C2). Matrices are made of each combina-
tion of variables and the energy scale of the PH is determined
for the most abundant charges, and the coordinates of the
consistency line in B1 versus B2 are also determined. A simple
consistency criteria, 1.33 < B1/B2 < 2.20, is then applied. The
resulting charge matrix, C432 versus B1+B2, is essentially
background free, e.g., Li, 7Be, 9Be, F, and P are resolved
visually with no background.
The energy scale for each charge is determined by

comparing the maximum stopping PH channel with the
calculated maximum energy loss, Emax. These scales are
adjusted so that the maximum PH/Emax loss is within 1% for
all major charges. The energy scale is then defined as the
energy that is equal to the energy loss that is calculated for
PH = 0.77, 0.54, 0.333, and 0.166 × the maximum PH for
each charge. In effect, the energy scale for each charge is
divided into four intervals between Emax and the energy
corresponding to a PH = 0.166 × maximum PH.
Correction factors for losses due to nuclear interactions are

calculated and vary from 1.028 to 1.069 for the four energy
intervals of Li to factors of 1.06–1.18 for the four energy
intervals of Fe.

A.4. Electrons

The TET and HET BSe (B stopping electron) modes are
described in Stone et al. (1977). We first discuss the analysis of
data from the TET telescope. TET consists of a set of eight
cylindrical, 3 mm thick, silicon solid-state detectors, and a set of
interleaved absorbers made of a tungsten alloy (Mallory 2000 =
90% W, 5% Cu, and 5% Ni; density = 18 g cm−3). PHs are
captured for the front two detectors, referred to as D1 and D2.
These detectors have both a lower (∼500 keV) and an upper
(∼2.5MeV) threshold. An electron event is identifed as one that
triggers the lower threshold of D1 and D2 in coincidence but not
their upper threshold and also triggers the threshold for D3 and
possibly triggers the thresholds of detectors deeper in the stack.
For the analysis employed here, average counting rates were
gathered over the time period 2012/342–2015/181 for particles
that satisfy in coincidence the threshold requirements for D1, D2,
and D3 (D13); D1, D2, D3, and D4 (D14); D1, D2, D3, D4, and
D5 (D15); and D1, D2, D3, D4, D5, and D6 (D16). Response
functions for each of these “range rates” were determined from a
GEANT4 simulation. These response functions, F(E), in units of
m2 sr are shown in the top panel of Figure 17. Given a trial energy
spectrum incident isotropically on TET, rates for D13, D14, D15,
and D16 can be calculated by integrating the product of the
response function and the energy spectrum over a broad energy
range:

ò=R J E F E dE. 7
E

E

low

high

( ) ( ) ( )

These rates can then be compared to observed, background-
corrected rates.

Figure 16. Possible suprathermal tail on interstellar wind distribution that
could account for factor of 12 increase in ionization rate of atomic H. The
portion of the GCR LISM spectrum �3 MeV is from the LBM model.
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A cosmic ray carrot?
Cosmic ray carrot 3

Figure 1. Power needed in CR protons and electrons in order
to keep a carrot at a given energy in the whole Galactic disk,
able to predict (without taking into account the CR penetration
in MCs) an ionization rate of 4 ⇥ 10�16 s�1, as compared with the
power needed to sustain the observed CR Galactic population
(black, solid line) and the observed CR electron spectrum (black,
dashed line), respectively. The line marked as C-2016 is the power
required in CR protons in order to keep the suprathermal tail
invoked in Cummings et al. (2016) in the whole Galactic disk .

Figure 2. Power in CR electrons and protons in order to keep
a carrot at a given energy within a cloud (nc = 100 cm�3, radius
Rc ⇠ 10 pc), able to predict an ionization rate of 4⇥10�16 s�1. This
is compared with the maximum power that a cloud can provide
(black, solid line), given by Pc = Egrav/⌧li f e (⌧li f e ⇠ 107 yr,

Egrav =
3
5
GM2

c
Rc

).

electron and proton energies in the range 1 KeV�1 MeV. We
compare it with the total power (see e.g Strong et al. 2010)
injected by sources in the observed CR spectrum (⇡ 1041

erg/s) and electron spectrum (⇡ 1039 erg/s). We also show
an estimate of the total power in CR protons needed to keep
in the whole Galactic disk the suprathermal tail invoked in
Cummings et al. (2016) as

PC�2016 =
π 1MeV

1KeV

4⇡J(E)E
vp(E)

Vdisk

⌧loss,p(E) dE ⇡ 2⇥1042
erg/s, (7)

where J(E) is the CR proton flux of the suprathermal tail
(see Fig. 16 of Cummings et al. 2016).

Remarkably, the plot in Fig. 1 illustrates that, due to
the short lifetime of low energy CRs in the ISM (see Eq. 5),
a CR carrot (or the suprathermal tail of Cummings et al.
2016) would require a power injection comparable or even
larger than that already needed in order to account for the
whole observed CR spectrum (⇡ 1041 erg/s). The situation
is especially dramatic dramatic for electrons, given that the
observed CR power for them is ⇡ 1039 erg/s.

Note that 1041 erg/s roughly corresponds to 10% of the
total power of galactic supernova explosions. Since super-
nova remnants are considered the major source of Galactic
CRs (see e.g Blasi 2013), our result implies that the exis-
tence of a CR carrot would require either an unreasonably
large (in some cases even larger than 100 %) CR accelera-
tion e�ciency for known CR sources, either the existence of
another, much more powerful (and thus implausible), class
of sources.

Notice that this result is not expected to change with
di↵erent assumptions on the spectral shape of the low energy
component. In fact, the required power injection is minimum
for a proton (electron) carrot at 1 MeV(1 keV), as shown in
Fig. 1. Any choice of a broader spectrum in the range 1keV-
1MeV, able to predict the same ionization level in MCs, will
inevitably imply a larger power injection.

Moreover, this estimated power is a very conservative
lower limit. In fact here we assumed that the unknown CR
component is uniformly distributed in the whole Galactic
disk and inside clouds. However, CRs have to penetrate the
cloud. As illustrated by Phan et al. (2018), taking into ac-
count this e↵ect leads to a lower predicted level of ionization.
This can be easily seen if, for instance, we consider the aver-
age distance travelled by CR electrons and protons inside a
cloud before losing all their energy due to ionization losses,
that we estimate as:

Lloss(E) = v(E)⌧loss(E, nc), (8)

where

⌧loss,p(E, nc) ⇡
8>><
>>:

500
nc

yr for E in 1 keV-0.1 MeV

1.1 ⇥ 104 E4/3
MeV
nc

yr for E in 0.1-1 MeV

(9)

⌧loss,e(E, nc) ⇡ 105 EMeV

nc
yr for E in 1 keV-1 MeV

are approximate expressions for the CR ionization loss time
(Padovani et al. 2009; Phan et al. 2018) for CR electrons
and protons in a cloud of H2 density given by nc .

In Fig. 3 we compare this typical distance for CR elec-
trons and protons of energy in the range 1 KeV�1 MeV inside
a cloud of nc = 100 cm�3, with a typical cloud size Lc = 10
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power needed to sustain the observed CR Galactic population
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required in CR protons in order to keep the suprathermal tail
invoked in Cummings et al. (2016) in the whole Galactic disk .
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compare it with the total power (see e.g Strong et al. 2010)
injected by sources in the observed CR spectrum (⇡ 1041
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an estimate of the total power in CR protons needed to keep
in the whole Galactic disk the suprathermal tail invoked in
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where J(E) is the CR proton flux of the suprathermal tail
(see Fig. 16 of Cummings et al. 2016).

Remarkably, the plot in Fig. 1 illustrates that, due to
the short lifetime of low energy CRs in the ISM (see Eq. 5),
a CR carrot (or the suprathermal tail of Cummings et al.
2016) would require a power injection comparable or even
larger than that already needed in order to account for the
whole observed CR spectrum (⇡ 1041 erg/s). The situation
is especially dramatic dramatic for electrons, given that the
observed CR power for them is ⇡ 1039 erg/s.

Note that 1041 erg/s roughly corresponds to 10% of the
total power of galactic supernova explosions. Since super-
nova remnants are considered the major source of Galactic
CRs (see e.g Blasi 2013), our result implies that the exis-
tence of a CR carrot would require either an unreasonably
large (in some cases even larger than 100 %) CR accelera-
tion e�ciency for known CR sources, either the existence of
another, much more powerful (and thus implausible), class
of sources.

Notice that this result is not expected to change with
di↵erent assumptions on the spectral shape of the low energy
component. In fact, the required power injection is minimum
for a proton (electron) carrot at 1 MeV(1 keV), as shown in
Fig. 1. Any choice of a broader spectrum in the range 1keV-
1MeV, able to predict the same ionization level in MCs, will
inevitably imply a larger power injection.

Moreover, this estimated power is a very conservative
lower limit. In fact here we assumed that the unknown CR
component is uniformly distributed in the whole Galactic
disk and inside clouds. However, CRs have to penetrate the
cloud. As illustrated by Phan et al. (2018), taking into ac-
count this e↵ect leads to a lower predicted level of ionization.
This can be easily seen if, for instance, we consider the aver-
age distance travelled by CR electrons and protons inside a
cloud before losing all their energy due to ionization losses,
that we estimate as:

Lloss(E) = v(E)⌧loss(E, nc), (8)

where

⌧loss,p(E, nc) ⇡
8>><
>>:

500
nc

yr for E in 1 keV-0.1 MeV

1.1 ⇥ 104 E4/3
MeV
nc

yr for E in 0.1-1 MeV

(9)

⌧loss,e(E, nc) ⇡ 105 EMeV

nc
yr for E in 1 keV-1 MeV

are approximate expressions for the CR ionization loss time
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and protons in a cloud of H2 density given by nc .
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able to predict (without taking into account the CR penetration
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power needed to sustain the observed CR Galactic population
(black, solid line) and the observed CR electron spectrum (black,
dashed line), respectively. The line marked as C-2016 is the power
required in CR protons in order to keep the suprathermal tail
invoked in Cummings et al. (2016) in the whole Galactic disk .

Figure 2. Power in CR electrons and protons in order to keep
a carrot at a given energy within a cloud (nc = 100 cm�3, radius
Rc ⇠ 10 pc), able to predict an ionization rate of 4⇥10�16 s�1. This
is compared with the maximum power that a cloud can provide
(black, solid line), given by Pc = Egrav/⌧li f e (⌧li f e ⇠ 107 yr,

Egrav =
3
5
GM2

c
Rc

).

electron and proton energies in the range 1 KeV�1 MeV. We
compare it with the total power (see e.g Strong et al. 2010)
injected by sources in the observed CR spectrum (⇡ 1041
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an estimate of the total power in CR protons needed to keep
in the whole Galactic disk the suprathermal tail invoked in
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⌧loss,p(E) dE ⇡ 2⇥1042
erg/s, (7)

where J(E) is the CR proton flux of the suprathermal tail
(see Fig. 16 of Cummings et al. 2016).

Remarkably, the plot in Fig. 1 illustrates that, due to
the short lifetime of low energy CRs in the ISM (see Eq. 5),
a CR carrot (or the suprathermal tail of Cummings et al.
2016) would require a power injection comparable or even
larger than that already needed in order to account for the
whole observed CR spectrum (⇡ 1041 erg/s). The situation
is especially dramatic dramatic for electrons, given that the
observed CR power for them is ⇡ 1039 erg/s.

Note that 1041 erg/s roughly corresponds to 10% of the
total power of galactic supernova explosions. Since super-
nova remnants are considered the major source of Galactic
CRs (see e.g Blasi 2013), our result implies that the exis-
tence of a CR carrot would require either an unreasonably
large (in some cases even larger than 100 %) CR accelera-
tion e�ciency for known CR sources, either the existence of
another, much more powerful (and thus implausible), class
of sources.

Notice that this result is not expected to change with
di↵erent assumptions on the spectral shape of the low energy
component. In fact, the required power injection is minimum
for a proton (electron) carrot at 1 MeV(1 keV), as shown in
Fig. 1. Any choice of a broader spectrum in the range 1keV-
1MeV, able to predict the same ionization level in MCs, will
inevitably imply a larger power injection.

Moreover, this estimated power is a very conservative
lower limit. In fact here we assumed that the unknown CR
component is uniformly distributed in the whole Galactic
disk and inside clouds. However, CRs have to penetrate the
cloud. As illustrated by Phan et al. (2018), taking into ac-
count this e↵ect leads to a lower predicted level of ionization.
This can be easily seen if, for instance, we consider the aver-
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So?
More refined model? (better description of transition from hot to neutral 
medium, time dependence induced by turbulence?) —> the flux balance 
argument seems quite solid… 
 Non-homogeneous distribution  
 of MeV CRs in the Galaxy? 
(see Cesarsky 1975 for a 
pioneering work) 
CR acceleration inside  
molecular clouds? 
(turbulence —> Dogiel+, 
protostars —> Padovani+) 
Hidden (very low energy)  
component in the CR spectrum?

detectors. These PHs are from B1, C1, and C4+C3+C2, which
we refer to here as C432. For each C432 channel applicable to
the species (proton or helium nucleus), a response table
contains limits of B1 channels, limits of C1 channels, and the
highest incident energy that triggers this C432 channel. If the
B1 and C1 PHs of an event fall within the B1 and C1 limits,
respectively, for the C432 channel of a certain element, then
this event is identified as belonging to that element, and its
incident energy lies between the incident energy corresponding
to the next lower C432 channel and that corresponding to C432
of the event.

The construction of the response table proceeds as follows.
For the applicable range of incident energies, energy losses
along a mean trajectory through the telescope are computed
using a range-energy relation. From these energy losses, mean
energy losses in B1 and C1 for C432 energy losses
corresponding to the C432 channel boundaries are located.
Representative samples of flight data are examined to estimate
the spread of B1 and C1 PHs about the mean values. These
estimates are used to compute the limits on B1 and C1 for each
C432 channel for each element.

The effect of nuclear interactions is accounted for in an
approximate way. First, for protons it is assumed that the effect
of interactions is negligible. For He, it is assumed there is an
11% reduction in He intensities due to nuclear interactions and

that correction is accounted for by using different geometry
factors for H as compared to He.

A.3. HET B Stopping Z > 2

The time period for this type of analysis of nuclei uses a
slightly shorter period, 2012/342–2014/365, which is equiva-
lent to the longer period since we have found no evidence of a
radial gradient. This analysis involves three parameters: B1, B2,
and C432 (C4+C3+C2). Matrices are made of each combina-
tion of variables and the energy scale of the PH is determined
for the most abundant charges, and the coordinates of the
consistency line in B1 versus B2 are also determined. A simple
consistency criteria, 1.33 < B1/B2 < 2.20, is then applied. The
resulting charge matrix, C432 versus B1+B2, is essentially
background free, e.g., Li, 7Be, 9Be, F, and P are resolved
visually with no background.
The energy scale for each charge is determined by

comparing the maximum stopping PH channel with the
calculated maximum energy loss, Emax. These scales are
adjusted so that the maximum PH/Emax loss is within 1% for
all major charges. The energy scale is then defined as the
energy that is equal to the energy loss that is calculated for
PH = 0.77, 0.54, 0.333, and 0.166 × the maximum PH for
each charge. In effect, the energy scale for each charge is
divided into four intervals between Emax and the energy
corresponding to a PH = 0.166 × maximum PH.
Correction factors for losses due to nuclear interactions are

calculated and vary from 1.028 to 1.069 for the four energy
intervals of Li to factors of 1.06–1.18 for the four energy
intervals of Fe.

A.4. Electrons

The TET and HET BSe (B stopping electron) modes are
described in Stone et al. (1977). We first discuss the analysis of
data from the TET telescope. TET consists of a set of eight
cylindrical, 3 mm thick, silicon solid-state detectors, and a set of
interleaved absorbers made of a tungsten alloy (Mallory 2000 =
90% W, 5% Cu, and 5% Ni; density = 18 g cm−3). PHs are
captured for the front two detectors, referred to as D1 and D2.
These detectors have both a lower (∼500 keV) and an upper
(∼2.5MeV) threshold. An electron event is identifed as one that
triggers the lower threshold of D1 and D2 in coincidence but not
their upper threshold and also triggers the threshold for D3 and
possibly triggers the thresholds of detectors deeper in the stack.
For the analysis employed here, average counting rates were
gathered over the time period 2012/342–2015/181 for particles
that satisfy in coincidence the threshold requirements for D1, D2,
and D3 (D13); D1, D2, D3, and D4 (D14); D1, D2, D3, D4, and
D5 (D15); and D1, D2, D3, D4, D5, and D6 (D16). Response
functions for each of these “range rates” were determined from a
GEANT4 simulation. These response functions, F(E), in units of
m2 sr are shown in the top panel of Figure 17. Given a trial energy
spectrum incident isotropically on TET, rates for D13, D14, D15,
and D16 can be calculated by integrating the product of the
response function and the energy spectrum over a broad energy
range:

ò=R J E F E dE. 7
E

E

low

high

( ) ( ) ( )

These rates can then be compared to observed, background-
corrected rates.

Figure 16. Possible suprathermal tail on interstellar wind distribution that
could account for factor of 12 increase in ionization rate of atomic H. The
portion of the GCR LISM spectrum �3 MeV is from the LBM model.
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The importance of being a SNOB
Montmerle 1979
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supernovae CR acceleration

SNRs

molecular cloud

γ-rays

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

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

interactions with the gas  
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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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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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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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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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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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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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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
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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)⇥10

22 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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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

0 2 4 6 8 10

10
−17

10
−16

10
−15

10
−14

N1

N5

N6

N7

N3

N4 SE1

Standard value in dense c louds ζ0 = 10−17 s−1

ζ
[s

−
1 ]

Approx. projected distance to SNR shock [pc ]

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)⇥10

22 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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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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(from Padovani & Galli 2013), plus our measurements. In
the range of column densities (0.5�10)⇥10

22 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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Fig. 4. Relative flux maps: from 300 GeV to 1000 GeV (top) and >1000 GeV (bottom). On the left hand side the MAGIC data are combined with
the 13CO (J = 1–0) intensity maps from the Galactic Ring Survey (see http://www.bu.edu/galacticring/new_index.html) integrated
between 63 and 72 km s−1 shown as green countours. On the right hand side the green contours represent the 21 cm radio continuum emission
is shown from (Koo & Moon 1997a). In all maps the blue diamond represents the position of CXO J192318.5+140305 and the black cross the
position of the OH maser emission (Koo et al. 2005; Green et al. 1997). The red dashed ellipse represents the region of shocked atomic and
molecular gas (Koo & Moon 1997b,a). The 3 counts contour above 1 GeV determined by Fermi/LAT is displayed by the pink contour. In each
picture the Gaussian sigma of a point-like source (PSF) after the applied smearing is shown. The color scale (blue to red) represents the relative
flux as measured with MAGIC. In addition the TS contours (cyan) are shown starting at 3 and increasing by one per contour.

high-energy events. The data are very well described with the
two Gaussian functions, where the centroid of the individual
functions coincides within statistical errors with the position of
the shocked gas and the PWN. The tail-like feature towards
the possible PWN is more peaked in the energy range above
1000 GeV.

The statistics are not sufficient to clearly discriminate be-
tween an extended source of Gaussian excess, an extended
source of a more complicated shape, or two individual sources.
However, the fact that there is no region of dense gas close
to the PWN makes it difficult to explain the enhancement of

TeV emission in this area under the assumption of uniform
CR density. A possible scenario of two emission regions could
manifest in different spectral behaviours.

3.3.2. Energy spectra of individual regions

To quantify the results obtained from the projections we investi-
gated in more detail the spectral properties of the detected signal,
we concentrated on two individual regions within the source and
analyzed them separately. One was defined to cover the shocked
cloud region with centroid at RA = 19.380 h,Dec = 14.19◦;
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Fig. 4. Relative flux maps: from 300 GeV to 1000 GeV (top) and >1000 GeV (bottom). On the left hand side the MAGIC data are combined with
the 13CO (J = 1–0) intensity maps from the Galactic Ring Survey (see http://www.bu.edu/galacticring/new_index.html) integrated
between 63 and 72 km s−1 shown as green countours. On the right hand side the green contours represent the 21 cm radio continuum emission
is shown from (Koo & Moon 1997a). In all maps the blue diamond represents the position of CXO J192318.5+140305 and the black cross the
position of the OH maser emission (Koo et al. 2005; Green et al. 1997). The red dashed ellipse represents the region of shocked atomic and
molecular gas (Koo & Moon 1997b,a). The 3 counts contour above 1 GeV determined by Fermi/LAT is displayed by the pink contour. In each
picture the Gaussian sigma of a point-like source (PSF) after the applied smearing is shown. The color scale (blue to red) represents the relative
flux as measured with MAGIC. In addition the TS contours (cyan) are shown starting at 3 and increasing by one per contour.

high-energy events. The data are very well described with the
two Gaussian functions, where the centroid of the individual
functions coincides within statistical errors with the position of
the shocked gas and the PWN. The tail-like feature towards
the possible PWN is more peaked in the energy range above
1000 GeV.

The statistics are not sufficient to clearly discriminate be-
tween an extended source of Gaussian excess, an extended
source of a more complicated shape, or two individual sources.
However, the fact that there is no region of dense gas close
to the PWN makes it difficult to explain the enhancement of

TeV emission in this area under the assumption of uniform
CR density. A possible scenario of two emission regions could
manifest in different spectral behaviours.

3.3.2. Energy spectra of individual regions

To quantify the results obtained from the projections we investi-
gated in more detail the spectral properties of the detected signal,
we concentrated on two individual regions within the source and
analyzed them separately. One was defined to cover the shocked
cloud region with centroid at RA = 19.380 h,Dec = 14.19◦;
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Figure 1. High-energy environment of W51C. In both panels, the large white cross locates the phase center of our PdBI observations at the position of W51C-E, and
the 13CO(2–1) integrated intensity between 60 and 75 km s−1 is shown as black contours (from 5 to 60 K km s−1 in steps of 5 K km s−1; Jackson et al. 2006). Left:
the ROSAT X-ray map of SNR W51C (in counts s−1; Koo et al. 1995) is shown in gray scale. The black rectangle delineates the field of view of our IRAM 30 m
observations. Right: MAGIC gamma-ray emission map from 300 Gev to 1 TeV (in relative flux; Aleksić et al. 2012), shown in gray scale. The white plain contours
give the MAGIC relative flux from 0.3 to 0.8 in steps of 0.1 and the dashed contour marks the 260 counts deg−2 measured by the Fermi/LAT in the 2–10 GeV energy
range. The white cross corresponds to the position of the OH maser emission (Koo et al. 1995; Green et al. 1997) and the white circle shows the region of shocked
atomic and molecular gas (Koo & Moon 1997a, 1997b).

the shocked regions probed by the SiO(2–1) emission detected
by these PdBI observations.

2. OBSERVATIONS AND DATA REDUCTION

W51C-E was observed with the PdBI between 2012 June
and July in the D configuration with five antennae, providing
baselines between 15 m and 111 m. We used the 2 mm
receivers tuned at 144.077 GHz and the 3 mm receivers
tuned at 86.754 GHz to map the emission lines DCO+(2–1)
and H13CO+(1–0), respectively. A total bandwidth of about
230 MHz with a spectral resolution of 0.156 MHz was used
for both setups. At 3 mm, the setup covers the SiO(2–1) line at
86.847 GHz. In parallel, the wideband correlator, WideX, offers
a total of 3.6 GHz of bandwidth at 1.95 MHz resolution. The
phase center of the observations was at αJ2000.0 = 19h23m08s.0;
δJ2000.0 = 14◦20′00′′.0. MWC349 was used as the flux calibrator
and the quasar J1923+210 was used as the phase calibrator and
was observed every 23 minutes. At 3 mm (respectively, 2 mm),
the primary beam is 58′′ (respectively, 32′′) with a conversion
factor of 22 Jy K−1 (respectively, 29 Jy K−1).

The data reduction was done with the standard IRAM
GILDAS5 software packages CLIC and MAPPING (Guilloteau
& Lucas 2000). Each day of observations was calibrated
separately and single data sets were created at 2 mm and 3 mm
for both the narrow band correlator and WideX. Pure continuum
and continuum-subtracted data cubes were then created and
deconvolved separately using natural weighting, leading to a
beam size of 3.′′8 × 3.′′4 at 2 mm and 7.′′4 × 4.′′4 at 3 mm. In
the case of the WideX data, all detected emission lines were
cleaned independently. The final natural-weighted data cubes
have a rms of 4.8 mJy bean−1 in a channel width of 1.3 km s−1

(0.625 MHz) at 2 mm and 1.1 km s−1 (0.3125 MHz) at 3 mm.

5 http://www.iram.fr/IRAMFR/GILDAS

In addition, we obtained a 10′ × 2′ map of the SiO(2–1)
line with the IRAM 30 m telescope. The observations were car-
ried out in 2013 January. We simultaneously used the EMIR
bands, E090 and E230, and tuned the Fast Fourier transform
spectrometer backends on H13CO+(1–0) and 13CO(2–1) transi-
tions, respectively. The mapping of the region was conducted in
the on-the-fly mode over ∼4 hr, reaching an rms of 90 mK in
0.67 km s−1 channel width at 3 mm and 275 mK in 0.27 km s−1

channel width at 1 mm. The weather was good and the Tsys
values were typically lower than 150 K at 3 mm and 350 K at
1 mm.

We used a reference position about δR.A. = 300′′, δdecl. =
−400′′ away from the mapped area. The amplitude calibra-
tion was typically done every 15 minutes, and pointing and
focus were checked every 1 and 3 hr, respectively, ensuring ≈2′′

pointing accuracy. All spectra were reduced using the CLASS
package (Pety 2005) of the IRAM GILDAS software. Residual
bandpass effects were subtracted using low-order (!3) poly-
nomials. Table 1 lists the setups used and the emission lines
mapped with these single-dish and interferometric observations.

3. RESULTS

3.1. DCO+ and H13CO+

We find no compact DCO+ or H13CO+ source within
the beam covered by previous IRAM 30 m observations of
W51C-E by CHMD2011. Therefore, no emission associated
with the nearby protostar is contaminating the measurements
by CHMD2011. This result supports the conclusions by these
authors that the entire region traced by the 30 m beam has an
enhanced CR ionization flux.

3.2. SiO(2–1)

Figure 2 (left panel) shows the IRAM 30 m map of the SiO
emission. Strong emission is detected only around the position
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Fig. 4. Relative flux maps: from 300 GeV to 1000 GeV (top) and >1000 GeV (bottom). On the left hand side the MAGIC data are combined with
the 13CO (J = 1–0) intensity maps from the Galactic Ring Survey (see http://www.bu.edu/galacticring/new_index.html) integrated
between 63 and 72 km s−1 shown as green countours. On the right hand side the green contours represent the 21 cm radio continuum emission
is shown from (Koo & Moon 1997a). In all maps the blue diamond represents the position of CXO J192318.5+140305 and the black cross the
position of the OH maser emission (Koo et al. 2005; Green et al. 1997). The red dashed ellipse represents the region of shocked atomic and
molecular gas (Koo & Moon 1997b,a). The 3 counts contour above 1 GeV determined by Fermi/LAT is displayed by the pink contour. In each
picture the Gaussian sigma of a point-like source (PSF) after the applied smearing is shown. The color scale (blue to red) represents the relative
flux as measured with MAGIC. In addition the TS contours (cyan) are shown starting at 3 and increasing by one per contour.

high-energy events. The data are very well described with the
two Gaussian functions, where the centroid of the individual
functions coincides within statistical errors with the position of
the shocked gas and the PWN. The tail-like feature towards
the possible PWN is more peaked in the energy range above
1000 GeV.

The statistics are not sufficient to clearly discriminate be-
tween an extended source of Gaussian excess, an extended
source of a more complicated shape, or two individual sources.
However, the fact that there is no region of dense gas close
to the PWN makes it difficult to explain the enhancement of

TeV emission in this area under the assumption of uniform
CR density. A possible scenario of two emission regions could
manifest in different spectral behaviours.

3.3.2. Energy spectra of individual regions

To quantify the results obtained from the projections we investi-
gated in more detail the spectral properties of the detected signal,
we concentrated on two individual regions within the source and
analyzed them separately. One was defined to cover the shocked
cloud region with centroid at RA = 19.380 h,Dec = 14.19◦;
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Figure 1. High-energy environment of W51C. In both panels, the large white cross locates the phase center of our PdBI observations at the position of W51C-E, and
the 13CO(2–1) integrated intensity between 60 and 75 km s−1 is shown as black contours (from 5 to 60 K km s−1 in steps of 5 K km s−1; Jackson et al. 2006). Left:
the ROSAT X-ray map of SNR W51C (in counts s−1; Koo et al. 1995) is shown in gray scale. The black rectangle delineates the field of view of our IRAM 30 m
observations. Right: MAGIC gamma-ray emission map from 300 Gev to 1 TeV (in relative flux; Aleksić et al. 2012), shown in gray scale. The white plain contours
give the MAGIC relative flux from 0.3 to 0.8 in steps of 0.1 and the dashed contour marks the 260 counts deg−2 measured by the Fermi/LAT in the 2–10 GeV energy
range. The white cross corresponds to the position of the OH maser emission (Koo et al. 1995; Green et al. 1997) and the white circle shows the region of shocked
atomic and molecular gas (Koo & Moon 1997a, 1997b).

the shocked regions probed by the SiO(2–1) emission detected
by these PdBI observations.

2. OBSERVATIONS AND DATA REDUCTION

W51C-E was observed with the PdBI between 2012 June
and July in the D configuration with five antennae, providing
baselines between 15 m and 111 m. We used the 2 mm
receivers tuned at 144.077 GHz and the 3 mm receivers
tuned at 86.754 GHz to map the emission lines DCO+(2–1)
and H13CO+(1–0), respectively. A total bandwidth of about
230 MHz with a spectral resolution of 0.156 MHz was used
for both setups. At 3 mm, the setup covers the SiO(2–1) line at
86.847 GHz. In parallel, the wideband correlator, WideX, offers
a total of 3.6 GHz of bandwidth at 1.95 MHz resolution. The
phase center of the observations was at αJ2000.0 = 19h23m08s.0;
δJ2000.0 = 14◦20′00′′.0. MWC349 was used as the flux calibrator
and the quasar J1923+210 was used as the phase calibrator and
was observed every 23 minutes. At 3 mm (respectively, 2 mm),
the primary beam is 58′′ (respectively, 32′′) with a conversion
factor of 22 Jy K−1 (respectively, 29 Jy K−1).

The data reduction was done with the standard IRAM
GILDAS5 software packages CLIC and MAPPING (Guilloteau
& Lucas 2000). Each day of observations was calibrated
separately and single data sets were created at 2 mm and 3 mm
for both the narrow band correlator and WideX. Pure continuum
and continuum-subtracted data cubes were then created and
deconvolved separately using natural weighting, leading to a
beam size of 3.′′8 × 3.′′4 at 2 mm and 7.′′4 × 4.′′4 at 3 mm. In
the case of the WideX data, all detected emission lines were
cleaned independently. The final natural-weighted data cubes
have a rms of 4.8 mJy bean−1 in a channel width of 1.3 km s−1

(0.625 MHz) at 2 mm and 1.1 km s−1 (0.3125 MHz) at 3 mm.

5 http://www.iram.fr/IRAMFR/GILDAS

In addition, we obtained a 10′ × 2′ map of the SiO(2–1)
line with the IRAM 30 m telescope. The observations were car-
ried out in 2013 January. We simultaneously used the EMIR
bands, E090 and E230, and tuned the Fast Fourier transform
spectrometer backends on H13CO+(1–0) and 13CO(2–1) transi-
tions, respectively. The mapping of the region was conducted in
the on-the-fly mode over ∼4 hr, reaching an rms of 90 mK in
0.67 km s−1 channel width at 3 mm and 275 mK in 0.27 km s−1

channel width at 1 mm. The weather was good and the Tsys
values were typically lower than 150 K at 3 mm and 350 K at
1 mm.

We used a reference position about δR.A. = 300′′, δdecl. =
−400′′ away from the mapped area. The amplitude calibra-
tion was typically done every 15 minutes, and pointing and
focus were checked every 1 and 3 hr, respectively, ensuring ≈2′′

pointing accuracy. All spectra were reduced using the CLASS
package (Pety 2005) of the IRAM GILDAS software. Residual
bandpass effects were subtracted using low-order (!3) poly-
nomials. Table 1 lists the setups used and the emission lines
mapped with these single-dish and interferometric observations.

3. RESULTS

3.1. DCO+ and H13CO+

We find no compact DCO+ or H13CO+ source within
the beam covered by previous IRAM 30 m observations of
W51C-E by CHMD2011. Therefore, no emission associated
with the nearby protostar is contaminating the measurements
by CHMD2011. This result supports the conclusions by these
authors that the entire region traced by the 30 m beam has an
enhanced CR ionization flux.

3.2. SiO(2–1)

Figure 2 (left panel) shows the IRAM 30 m map of the SiO
emission. Strong emission is detected only around the position
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Figure 2. Left: SiO(2–1) map from the IRAM 30 m telescope (K km s−1, in antenna temperature scale, T ∗
A). The rms is 60 mK km s−1) overlaid with the SiO(2–1)

emission observed with the PdBI (white contours from 0.005 to 0.05 in steps of 0.01 Jy beam−1 km s−1). The white cross indicates the W51C-E position and
the black square represents the size of the right panel. The left bottom panel shows the 30 m half power beam of 28′′. Right: PdBI SiO(2–1) integrated emission
(in Jy beam−1 km s−1, rms = 4.8 mJy beam−1). The contours are from 0.005 to 0.05 in steps of 0.01 Jy beam−1 km s−1. The black circle represents the primary
beam of the IRAM 30 m telescope at 3 mm (28′′), centered on the W51C-E position (cross). The black star marks the position of the protostar observed in the IR and
centimeter wavelengths (Cyganowski et al. 2011). The CLEAN beam of 7.′′4 × 4.′′4 is shown in the bottom left corner.

Table 1
Observational Parameters of the PdBI and IRAM 30 m Observations

PdBI observations 2 mm 3 mm

Central frequency 144.077 GHz 86.754 GHz
Beam size 3.′′8 × 3.′′4 7.′′4 × 4.′′4
Velocity resolution 1.3 km s−1 1.1 km s−1

rms (mJy beam−1) 3.1 4.8
Emission lines DCO+(2–1) H13CO+(1–0); SiO(2–1)
Primary beam 32′′ 58′′

Conversion factor (Jy K−1) 29 22

30 m observations 1 mm 3 mm
Central frequency 220.399 GHz 86.754 GHz
Beam size 11′′ 28′′

Velocity resolution 0.27 km s−1 0.67 km s−1

rms (mK) 275 90
Emission lines 13CO(2–1) H13CO+(1–0); SiO(2–1)

of the W51C-E source. The PdB SiO integrated map around
that position is shown in the right panel of Figure 2. The SiO
emission is concentrated in two regions, north and south of
the protostar, respectively. The north region is split into three
clumps, aligned in the west–east direction over a length of
about 1.2 pc (∼45′′). The southern SiO structure is weaker and
splits into two emitting regions with about a 45◦ angle and
an elongation of about 0.5 pc (∼20′′). These SiO clumps are
barely resolved, with an average size of about 0.3 pc (10′′), and
have a velocity dispersion between 5 and 7 km s−1. Figure 3
present the channel maps of the SiO emission, at a 1.08 km s−1

velocity resolution. The first thing to note is that no velocity
gradient, nor structure apparently associated with the protostar,
is evident in these maps. The emission is only present from
−6.5 to +6.5 km−1 around the systemic velocity (67 km s−1,
CHMD2011) with almost constant intensity in both north and
south structures.

4. DISCUSSION

The first important result of this work is that the position
observed by CHMD2011 does not have any compact region of
DCO+ emission, which supports the idea that the whole region
encompassed by the IRAM 30 m beam is permeated by gas

with a CR ionization rate that is about 100 times larger than the
standard one. In other words, the protostar in the field has no
impact on the determination of the ionization of the region.

The second, unexpected result is the presence of SiO emission
concentrated in that region. As shown from the large-scale map
(Figure 2, left panel), SiO is only associated with W51C-E,
which adds support to the conclusions by CHMD2011 that
it is a peculiar region. The obvious questions are: why is
SiO present, what does it trace, and does it have anything
to do with the enhanced CR ionization rate in the region?
Under typical dark cloud conditions, silicon is almost tied up
in interstellar grains, and its abundance in the gas phase is
typically N (SiO)/N (H2) ∼ 10−11 or less (see Lucas & Liszt
2000, and references therein), because Si is trapped in the
refractory interstellar grains and/or mantles that envelop them.
However, in shocked regions, the grains can be shattered and
the mantles sputtered (Flower et al. 1996; Schilke et al. 1997;
Gusdorf et al. 2008), so that SiO, the major Si-bearing reservoir
in molecular gas, becomes orders of magnitude more abundant,
up to ∼10−6. In fact, SiO is commonly used to trace molecular
shocks (Bachiller 1996). Our observations do not allow us to
give an estimate of the abundance nor of the physical conditions
of the gas emitting the SiO(2–1) transition. However, it is
likely that the two observed structures have an enhanced SiO
abundance with respect to the rest of the whole region (over
the 10′ × 2′ length of the IRAM 30 m map). Even though we
cannot quantify the strength of the shock, there is no doubt that
two shocked regions are present, probed by the SiO emission.
The next question is: what is the origin of this shock? One
would first think that it is powered by the protostar outflow. To
check this possibility, we show the SiO emission channel maps
in Figure 3. The spatial shift between the red and blue shifted
emission parts, which is a signpost of protostellar outflow (e.g.,
Gueth & Guilloteau 1999) is not seen. Therefore, we conclude
that the observed SiO emission is not associated with an outflow
driven by this star. This is in agreement with previous studies
detecting no outflow associated with the protostar (de Buizer &
Vacca 2010; Cyganowski et al. 2011).

Then the second, more plausible, explanation is that the
detected shock is connected, in one way or another, to the
SNR primary shock that may have created the large flux of CR

3
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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)⇥10

22 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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Figure 1. This image of IC 443 is from the Second Palomar Observatory Sky Survey (POSS-II) using the red filter, and was obtained from the STScI Digitized Sky
Survey. Target background stars are to the immediate left of the uppercase letters, and are labeled as follows: A-ALS 8828; B-HD 254577; C-HD 254755; D-HD
43582; E-HD 43703; F-HD 43907. The cross marks the center of subshell A (the shell on the northeast side of IC 443) at α = 06h17m08.s4, δ = +22◦36′39.′′4 J2000.0.
The three black squares mark the positions of OH (1720 MHz) maser emission reported by Hewitt et al. (2006).

higher than in typical dense clouds and concluded that shocks
and/or a large flux of cosmic rays must be responsible. Both
Claussen et al. (1997) and Hewitt et al. (2006) observed OH
(1720 MHz) masers toward some of these clumps. It is thought
that this OH is formed when the free electrons produced dur-
ing ionization events collide with and excite H2, which in turn
emits UV photons that dissociate H2O (Wardle & Yusef-Zadeh
2002). In order to convert nearly all of the H2O into OH, thus
generating the large column of OH necessary to produce the
observed masers, a high ionization rate due to X-rays and/or
cosmic rays is required. Estimates of the ionization rate due
to X-rays (Yusef-Zadeh et al. 2003) and cosmic rays (Hewitt
et al. 2009) near IC 443 are similar (a few times 10− 16 s− 1),
so it may be that both play a role in generating OH. However,
none of these analyses alone can determine exactly how impor-
tant cosmic-ray ionization and excitation are to the processes
considered.

Recently, many studies of IC 443 have focused on the pro-
duction of pionic gamma rays via interactions between hadronic
cosmic rays and ambient nucleons. Gamma-ray observations of
IC 443 have been performed by EGRET (Esposito et al. 1996),
MAGIC (Albert et al. 2007), VERITAS (Acciari et al. 2009),
Fermi LAT (Abdo et al. 2010), and AGILE (Tavani et al. 2010).
All show gamma-ray emission that appears to be coincident
with gas in the vicinity of IC 443, thus supporting an enhanced
cosmic ray flux in the region. Because π0 production requires
cosmic-ray protons with Ekin > 280 MeV, gamma-ray observa-
tions cannot constrain the cosmic-ray flux at lower energies.

To investigate the flux of lower energy cosmic rays, we study
the cosmic-ray ionization of H2, a process dominated by protons
with 1 MeV ! Ekin ! 1 GeV (Indriolo et al. 2009; Padovani
et al. 2009). The ionization rate of H2, ζ2, can be inferred
from observations of H+

3 assuming a rather simple chemical

network. H2 is first ionized, after which the ion collides with
another H2, thus forming H+

3. Either dissociative recombination
with electrons (diffuse clouds) or proton transfer to CO, O,
and C (dense clouds) are the primary destruction routes for
H+

3 depending on the environment. In this paper, we present
observations searching for absorption lines of H+

3 along sight
lines which pass through molecular material near IC 443. We
then use the results of these observations in combination with the
simple chemical scheme outlined above to infer the cosmic-ray
ionization rate of H2.

2. OBSERVATIONS

This project examined six target sight lines toward the stars
ALS 8828, HD 254577, HD 254755, HD 43582, HD 43703, and
HD 43907, all of which are shown in Figure 1 to the immediate
left of the labels A–F, respectively. Target selection was based
on various criteria, including L-band magnitude, previously
detected molecules, and evidence that the background stars were
in fact behind the SNR (Welsh & Sallmen 2003; Hirschauer
et al. 2009). Basic properties of these sight lines are available
in Hirschauer et al. (2009). Observations focused primarily on
transitions arising from the (J,K) = (1, 1) and (1, 0) levels of
the ground vibrational state of H+

3, the only levels significantly
populated at average diffuse cloud temperatures (T ∼ 60 K).
Transitions from higher energy levels (e.g., (2, 1) and (3, 3))
were covered as allowed by the instrument, but absorption at
these wavelengths was not expected.

Spectra were obtained using the Near-Infrared Echelle Spec-
trograph (NIRSPEC; McLean et al. 1998) at the W. M. Keck
Observatory, and the Infrared Camera and Spectrograph (IRCS;
Kobayashi et al. 2000) at the Subaru Telescope. All NIR-
SPEC observations were performed on 2009 November 5 and 6
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Figure 1. This image of IC 443 is from the Second Palomar Observatory Sky Survey (POSS-II) using the red filter, and was obtained from the STScI Digitized Sky
Survey. Target background stars are to the immediate left of the uppercase letters, and are labeled as follows: A-ALS 8828; B-HD 254577; C-HD 254755; D-HD
43582; E-HD 43703; F-HD 43907. The cross marks the center of subshell A (the shell on the northeast side of IC 443) at α = 06h17m08.s4, δ = +22◦36′39.′′4 J2000.0.
The three black squares mark the positions of OH (1720 MHz) maser emission reported by Hewitt et al. (2006).

higher than in typical dense clouds and concluded that shocks
and/or a large flux of cosmic rays must be responsible. Both
Claussen et al. (1997) and Hewitt et al. (2006) observed OH
(1720 MHz) masers toward some of these clumps. It is thought
that this OH is formed when the free electrons produced dur-
ing ionization events collide with and excite H2, which in turn
emits UV photons that dissociate H2O (Wardle & Yusef-Zadeh
2002). In order to convert nearly all of the H2O into OH, thus
generating the large column of OH necessary to produce the
observed masers, a high ionization rate due to X-rays and/or
cosmic rays is required. Estimates of the ionization rate due
to X-rays (Yusef-Zadeh et al. 2003) and cosmic rays (Hewitt
et al. 2009) near IC 443 are similar (a few times 10− 16 s− 1),
so it may be that both play a role in generating OH. However,
none of these analyses alone can determine exactly how impor-
tant cosmic-ray ionization and excitation are to the processes
considered.

Recently, many studies of IC 443 have focused on the pro-
duction of pionic gamma rays via interactions between hadronic
cosmic rays and ambient nucleons. Gamma-ray observations of
IC 443 have been performed by EGRET (Esposito et al. 1996),
MAGIC (Albert et al. 2007), VERITAS (Acciari et al. 2009),
Fermi LAT (Abdo et al. 2010), and AGILE (Tavani et al. 2010).
All show gamma-ray emission that appears to be coincident
with gas in the vicinity of IC 443, thus supporting an enhanced
cosmic ray flux in the region. Because π0 production requires
cosmic-ray protons with Ekin > 280 MeV, gamma-ray observa-
tions cannot constrain the cosmic-ray flux at lower energies.

To investigate the flux of lower energy cosmic rays, we study
the cosmic-ray ionization of H2, a process dominated by protons
with 1 MeV ! Ekin ! 1 GeV (Indriolo et al. 2009; Padovani
et al. 2009). The ionization rate of H2, ζ2, can be inferred
from observations of H+

3 assuming a rather simple chemical

network. H2 is first ionized, after which the ion collides with
another H2, thus forming H+

3. Either dissociative recombination
with electrons (diffuse clouds) or proton transfer to CO, O,
and C (dense clouds) are the primary destruction routes for
H+

3 depending on the environment. In this paper, we present
observations searching for absorption lines of H+

3 along sight
lines which pass through molecular material near IC 443. We
then use the results of these observations in combination with the
simple chemical scheme outlined above to infer the cosmic-ray
ionization rate of H2.

2. OBSERVATIONS

This project examined six target sight lines toward the stars
ALS 8828, HD 254577, HD 254755, HD 43582, HD 43703, and
HD 43907, all of which are shown in Figure 1 to the immediate
left of the labels A–F, respectively. Target selection was based
on various criteria, including L-band magnitude, previously
detected molecules, and evidence that the background stars were
in fact behind the SNR (Welsh & Sallmen 2003; Hirschauer
et al. 2009). Basic properties of these sight lines are available
in Hirschauer et al. (2009). Observations focused primarily on
transitions arising from the (J,K) = (1, 1) and (1, 0) levels of
the ground vibrational state of H+

3, the only levels significantly
populated at average diffuse cloud temperatures (T ∼ 60 K).
Transitions from higher energy levels (e.g., (2, 1) and (3, 3))
were covered as allowed by the instrument, but absorption at
these wavelengths was not expected.

Spectra were obtained using the Near-Infrared Echelle Spec-
trograph (NIRSPEC; McLean et al. 1998) at the W. M. Keck
Observatory, and the Infrared Camera and Spectrograph (IRCS;
Kobayashi et al. 2000) at the Subaru Telescope. All NIR-
SPEC observations were performed on 2009 November 5 and 6
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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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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)⇥10

22 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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As we will see in the following, X-rays are in this case
not a viable explanation for the enhanced ionization, and
therefore CRs are left as the only possible ionizing agents
present inside of the cloud. This fact opens the possibil-
ity to combine high and low energy observations of the
SNR/MC system (gamma rays and millimeter waves, re-
spectively), and constrain the spectrum of CRs present in
the region over an interval of particle energies of unprece-
dented breadth: from the MeV to the TeV domain. We will
show that data are best explained if an enhanced flux of CR
protons is present, and if such protons are characterized by
energies spanning from ! 100 MeV up to tens of TeV.

The paper is organized as follows: in Section 2 we
summarize the multi-wavelength observations of the W28
SNR/MC system, in Section 3 we compute the photoioniza-
tion rate induced in the MC by X-ray photons. The role of
CRs in ionizing the gas is investigated in Section 4, where
constraints on the CR proton and electron specxtra are also
obtained. We discuss our results and conclude in Section 5.

2. Multi-wavelength observations of the W28
region

In this Section we review the status of the multi-wavelength
observations of the SNR W28 and its surroundings. The
purple (dot-dot-dashed) circle in Fig. 1 indicates the ap-
proximate contours of the SNR shell, as traced by its radio
emission (Dubner et al. 2000; Brogan et al. 2006). Obser-
vations in the CO molecular line revealed the presence of
a number of dense (≈ 103 cm−3) and massive (≈ 105M⊙)
MCs in the region (Matsunaga et al. 2001; Aharonian et al.
2008). Remarkably, the H.E.S.S. collaboration reported on
the detection of very-high-energy gamma-ray emission from
the vicinity of W28, which correlates spatially very well
with the position of the MCs (Aharonian et al. 2008). The
blue contours in Fig. 1 show the 4σ significance excess in
TeV gamma rays. The spatial correlation points towards
an hadronic origin of the gamma-ray emission, which thus
results from the interactions of CR nuclei with the dense
gas that forms the MCs. Gamma-ray data are best ex-
plained by assuming that CR protons were accelerated in
the past at the SNR, when the shock speed was larger
than the present one. Such particles then escaped the sys-
tem, and now fill a large volume which encompasses all
the gamma-ray bright MCs (Fujita et al. 2009; Gabici et al.
2010; Li & Chen 2010; Ohira et al. 2011; Nava & Gabici
2013).

The detection of OH maser emission from the north-
eastern MC indicates that the SNR shock is currently inter-
acting with that cloud (Claussen et al. 1997; Hewitt et al.
2008). The other TeV-bright MCs are located in the south,
outside of the SNR radio boundary and therefore have not
been reached by the shock yet. In the following, we will fo-
cus mainly on the interaction region, and for this reason we
also show, as a dashed red circle, the position and extension
of the Fermi-LAT source associated to the north-eastern
cloud (Abdo et al. 2010; Cui et al. 2018).

The presence of the gamma-ray emission from the MCs
reveals an overdensity of CRs with respect to the Galactic
background, both in the GeV and TeV energy domain. In
addition to that, observations of millimetre lines performed
with the IRAM 30 metres telescope (orange triangles in
the Figure) showed that an excess in the gas ionization
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Fig. 1. Contour map for the W28 region. The approximate radio
boundary of the SNR shell is shown as a purple dot-dot-dashed
circle. The solid blue contours represent the 4σ significance ex-
cess TeV emission observed by H.E.S.S. (Aharonian et al. 2008).
The short-dashed red circle is the best-fit disk size for the Fermi-
LAT GeV source associated to the north-eastern MC (Cui et al.
2018). The enhanced region of Fe I Kα line emission is the
area enclosed by the dashed green line (Nobukawa et al. 2018).
The CR ionization rate has been measured from IRAM observa-
tions pointed in the directions indicated by the yellow triangles
(Vaupré et al. 2014). The filled black circle and square indicate
the centroids of the X-ray emission for the North-East and Cen-
tral X-ray sources, respectively (Rho & Borkowski 2002).

rate is also present at the position of the SNR/MC interac-
tion, but not at the position of the southern MC complex
(Vaupré et al. 2014; Gabici & Montmerle 2015). Such en-
hanced ionization rate could be interpreted as an excess
of CRs (either protons or electrons) of low energy (≈ MeV
energy domain). However, the SNR is a powerful thermal X-
ray source (Rho & Borkowski 2002; Zhou et al. 2014), and
the X-ray photons might also penetrate the cloud and be
responsible for the enhanced ionization rate, as it was pro-
posed for other SNR/MC systems (Schuppan et al. 2014).
The spatial morphology of the X-ray emission is quite ex-
tended, and can be roughly described as the sum of two
extended sources, whose centroids are shown in Fig. 1 as a
filled black square (central source, C) and circle (north-
eastern source, NE). Determining whether the enhanced
ionization rate is due to CR protons, electrons, or X-ray
photons is one of the goals of this paper (see Sec. 3).

Finally, additional constraints on the origin of the en-
hanced ionization rate can be obtained from hard X-ray ob-
servations of W28 performed by Suzaku (Nobukawa et al.
2018). These observations revealed the presence of the Fe
I Kα line in the X-ray spectrum. This line is produced by
interactions between low energy (MeV domain) CRs and
cold gas, and it is therefore tempting to propose a common
origin for the line emission and the excess in the ionization
rate measured in the north eastern MC. Puzzingly, Fe I Kα
line emission has been detected from a region (green dashed
contour in Fig. 2) close but not coincident with the position
of the gamma-ray bright north eastern MC.

3. Photoionization

Based on XMM-Newton observations, Zhou et al. (2014)
claimed that the X-ray emission from the SNR W28 is
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As we will see in the following, X-rays are in this case
not a viable explanation for the enhanced ionization, and
therefore CRs are left as the only possible ionizing agents
present inside of the cloud. This fact opens the possibil-
ity to combine high and low energy observations of the
SNR/MC system (gamma rays and millimeter waves, re-
spectively), and constrain the spectrum of CRs present in
the region over an interval of particle energies of unprece-
dented breadth: from the MeV to the TeV domain. We will
show that data are best explained if an enhanced flux of CR
protons is present, and if such protons are characterized by
energies spanning from ! 100 MeV up to tens of TeV.

The paper is organized as follows: in Section 2 we
summarize the multi-wavelength observations of the W28
SNR/MC system, in Section 3 we compute the photoioniza-
tion rate induced in the MC by X-ray photons. The role of
CRs in ionizing the gas is investigated in Section 4, where
constraints on the CR proton and electron specxtra are also
obtained. We discuss our results and conclude in Section 5.

2. Multi-wavelength observations of the W28
region

In this Section we review the status of the multi-wavelength
observations of the SNR W28 and its surroundings. The
purple (dot-dot-dashed) circle in Fig. 1 indicates the ap-
proximate contours of the SNR shell, as traced by its radio
emission (Dubner et al. 2000; Brogan et al. 2006). Obser-
vations in the CO molecular line revealed the presence of
a number of dense (≈ 103 cm−3) and massive (≈ 105M⊙)
MCs in the region (Matsunaga et al. 2001; Aharonian et al.
2008). Remarkably, the H.E.S.S. collaboration reported on
the detection of very-high-energy gamma-ray emission from
the vicinity of W28, which correlates spatially very well
with the position of the MCs (Aharonian et al. 2008). The
blue contours in Fig. 1 show the 4σ significance excess in
TeV gamma rays. The spatial correlation points towards
an hadronic origin of the gamma-ray emission, which thus
results from the interactions of CR nuclei with the dense
gas that forms the MCs. Gamma-ray data are best ex-
plained by assuming that CR protons were accelerated in
the past at the SNR, when the shock speed was larger
than the present one. Such particles then escaped the sys-
tem, and now fill a large volume which encompasses all
the gamma-ray bright MCs (Fujita et al. 2009; Gabici et al.
2010; Li & Chen 2010; Ohira et al. 2011; Nava & Gabici
2013).

The detection of OH maser emission from the north-
eastern MC indicates that the SNR shock is currently inter-
acting with that cloud (Claussen et al. 1997; Hewitt et al.
2008). The other TeV-bright MCs are located in the south,
outside of the SNR radio boundary and therefore have not
been reached by the shock yet. In the following, we will fo-
cus mainly on the interaction region, and for this reason we
also show, as a dashed red circle, the position and extension
of the Fermi-LAT source associated to the north-eastern
cloud (Abdo et al. 2010; Cui et al. 2018).

The presence of the gamma-ray emission from the MCs
reveals an overdensity of CRs with respect to the Galactic
background, both in the GeV and TeV energy domain. In
addition to that, observations of millimetre lines performed
with the IRAM 30 metres telescope (orange triangles in
the Figure) showed that an excess in the gas ionization
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Fig. 1. Contour map for the W28 region. The approximate radio
boundary of the SNR shell is shown as a purple dot-dot-dashed
circle. The solid blue contours represent the 4σ significance ex-
cess TeV emission observed by H.E.S.S. (Aharonian et al. 2008).
The short-dashed red circle is the best-fit disk size for the Fermi-
LAT GeV source associated to the north-eastern MC (Cui et al.
2018). The enhanced region of Fe I Kα line emission is the
area enclosed by the dashed green line (Nobukawa et al. 2018).
The CR ionization rate has been measured from IRAM observa-
tions pointed in the directions indicated by the yellow triangles
(Vaupré et al. 2014). The filled black circle and square indicate
the centroids of the X-ray emission for the North-East and Cen-
tral X-ray sources, respectively (Rho & Borkowski 2002).

rate is also present at the position of the SNR/MC interac-
tion, but not at the position of the southern MC complex
(Vaupré et al. 2014; Gabici & Montmerle 2015). Such en-
hanced ionization rate could be interpreted as an excess
of CRs (either protons or electrons) of low energy (≈ MeV
energy domain). However, the SNR is a powerful thermal X-
ray source (Rho & Borkowski 2002; Zhou et al. 2014), and
the X-ray photons might also penetrate the cloud and be
responsible for the enhanced ionization rate, as it was pro-
posed for other SNR/MC systems (Schuppan et al. 2014).
The spatial morphology of the X-ray emission is quite ex-
tended, and can be roughly described as the sum of two
extended sources, whose centroids are shown in Fig. 1 as a
filled black square (central source, C) and circle (north-
eastern source, NE). Determining whether the enhanced
ionization rate is due to CR protons, electrons, or X-ray
photons is one of the goals of this paper (see Sec. 3).

Finally, additional constraints on the origin of the en-
hanced ionization rate can be obtained from hard X-ray ob-
servations of W28 performed by Suzaku (Nobukawa et al.
2018). These observations revealed the presence of the Fe
I Kα line in the X-ray spectrum. This line is produced by
interactions between low energy (MeV domain) CRs and
cold gas, and it is therefore tempting to propose a common
origin for the line emission and the excess in the ionization
rate measured in the north eastern MC. Puzzingly, Fe I Kα
line emission has been detected from a region (green dashed
contour in Fig. 2) close but not coincident with the position
of the gamma-ray bright north eastern MC.

3. Photoionization

Based on XMM-Newton observations, Zhou et al. (2014)
claimed that the X-ray emission from the SNR W28 is
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Fig. 3. Left : Average differential ionization rate for different assumed gas column densities along the line of sight N1 and solar
abundance. Right : Predictions for the photo-ionization rate are shown by the solid and dashed red lines (metallicity of 1 and 0.3
times the solar one, respectively). Observational data taken from Vaupré et al. (2014) are presented as filled circles (measurements)
and filled triangles (lower limits). The shaded region indicates a reference range of values of the ionization rate which has been
used to constrain the CR spectrum (see text).

(mainly ionization losses) in the dense gas, over a char-
acteristic time τion(Tp), which is proportional to the gas
density and an increasing function of particle energy (see
Fig. 2 in Phan et al. 2018). In fact, energy losses can be
effective only for particles characterised by an energy
smaller than Tc, defined as τion(Tc) = τinj , because par-
ticles of higher energy simply do not have time to cool.
The maximum possible value for τinj is of course the
age of the SNR τage ≈ 4 × 104 yr (Gabici et al. 2010),
which provides an upper limit for Tc. For a typical gas
density of nH2

∼ 103 cm−3 this gives Tc ! 4× 102MeV,
which is quite close to the value of Tmax

c in Table 3.

2. CR protons have to penetrate deep into the cloud in or-
der to ionize the gas there. If we call τp the time it takes
them to reach the centre of the cloud moving a distance
L away from the position of the shock, we can estimate
Tc by imposing τion = τp. The shortest possible penetra-
tion time τp is obtained after assuming that CR protons
move along straight lines at a velocity v ∼

√

2Tc/mp. If
we assume that CR protons have to cross a gas column
density of ∼ 3×1022(nH2

/103 cm−3)(L/10 pc) cm−2 we
get Tc " 7 MeV, which is a factor of few smaller than
Tmin
c in Table 3.

It should be noticed that, in this scenario, the range of
possible values for Tc obtained by means of the phenomeno-
logical consideration made above overlaps very well with the
range of values obtained observationally (Table 3), i.e., by
fitting simultaneously the millimeter and gamma-ray data.

Another possible scenario is that the SNR shock has
overrun the region of enhanced ionization, engulfing it with
low energy CRs which are still inside the shell, in the down-
stream region. This is similar to the case of the region of
enhanced ionization W51C-E which has been shown to be in
the downstream region of the SNR W51C (see Dumas et al.
2014 for more detailed discussion). If this is true then we
may expect a hardening in the low energy part of the spec-
trum, below Tc, due to the difference in spectral features
of the escaped CRs at high energy and the still confined
CRs at low energy. However, our understanding of the es-

Table 3. Fit parameters for the CR proton spectrum and upper
limit for the CR electron spectrum.

Species Ap,e δp,e Tmin
c − Tmax

c

(eV−1 cm−3) (MeV)

Proton 3.15× 10−17 2.76 26− 320
Electron ≪ 6.4× 10−19 2.7 ≪ 20− 130

cape of CRs from SNR shocks is still quite poor, making an
accurate estimate of the numerical value of Tc problematic.

Independently on the scenario, the important point that
needs to be stressed is that gamma-ray observations allow
us to constrain the spectrum of CR protons for particle
energies above ≈ 1 GeV. Therefore, the explanation of the
enhanced ionization rate requires to extrapolate the proton
spectrum only by a factor of ≈ 3−30 down to lower particle
energies.

It follows that the presence of an excess of CR pro-
tons characterized by a quite steep power law spectrum
(δp ≈ 2.8) extending from the MeV to multi-TeV domain
can explain very naturally both the bright gamma-ray emis-
sion from the north eastern cloud and the observed enhance-
ment in the ionization rate.

4.2. Cosmic ray electrons

As stated above, the decay of neutral pions produced in
inelastic interactions between CR protons (and nuclei) and
the dense gas in the cloud provides the most natural expla-
nation for the gamma-ray emission observed in the GeV
and TeV energy domain (see e.g. Aharonian et al. 2008;
Nava & Gabici 2013). Leptonic models where the emission
is due to non-thermal Bremsstrahlung have been shown to
be problematic, as they require the SNR to accelerate the
same amount of nuclei and electrons, and provide a good
fit to gamma-ray data only if unrealistic values of the lo-
cal magnetic field strength and gas density are assumed
(Abdo et al. 2010).
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As we will see in the following, X-rays are in this case
not a viable explanation for the enhanced ionization, and
therefore CRs are left as the only possible ionizing agents
present inside of the cloud. This fact opens the possibil-
ity to combine high and low energy observations of the
SNR/MC system (gamma rays and millimeter waves, re-
spectively), and constrain the spectrum of CRs present in
the region over an interval of particle energies of unprece-
dented breadth: from the MeV to the TeV domain. We will
show that data are best explained if an enhanced flux of CR
protons is present, and if such protons are characterized by
energies spanning from ! 100 MeV up to tens of TeV.

The paper is organized as follows: in Section 2 we
summarize the multi-wavelength observations of the W28
SNR/MC system, in Section 3 we compute the photoioniza-
tion rate induced in the MC by X-ray photons. The role of
CRs in ionizing the gas is investigated in Section 4, where
constraints on the CR proton and electron specxtra are also
obtained. We discuss our results and conclude in Section 5.

2. Multi-wavelength observations of the W28
region

In this Section we review the status of the multi-wavelength
observations of the SNR W28 and its surroundings. The
purple (dot-dot-dashed) circle in Fig. 1 indicates the ap-
proximate contours of the SNR shell, as traced by its radio
emission (Dubner et al. 2000; Brogan et al. 2006). Obser-
vations in the CO molecular line revealed the presence of
a number of dense (≈ 103 cm−3) and massive (≈ 105M⊙)
MCs in the region (Matsunaga et al. 2001; Aharonian et al.
2008). Remarkably, the H.E.S.S. collaboration reported on
the detection of very-high-energy gamma-ray emission from
the vicinity of W28, which correlates spatially very well
with the position of the MCs (Aharonian et al. 2008). The
blue contours in Fig. 1 show the 4σ significance excess in
TeV gamma rays. The spatial correlation points towards
an hadronic origin of the gamma-ray emission, which thus
results from the interactions of CR nuclei with the dense
gas that forms the MCs. Gamma-ray data are best ex-
plained by assuming that CR protons were accelerated in
the past at the SNR, when the shock speed was larger
than the present one. Such particles then escaped the sys-
tem, and now fill a large volume which encompasses all
the gamma-ray bright MCs (Fujita et al. 2009; Gabici et al.
2010; Li & Chen 2010; Ohira et al. 2011; Nava & Gabici
2013).

The detection of OH maser emission from the north-
eastern MC indicates that the SNR shock is currently inter-
acting with that cloud (Claussen et al. 1997; Hewitt et al.
2008). The other TeV-bright MCs are located in the south,
outside of the SNR radio boundary and therefore have not
been reached by the shock yet. In the following, we will fo-
cus mainly on the interaction region, and for this reason we
also show, as a dashed red circle, the position and extension
of the Fermi-LAT source associated to the north-eastern
cloud (Abdo et al. 2010; Cui et al. 2018).

The presence of the gamma-ray emission from the MCs
reveals an overdensity of CRs with respect to the Galactic
background, both in the GeV and TeV energy domain. In
addition to that, observations of millimetre lines performed
with the IRAM 30 metres telescope (orange triangles in
the Figure) showed that an excess in the gas ionization
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Fig. 1. Contour map for the W28 region. The approximate radio
boundary of the SNR shell is shown as a purple dot-dot-dashed
circle. The solid blue contours represent the 4σ significance ex-
cess TeV emission observed by H.E.S.S. (Aharonian et al. 2008).
The short-dashed red circle is the best-fit disk size for the Fermi-
LAT GeV source associated to the north-eastern MC (Cui et al.
2018). The enhanced region of Fe I Kα line emission is the
area enclosed by the dashed green line (Nobukawa et al. 2018).
The CR ionization rate has been measured from IRAM observa-
tions pointed in the directions indicated by the yellow triangles
(Vaupré et al. 2014). The filled black circle and square indicate
the centroids of the X-ray emission for the North-East and Cen-
tral X-ray sources, respectively (Rho & Borkowski 2002).

rate is also present at the position of the SNR/MC interac-
tion, but not at the position of the southern MC complex
(Vaupré et al. 2014; Gabici & Montmerle 2015). Such en-
hanced ionization rate could be interpreted as an excess
of CRs (either protons or electrons) of low energy (≈ MeV
energy domain). However, the SNR is a powerful thermal X-
ray source (Rho & Borkowski 2002; Zhou et al. 2014), and
the X-ray photons might also penetrate the cloud and be
responsible for the enhanced ionization rate, as it was pro-
posed for other SNR/MC systems (Schuppan et al. 2014).
The spatial morphology of the X-ray emission is quite ex-
tended, and can be roughly described as the sum of two
extended sources, whose centroids are shown in Fig. 1 as a
filled black square (central source, C) and circle (north-
eastern source, NE). Determining whether the enhanced
ionization rate is due to CR protons, electrons, or X-ray
photons is one of the goals of this paper (see Sec. 3).

Finally, additional constraints on the origin of the en-
hanced ionization rate can be obtained from hard X-ray ob-
servations of W28 performed by Suzaku (Nobukawa et al.
2018). These observations revealed the presence of the Fe
I Kα line in the X-ray spectrum. This line is produced by
interactions between low energy (MeV domain) CRs and
cold gas, and it is therefore tempting to propose a common
origin for the line emission and the excess in the ionization
rate measured in the north eastern MC. Puzzingly, Fe I Kα
line emission has been detected from a region (green dashed
contour in Fig. 2) close but not coincident with the position
of the gamma-ray bright north eastern MC.

3. Photoionization

Based on XMM-Newton observations, Zhou et al. (2014)
claimed that the X-ray emission from the SNR W28 is
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Fig. 3. Left : Average differential ionization rate for different assumed gas column densities along the line of sight N1 and solar
abundance. Right : Predictions for the photo-ionization rate are shown by the solid and dashed red lines (metallicity of 1 and 0.3
times the solar one, respectively). Observational data taken from Vaupré et al. (2014) are presented as filled circles (measurements)
and filled triangles (lower limits). The shaded region indicates a reference range of values of the ionization rate which has been
used to constrain the CR spectrum (see text).

(mainly ionization losses) in the dense gas, over a char-
acteristic time τion(Tp), which is proportional to the gas
density and an increasing function of particle energy (see
Fig. 2 in Phan et al. 2018). In fact, energy losses can be
effective only for particles characterised by an energy
smaller than Tc, defined as τion(Tc) = τinj , because par-
ticles of higher energy simply do not have time to cool.
The maximum possible value for τinj is of course the
age of the SNR τage ≈ 4 × 104 yr (Gabici et al. 2010),
which provides an upper limit for Tc. For a typical gas
density of nH2

∼ 103 cm−3 this gives Tc ! 4× 102MeV,
which is quite close to the value of Tmax

c in Table 3.

2. CR protons have to penetrate deep into the cloud in or-
der to ionize the gas there. If we call τp the time it takes
them to reach the centre of the cloud moving a distance
L away from the position of the shock, we can estimate
Tc by imposing τion = τp. The shortest possible penetra-
tion time τp is obtained after assuming that CR protons
move along straight lines at a velocity v ∼

√

2Tc/mp. If
we assume that CR protons have to cross a gas column
density of ∼ 3×1022(nH2

/103 cm−3)(L/10 pc) cm−2 we
get Tc " 7 MeV, which is a factor of few smaller than
Tmin
c in Table 3.

It should be noticed that, in this scenario, the range of
possible values for Tc obtained by means of the phenomeno-
logical consideration made above overlaps very well with the
range of values obtained observationally (Table 3), i.e., by
fitting simultaneously the millimeter and gamma-ray data.

Another possible scenario is that the SNR shock has
overrun the region of enhanced ionization, engulfing it with
low energy CRs which are still inside the shell, in the down-
stream region. This is similar to the case of the region of
enhanced ionization W51C-E which has been shown to be in
the downstream region of the SNR W51C (see Dumas et al.
2014 for more detailed discussion). If this is true then we
may expect a hardening in the low energy part of the spec-
trum, below Tc, due to the difference in spectral features
of the escaped CRs at high energy and the still confined
CRs at low energy. However, our understanding of the es-

Table 3. Fit parameters for the CR proton spectrum and upper
limit for the CR electron spectrum.

Species Ap,e δp,e Tmin
c − Tmax

c

(eV−1 cm−3) (MeV)

Proton 3.15× 10−17 2.76 26− 320
Electron ≪ 6.4× 10−19 2.7 ≪ 20− 130

cape of CRs from SNR shocks is still quite poor, making an
accurate estimate of the numerical value of Tc problematic.

Independently on the scenario, the important point that
needs to be stressed is that gamma-ray observations allow
us to constrain the spectrum of CR protons for particle
energies above ≈ 1 GeV. Therefore, the explanation of the
enhanced ionization rate requires to extrapolate the proton
spectrum only by a factor of ≈ 3−30 down to lower particle
energies.

It follows that the presence of an excess of CR pro-
tons characterized by a quite steep power law spectrum
(δp ≈ 2.8) extending from the MeV to multi-TeV domain
can explain very naturally both the bright gamma-ray emis-
sion from the north eastern cloud and the observed enhance-
ment in the ionization rate.

4.2. Cosmic ray electrons

As stated above, the decay of neutral pions produced in
inelastic interactions between CR protons (and nuclei) and
the dense gas in the cloud provides the most natural expla-
nation for the gamma-ray emission observed in the GeV
and TeV energy domain (see e.g. Aharonian et al. 2008;
Nava & Gabici 2013). Leptonic models where the emission
is due to non-thermal Bremsstrahlung have been shown to
be problematic, as they require the SNR to accelerate the
same amount of nuclei and electrons, and provide a good
fit to gamma-ray data only if unrealistic values of the lo-
cal magnetic field strength and gas density are assumed
(Abdo et al. 2010).
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Fig. 3. Left : Average differential ionization rate for different assumed gas column densities along the line of sight N1 and solar
abundance. Right : Predictions for the photo-ionization rate are shown by the solid and dashed red lines (metallicity of 1 and 0.3
times the solar one, respectively). Observational data taken from Vaupré et al. (2014) are presented as filled circles (measurements)
and filled triangles (lower limits). The shaded region indicates a reference range of values of the ionization rate which has been
used to constrain the CR spectrum (see text).

(mainly ionization losses) in the dense gas, over a char-
acteristic time τion(Tp), which is proportional to the gas
density and an increasing function of particle energy (see
Fig. 2 in Phan et al. 2018). In fact, energy losses can be
effective only for particles characterised by an energy
smaller than Tc, defined as τion(Tc) = τinj , because par-
ticles of higher energy simply do not have time to cool.
The maximum possible value for τinj is of course the
age of the SNR τage ≈ 4 × 104 yr (Gabici et al. 2010),
which provides an upper limit for Tc. For a typical gas
density of nH2

∼ 103 cm−3 this gives Tc ! 4× 102MeV,
which is quite close to the value of Tmax

c in Table 3.

2. CR protons have to penetrate deep into the cloud in or-
der to ionize the gas there. If we call τp the time it takes
them to reach the centre of the cloud moving a distance
L away from the position of the shock, we can estimate
Tc by imposing τion = τp. The shortest possible penetra-
tion time τp is obtained after assuming that CR protons
move along straight lines at a velocity v ∼

√

2Tc/mp. If
we assume that CR protons have to cross a gas column
density of ∼ 3×1022(nH2

/103 cm−3)(L/10 pc) cm−2 we
get Tc " 7 MeV, which is a factor of few smaller than
Tmin
c in Table 3.

It should be noticed that, in this scenario, the range of
possible values for Tc obtained by means of the phenomeno-
logical consideration made above overlaps very well with the
range of values obtained observationally (Table 3), i.e., by
fitting simultaneously the millimeter and gamma-ray data.

Another possible scenario is that the SNR shock has
overrun the region of enhanced ionization, engulfing it with
low energy CRs which are still inside the shell, in the down-
stream region. This is similar to the case of the region of
enhanced ionization W51C-E which has been shown to be in
the downstream region of the SNR W51C (see Dumas et al.
2014 for more detailed discussion). If this is true then we
may expect a hardening in the low energy part of the spec-
trum, below Tc, due to the difference in spectral features
of the escaped CRs at high energy and the still confined
CRs at low energy. However, our understanding of the es-

Table 3. Fit parameters for the CR proton spectrum and upper
limit for the CR electron spectrum.

Species Ap,e δp,e Tmin
c − Tmax

c

(eV−1 cm−3) (MeV)

Proton 3.15× 10−17 2.76 26− 320
Electron ≪ 6.4× 10−19 2.7 ≪ 20− 130

cape of CRs from SNR shocks is still quite poor, making an
accurate estimate of the numerical value of Tc problematic.

Independently on the scenario, the important point that
needs to be stressed is that gamma-ray observations allow
us to constrain the spectrum of CR protons for particle
energies above ≈ 1 GeV. Therefore, the explanation of the
enhanced ionization rate requires to extrapolate the proton
spectrum only by a factor of ≈ 3−30 down to lower particle
energies.

It follows that the presence of an excess of CR pro-
tons characterized by a quite steep power law spectrum
(δp ≈ 2.8) extending from the MeV to multi-TeV domain
can explain very naturally both the bright gamma-ray emis-
sion from the north eastern cloud and the observed enhance-
ment in the ionization rate.

4.2. Cosmic ray electrons

As stated above, the decay of neutral pions produced in
inelastic interactions between CR protons (and nuclei) and
the dense gas in the cloud provides the most natural expla-
nation for the gamma-ray emission observed in the GeV
and TeV energy domain (see e.g. Aharonian et al. 2008;
Nava & Gabici 2013). Leptonic models where the emission
is due to non-thermal Bremsstrahlung have been shown to
be problematic, as they require the SNR to accelerate the
same amount of nuclei and electrons, and provide a good
fit to gamma-ray data only if unrealistic values of the lo-
cal magnetic field strength and gas density are assumed
(Abdo et al. 2010).
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As we will see in the following, X-rays are in this case
not a viable explanation for the enhanced ionization, and
therefore CRs are left as the only possible ionizing agents
present inside of the cloud. This fact opens the possibil-
ity to combine high and low energy observations of the
SNR/MC system (gamma rays and millimeter waves, re-
spectively), and constrain the spectrum of CRs present in
the region over an interval of particle energies of unprece-
dented breadth: from the MeV to the TeV domain. We will
show that data are best explained if an enhanced flux of CR
protons is present, and if such protons are characterized by
energies spanning from ! 100 MeV up to tens of TeV.

The paper is organized as follows: in Section 2 we
summarize the multi-wavelength observations of the W28
SNR/MC system, in Section 3 we compute the photoioniza-
tion rate induced in the MC by X-ray photons. The role of
CRs in ionizing the gas is investigated in Section 4, where
constraints on the CR proton and electron specxtra are also
obtained. We discuss our results and conclude in Section 5.

2. Multi-wavelength observations of the W28
region

In this Section we review the status of the multi-wavelength
observations of the SNR W28 and its surroundings. The
purple (dot-dot-dashed) circle in Fig. 1 indicates the ap-
proximate contours of the SNR shell, as traced by its radio
emission (Dubner et al. 2000; Brogan et al. 2006). Obser-
vations in the CO molecular line revealed the presence of
a number of dense (≈ 103 cm−3) and massive (≈ 105M⊙)
MCs in the region (Matsunaga et al. 2001; Aharonian et al.
2008). Remarkably, the H.E.S.S. collaboration reported on
the detection of very-high-energy gamma-ray emission from
the vicinity of W28, which correlates spatially very well
with the position of the MCs (Aharonian et al. 2008). The
blue contours in Fig. 1 show the 4σ significance excess in
TeV gamma rays. The spatial correlation points towards
an hadronic origin of the gamma-ray emission, which thus
results from the interactions of CR nuclei with the dense
gas that forms the MCs. Gamma-ray data are best ex-
plained by assuming that CR protons were accelerated in
the past at the SNR, when the shock speed was larger
than the present one. Such particles then escaped the sys-
tem, and now fill a large volume which encompasses all
the gamma-ray bright MCs (Fujita et al. 2009; Gabici et al.
2010; Li & Chen 2010; Ohira et al. 2011; Nava & Gabici
2013).

The detection of OH maser emission from the north-
eastern MC indicates that the SNR shock is currently inter-
acting with that cloud (Claussen et al. 1997; Hewitt et al.
2008). The other TeV-bright MCs are located in the south,
outside of the SNR radio boundary and therefore have not
been reached by the shock yet. In the following, we will fo-
cus mainly on the interaction region, and for this reason we
also show, as a dashed red circle, the position and extension
of the Fermi-LAT source associated to the north-eastern
cloud (Abdo et al. 2010; Cui et al. 2018).

The presence of the gamma-ray emission from the MCs
reveals an overdensity of CRs with respect to the Galactic
background, both in the GeV and TeV energy domain. In
addition to that, observations of millimetre lines performed
with the IRAM 30 metres telescope (orange triangles in
the Figure) showed that an excess in the gas ionization
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Fig. 1. Contour map for the W28 region. The approximate radio
boundary of the SNR shell is shown as a purple dot-dot-dashed
circle. The solid blue contours represent the 4σ significance ex-
cess TeV emission observed by H.E.S.S. (Aharonian et al. 2008).
The short-dashed red circle is the best-fit disk size for the Fermi-
LAT GeV source associated to the north-eastern MC (Cui et al.
2018). The enhanced region of Fe I Kα line emission is the
area enclosed by the dashed green line (Nobukawa et al. 2018).
The CR ionization rate has been measured from IRAM observa-
tions pointed in the directions indicated by the yellow triangles
(Vaupré et al. 2014). The filled black circle and square indicate
the centroids of the X-ray emission for the North-East and Cen-
tral X-ray sources, respectively (Rho & Borkowski 2002).

rate is also present at the position of the SNR/MC interac-
tion, but not at the position of the southern MC complex
(Vaupré et al. 2014; Gabici & Montmerle 2015). Such en-
hanced ionization rate could be interpreted as an excess
of CRs (either protons or electrons) of low energy (≈ MeV
energy domain). However, the SNR is a powerful thermal X-
ray source (Rho & Borkowski 2002; Zhou et al. 2014), and
the X-ray photons might also penetrate the cloud and be
responsible for the enhanced ionization rate, as it was pro-
posed for other SNR/MC systems (Schuppan et al. 2014).
The spatial morphology of the X-ray emission is quite ex-
tended, and can be roughly described as the sum of two
extended sources, whose centroids are shown in Fig. 1 as a
filled black square (central source, C) and circle (north-
eastern source, NE). Determining whether the enhanced
ionization rate is due to CR protons, electrons, or X-ray
photons is one of the goals of this paper (see Sec. 3).

Finally, additional constraints on the origin of the en-
hanced ionization rate can be obtained from hard X-ray ob-
servations of W28 performed by Suzaku (Nobukawa et al.
2018). These observations revealed the presence of the Fe
I Kα line in the X-ray spectrum. This line is produced by
interactions between low energy (MeV domain) CRs and
cold gas, and it is therefore tempting to propose a common
origin for the line emission and the excess in the ionization
rate measured in the north eastern MC. Puzzingly, Fe I Kα
line emission has been detected from a region (green dashed
contour in Fig. 2) close but not coincident with the position
of the gamma-ray bright north eastern MC.

3. Photoionization

Based on XMM-Newton observations, Zhou et al. (2014)
claimed that the X-ray emission from the SNR W28 is

Article number, page 2 of 8

W28: cosmic rays or X-rays?

Phan+ 2020

Phan et al.: Cosmic rays in the vicinity of W28

10-22

10-21

10-20

10-19

10-18

10-17

10-16

10-15

10-14

103

Ed
ξ/

dE
 (s

-1
)

E (eV)

N(H2)=1021 cm-2

N(H2)=1022 cm-2

N(H2)=1023 cm-2

10-19

10-18

10-17

10-16

10-15

10-14

1021 1022 1023

ξ(
N

H
2) (

s-1
)

N(H2) (cm-2)

CR
X-ray

data
lower limit

Fig. 3. Left : Average differential ionization rate for different assumed gas column densities along the line of sight N1 and solar
abundance. Right : Predictions for the photo-ionization rate are shown by the solid and dashed red lines (metallicity of 1 and 0.3
times the solar one, respectively). Observational data taken from Vaupré et al. (2014) are presented as filled circles (measurements)
and filled triangles (lower limits). The shaded region indicates a reference range of values of the ionization rate which has been
used to constrain the CR spectrum (see text).

(mainly ionization losses) in the dense gas, over a char-
acteristic time τion(Tp), which is proportional to the gas
density and an increasing function of particle energy (see
Fig. 2 in Phan et al. 2018). In fact, energy losses can be
effective only for particles characterised by an energy
smaller than Tc, defined as τion(Tc) = τinj , because par-
ticles of higher energy simply do not have time to cool.
The maximum possible value for τinj is of course the
age of the SNR τage ≈ 4 × 104 yr (Gabici et al. 2010),
which provides an upper limit for Tc. For a typical gas
density of nH2

∼ 103 cm−3 this gives Tc ! 4× 102MeV,
which is quite close to the value of Tmax

c in Table 3.

2. CR protons have to penetrate deep into the cloud in or-
der to ionize the gas there. If we call τp the time it takes
them to reach the centre of the cloud moving a distance
L away from the position of the shock, we can estimate
Tc by imposing τion = τp. The shortest possible penetra-
tion time τp is obtained after assuming that CR protons
move along straight lines at a velocity v ∼

√

2Tc/mp. If
we assume that CR protons have to cross a gas column
density of ∼ 3×1022(nH2

/103 cm−3)(L/10 pc) cm−2 we
get Tc " 7 MeV, which is a factor of few smaller than
Tmin
c in Table 3.

It should be noticed that, in this scenario, the range of
possible values for Tc obtained by means of the phenomeno-
logical consideration made above overlaps very well with the
range of values obtained observationally (Table 3), i.e., by
fitting simultaneously the millimeter and gamma-ray data.

Another possible scenario is that the SNR shock has
overrun the region of enhanced ionization, engulfing it with
low energy CRs which are still inside the shell, in the down-
stream region. This is similar to the case of the region of
enhanced ionization W51C-E which has been shown to be in
the downstream region of the SNR W51C (see Dumas et al.
2014 for more detailed discussion). If this is true then we
may expect a hardening in the low energy part of the spec-
trum, below Tc, due to the difference in spectral features
of the escaped CRs at high energy and the still confined
CRs at low energy. However, our understanding of the es-

Table 3. Fit parameters for the CR proton spectrum and upper
limit for the CR electron spectrum.

Species Ap,e δp,e Tmin
c − Tmax

c

(eV−1 cm−3) (MeV)

Proton 3.15× 10−17 2.76 26− 320
Electron ≪ 6.4× 10−19 2.7 ≪ 20− 130

cape of CRs from SNR shocks is still quite poor, making an
accurate estimate of the numerical value of Tc problematic.

Independently on the scenario, the important point that
needs to be stressed is that gamma-ray observations allow
us to constrain the spectrum of CR protons for particle
energies above ≈ 1 GeV. Therefore, the explanation of the
enhanced ionization rate requires to extrapolate the proton
spectrum only by a factor of ≈ 3−30 down to lower particle
energies.

It follows that the presence of an excess of CR pro-
tons characterized by a quite steep power law spectrum
(δp ≈ 2.8) extending from the MeV to multi-TeV domain
can explain very naturally both the bright gamma-ray emis-
sion from the north eastern cloud and the observed enhance-
ment in the ionization rate.

4.2. Cosmic ray electrons

As stated above, the decay of neutral pions produced in
inelastic interactions between CR protons (and nuclei) and
the dense gas in the cloud provides the most natural expla-
nation for the gamma-ray emission observed in the GeV
and TeV energy domain (see e.g. Aharonian et al. 2008;
Nava & Gabici 2013). Leptonic models where the emission
is due to non-thermal Bremsstrahlung have been shown to
be problematic, as they require the SNR to accelerate the
same amount of nuclei and electrons, and provide a good
fit to gamma-ray data only if unrealistic values of the lo-
cal magnetic field strength and gas density are assumed
(Abdo et al. 2010).

Article number, page 5 of 8

Phan et al.: Cosmic rays in the vicinity of W28

10-22

10-21

10-20

10-19

10-18

10-17

10-16

10-15

10-14

103

Ed
ξ/

dE
 (s

-1
)

E (eV)

N(H2)=1021 cm-2

N(H2)=1022 cm-2

N(H2)=1023 cm-2

10-19

10-18

10-17

10-16

10-15

10-14

1021 1022 1023

ξ(
N

H
2) (

s-1
)

N(H2) (cm-2)

CR
X-ray

data
lower limit

Fig. 3. Left : Average differential ionization rate for different assumed gas column densities along the line of sight N1 and solar
abundance. Right : Predictions for the photo-ionization rate are shown by the solid and dashed red lines (metallicity of 1 and 0.3
times the solar one, respectively). Observational data taken from Vaupré et al. (2014) are presented as filled circles (measurements)
and filled triangles (lower limits). The shaded region indicates a reference range of values of the ionization rate which has been
used to constrain the CR spectrum (see text).

(mainly ionization losses) in the dense gas, over a char-
acteristic time τion(Tp), which is proportional to the gas
density and an increasing function of particle energy (see
Fig. 2 in Phan et al. 2018). In fact, energy losses can be
effective only for particles characterised by an energy
smaller than Tc, defined as τion(Tc) = τinj , because par-
ticles of higher energy simply do not have time to cool.
The maximum possible value for τinj is of course the
age of the SNR τage ≈ 4 × 104 yr (Gabici et al. 2010),
which provides an upper limit for Tc. For a typical gas
density of nH2

∼ 103 cm−3 this gives Tc ! 4× 102MeV,
which is quite close to the value of Tmax

c in Table 3.

2. CR protons have to penetrate deep into the cloud in or-
der to ionize the gas there. If we call τp the time it takes
them to reach the centre of the cloud moving a distance
L away from the position of the shock, we can estimate
Tc by imposing τion = τp. The shortest possible penetra-
tion time τp is obtained after assuming that CR protons
move along straight lines at a velocity v ∼

√

2Tc/mp. If
we assume that CR protons have to cross a gas column
density of ∼ 3×1022(nH2

/103 cm−3)(L/10 pc) cm−2 we
get Tc " 7 MeV, which is a factor of few smaller than
Tmin
c in Table 3.

It should be noticed that, in this scenario, the range of
possible values for Tc obtained by means of the phenomeno-
logical consideration made above overlaps very well with the
range of values obtained observationally (Table 3), i.e., by
fitting simultaneously the millimeter and gamma-ray data.

Another possible scenario is that the SNR shock has
overrun the region of enhanced ionization, engulfing it with
low energy CRs which are still inside the shell, in the down-
stream region. This is similar to the case of the region of
enhanced ionization W51C-E which has been shown to be in
the downstream region of the SNR W51C (see Dumas et al.
2014 for more detailed discussion). If this is true then we
may expect a hardening in the low energy part of the spec-
trum, below Tc, due to the difference in spectral features
of the escaped CRs at high energy and the still confined
CRs at low energy. However, our understanding of the es-

Table 3. Fit parameters for the CR proton spectrum and upper
limit for the CR electron spectrum.

Species Ap,e δp,e Tmin
c − Tmax

c

(eV−1 cm−3) (MeV)

Proton 3.15× 10−17 2.76 26− 320
Electron ≪ 6.4× 10−19 2.7 ≪ 20− 130

cape of CRs from SNR shocks is still quite poor, making an
accurate estimate of the numerical value of Tc problematic.

Independently on the scenario, the important point that
needs to be stressed is that gamma-ray observations allow
us to constrain the spectrum of CR protons for particle
energies above ≈ 1 GeV. Therefore, the explanation of the
enhanced ionization rate requires to extrapolate the proton
spectrum only by a factor of ≈ 3−30 down to lower particle
energies.

It follows that the presence of an excess of CR pro-
tons characterized by a quite steep power law spectrum
(δp ≈ 2.8) extending from the MeV to multi-TeV domain
can explain very naturally both the bright gamma-ray emis-
sion from the north eastern cloud and the observed enhance-
ment in the ionization rate.

4.2. Cosmic ray electrons

As stated above, the decay of neutral pions produced in
inelastic interactions between CR protons (and nuclei) and
the dense gas in the cloud provides the most natural expla-
nation for the gamma-ray emission observed in the GeV
and TeV energy domain (see e.g. Aharonian et al. 2008;
Nava & Gabici 2013). Leptonic models where the emission
is due to non-thermal Bremsstrahlung have been shown to
be problematic, as they require the SNR to accelerate the
same amount of nuclei and electrons, and provide a good
fit to gamma-ray data only if unrealistic values of the lo-
cal magnetic field strength and gas density are assumed
(Abdo et al. 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) ⇥
10

22 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)⇥10

22 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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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
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(from Padovani & Galli 2013), plus our measurements. In
the range of column densities (0.5�10)⇥10

22 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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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

0 2 4 6 8 10

10
−17

10
−16

10
−15

10
−14

N1

N5

N6

N7

N3

N4 SE1

Standard value in dense c louds ζ0 = 10−17 s−1

ζ
[s

−
1 ]

Approx. projected distance to SNR shock [pc ]

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)⇥10

22 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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(from Padovani & Galli 2013), plus our measurements. In
the range of column densities (0.5�10)⇥10

22 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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Another thing we don’t understand: 
Spallogenic nucleosynthesis of Li-Be-B
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Figure 2

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

pure products of GCR nucleosynthesis2.

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

14 Tatische↵, Gabici

e.g. Parizot 2000, for a review see Tatischeff&Gabici 2018
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a quadratic dependence of the nucleosynthesis product with metallicity (see 49, 50).

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

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

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

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

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

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

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

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

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

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

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

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

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

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