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Figure 2: CR ionization rate versus MC column density. Black data points refer to isolated MCs [59], while
colored ones to the SNR/MC associations IC443, W51C, and W28 (green, red, and blue points [24,60,61]).

SNR shock is the most plausible site for the acceleration of suck particles. If confirmed by further
observations, this scenario would fit with the popular (but still not proven) idea according to which
SNRs accelerate Galactic CRs. It is a remarkable fact that the combination of low and high energy
observations of SNR/MC associations, and the emerging evidence of a correlation between large
gamma-ray fluxes and enhanced ionization rates provide not only additional support to the SNR
hypothesis for the origin of Galactic CRs, but also establishes a long sought connection between
low and high energy CRs. This will allow us to test models on CR acceleration and propagation
over an energy interval of unprecedented breadth, spanning from the MeV to the TeV domain.

The paper is organized as follows: in Sec. 2 and 3 we discuss the physics of CR interactions
in MCs and how they determine both the gamma-ray emission and the chemistry in MCs. In Sec.
4 we review high and low energy observations of SNR/MC associations. We conclude in Sec. 5.

2. Gamma rays from dense molecular clouds

In this Section we develop a simplified formalism to compute the gamma-ray emission from a
MC of a given mass bombarded by CRs of arbitrary intensity. For simplicity we limit ourselves to
the case of CR spectra which follow power laws in particle energy.

Consider a MC of mass Mcl pervaded by a spatially uniform distribution of CRs (protons) with
power law spectrum nCR(E) µ E�a with a > 2 [cm�3 TeV�1] defined as:

E2nCR(E) = (a �2)d w0
CR(> 10 TeV)
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where the normalization has been chosen in such a way that the energy density of CRs above
particle energy 10 TeV is d times that of the Galactic CR sea that pervades the whole Galactic disk,
w0

CR(> 10 TeV) ⇡ 10�3 eV/cm3. In other words, d represents the overdensity of multi-TeV CRs
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colored ones to the SNR/MC associations IC443, W51C, and W28 (green, red, and blue points [24,60,61]).
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Figure 2: CR ionization rate versus MC column density. Black data points refer to isolated MCs [59], while
colored ones to the SNR/MC associations IC443, W51C, and W28 (green, red, and blue points [24,60,61]).
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over an energy interval of unprecedented breadth, spanning from the MeV to the TeV domain.
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Figure 6
The set of diffuse cloud and molecular cloud Zeeman measurements of the magnitude of the line-of-sight component BLOS of the
magnetic vector B and their 1σ uncertainties, plotted against nH = n(HI) or 2n(H 2) for HI and molecular clouds, respectively
(Crutcher et al. 2010). Although Zeeman measurements give the direction of the line-of-sight component as well as the magnitude,
only the magnitudes are plotted. The solid blue line shows the most probable maximum values for BTOT (nH ) determined from the
plotted values of BLOS by the Bayesian analysis of Crutcher et al. (2010). Also shown (plotted as light blue shading) are the ranges given
by acceptable alternative model parameters to indicate the uncertainty in the model.

There are additional ways to test whether ambipolar diffusion starting from magnetically sub-
critical clouds is the driver of star formation. Figure 7 shows BLOS versus NH from the five major
Zeeman surveys of HI, OH, and CN (Bourke et al. 2001, Heiles & Troland 2004, Falgarone et al.
2008, Troland & Crutcher 2008; K.L. Thompson, T.H. Troland, unpublished observations) and
the compilation by Crutcher (1999); the straight line is for a critical M/". At first glance, this
figure may seem to show exactly what the ambipolar diffusion model predicts. On the left side,
with NH ! 1021 cm−2, mass-to-flux ratios M/" are subcritical; these clouds are almost exclusively
lower density HI clouds. On the right side, with NH " 1021 cm−2, the M/" are overwhelmingly
supercritical; these clouds are mainly higher density molecular clouds and cores. Hence, the data
appear consistent with the strong magnetic field model with neutrals gravitationally contracting,
leaving the magnetic flux behind and, hence, increasing M/" in the higher density molecular gas.
However, there are several problems with this picture. First, the cold HI clouds in the Heiles
& Troland (2004) survey are in approximate pressure equilibrium with the warm ISM and are
not self-gravitating, so they could not gravitationally collapse through the magnetic field. Their
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Figure 2. Energy loss time for CR protons (red line) and electrons (green
line) in a cloud of density nH = 100 cm�3 (solid lines). The loss times are
from Padovani et al. (2009).

Alfvén waves) outside of the cloud (Zones 1 and 2), and described
by:

@ f
@t
=
@

@x

"
D
@ f
@x

#
� vA
@ f
@x
� 1

p2
@

@p

h
ṗp2 f

i
, (1)

while it is ballistic inside the cloud (Zone 3), where Alfvén waves
are virtually absent (see Ivlev et al. 2018 for a discussion on wave
transport in clouds). In Eq. 1 above, f = f (t, x, p) is the isotropic
part of the CR particle distribution function, which depends on time
t, position x, and particle momentum p, D = D0(p) is the CR di↵u-
sion coe�cient outside of the cloud (assumed here to be spatially
homogeneous), ṗ is the rate of momentum loss of CRs (mainly due
to interaction between CRs and gas), and vA = B2/

p
4⇡⇢i is the

Alfvén speed (⇢i is the mass density of the ionised gas). Since we
assume here that the gas in Zones 1 and 2 is spatially homogeneous,
the momentum loss rate ṗ is a function of particle momentum only,
and the Alfvén speed vA is a constant. Here we search for steady-
state solutions and thus we set @ f /@t = 0.

To solve the problem, it is convenient to consider separately
CRs of high and low energy, with E⇤ being the energy defining the
transition between the two domains (see Ivlev et al. 2018 for a sim-
ilar approach). Following Morlino & Gabici (2015), E⇤ is defined
in such a way that particles with energy E > E⇤ can cross ballisti-
cally the cloud without losing a significant fraction of their energy.
If ⌧l is the energy loss time of CRs inside the cloud (see Fig. 2),
then the energy E⇤ is obtained by equating ⌧l with the CR ballistic
crossing time ⌧c ⇠ Lc/v̄p(E⇤), where v̄p is the CR particle velocity
averaged over pitch angle (the angle between the particle velocity
and the direction of the magnetic field). Obviously, for E > E⇤ the
spatial distribution of CRs inside the cloud is, to a very good ap-
proximation, constant. It is important to stress that energy losses
play an important role also for particle energies E > E⇤ (no energy
losses in a single cloud crossing), because such CRs are confined in
the vicinity of the MC by the converging flow of Alfvén waves, and
can thus cross and recross the cloud a very large number of times
(for a more detailed discussion of this issue the reader is referred to
Morlino & Gabici 2015).

2.1 High energies

Morlino & Gabici (2015) argued that, for E > E⇤, Eq. 1 can be also
used to describe the transport of CRs inside of the cloud. This is be-
cause a spatially uniform distribution of CRs can be obtained inside
the cloud by assuming a very large value for the particle di↵usion
coe�cient in that region. More quantitatively, the assumption to
be made is: Dc � L2

c/⌧l, where Dc is the di↵usion coe�cient in-
side the cloud. Under this approximation, Eq. 1 can be integrated
to obtain an expression for f (x, p) outside of the cloud (Morlino &
Gabici 2015):

f (x, p) = f0(p)� 1
vA p2 e

x
xc

Z Lc/2

0

@

@p

h
ṗ(p)p2 f (y, p)

i
dy, (2)

which for x = 0 or x = Lc reduces to:

fc(p) = f0(p)� Lc

2vA p2
@

@p

h
ṗ(p)p2 fc(p)

i
. (3)

where we used the fact that the spatial distribution of CRs is con-
stant inside the cloud. In the expression above, fc(y, p) ' fc(p) is
the CR particle distribution function of CRs inside the cloud and
xc = D0/vA is a characteristic length that defines the extension of
Zone 2 in Fig. 1.

From Eq. 3 a semi-analytical expression for fc(p) can be easily
derived, and it reads (Morlino & Gabici 2015):

fc(p) =
2vA⌧l(p)

Lc p3

Z pmax

p
q3 f0(q)exp

"
�2vA

Lc

Z q

p

⌧l(k)
k

dk
#
dq, (4)

where we have introduced the loss time inside of the cloud ⌧l(p) =
�p/ ṗ. For the energy losses we adopt the same expression used
by Padovani et al. (2009). The corresponding energy loss time is
also reported in Fig. 2 for both protons and electrons. In deriving
Eq. 4 we implicitly assumed that ṗ ⇠ 0 in Zones 1 and 2. This is a
valid assumption for both protons and electrons, because the energy
loss time outside of the cloud is much longer than the characteristic
dynamical time of the problem, which can be defined as ⇠ D0/v2

A
(Morlino & Gabici 2015).

As said above, Eq. 4 provides a general solution for spec-
trum of CRs with energy E > E⇤, or equivalently, of momentum
larger than p > p⇤. The numerical values for the critical energy
E⇤ and momentum p⇤ can be found from the expression ⌧l(p⇤) '
2Lc/vp(p⇤) where vp is the speed of a particle of momentum p⇤
(here we set v̄p = vp/2). For a cloud of size Lc = 10 pc and nH = 100
cm�3 (or equivalently of column density NH2 = nH Lc = 3.1⇥ 1020

cm�2), we found p⇤,p ⇠ 75 MeV/c and p⇤,e ⇠ 0.34 MeV/c corre-
sponding to a kinetic energy of E⇤,p ⇠ 3.0 MeV and E⇤,e ⇠ 0.10
MeV for protons and electrons, respectively.

2.2 Low energies

Particles lose a significant fraction of their energy E in a cloud
crossing time ⌧c if E < E⇤. In this case, the approach described in
the previous Section still provides a good description of CR trans-
port outside of the cloud (Zones 1 and 2 in Fig. 1), but might fail
inside of the cloud (Zone 3). The reason is that at such low ener-
gies the spatial distribution of cosmic rays in Zone 3 is not nec-
essarily constant. Thus, in order to describe the transport of CRs
inside of the cloud, we will adopt the continuously slowing down
approximation as done in Padovani et al. (2009). This consists in
connecting the momentum p of a particle located at a position x
inside the cloud to the momentum the particle had when it entered

MNRAS 000, 1–8 (2015)

energy losses (mainly ionisation)

Padovani+ 2009  —> 
Phan+ 2018         

nH = 100 cm�3
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Fig. 6 Total CR ionisation rate ζH2 as a function of N(H2) according to our models
(solid curves). Observational data: filled circles, diffuse clouds (Indriolo et al. [32]);
empty square, diffuse cloud W49N (Neufeld et al. [40]); empty circles, dense cores
(Caselli et al. [5]); empty triangle, prestellar core B68 (Maret & Bergin [34]); filled
squares, T Tauri disks TW Hya and DM Tau (Ceccarelli et al. [6]); filled triangle, SNR
W51C (Ceccarelli et al. [7]); diamonds, protostellar envelopes (de Boisanger, Helmich,
& van Dishoeck [14], van der Tak et al. [58], van der Tak & van Dishoeck [57], Doty
et al. [16], and Hezareh et al. [29]); cross, massive star-forming region DR21(OH)
(Hezareh et al. [29]). The filled box indicates the range of column densities and CR
ionisation rates compatible with the data analysed by Williams et al. [61].

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

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

7 Effects of magnetic field on CR propagation

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

Padovani+ 2009

protons+electrons

µ = 1
semi-infinite cloud
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Fig. 6 Total CR ionisation rate ζH2 as a function of N(H2) according to our models
(solid curves). Observational data: filled circles, diffuse clouds (Indriolo et al. [32]);
empty square, diffuse cloud W49N (Neufeld et al. [40]); empty circles, dense cores
(Caselli et al. [5]); empty triangle, prestellar core B68 (Maret & Bergin [34]); filled
squares, T Tauri disks TW Hya and DM Tau (Ceccarelli et al. [6]); filled triangle, SNR
W51C (Ceccarelli et al. [7]); diamonds, protostellar envelopes (de Boisanger, Helmich,
& van Dishoeck [14], van der Tak et al. [58], van der Tak & van Dishoeck [57], Doty
et al. [16], and Hezareh et al. [29]); cross, massive star-forming region DR21(OH)
(Hezareh et al. [29]). The filled box indicates the range of column densities and CR
ionisation rates compatible with the data analysed by Williams et al. [61].

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

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

7 Effects of magnetic field on CR propagation

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

Padovani+ 2009
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—> solar modulation!
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Revised estimates…
4 V. H. M. Phan et al.
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Figure 3. Data of the CR intensity for protons (left) and electrons (right) taken from Voyager 1 (Cummings et al. 2016) and AMS-02 (Aguilar et al. 2014,
2015) compared with the fitted curve used in this work.

the cloud. We will denote this momentum as p01 or p02 for parti-
cles that entered the cloud from the left and right edge of the cloud,
respectively. Thanks to the symmetry of the problem (the flux of
CRs impinging onto the left and right side of the cloud is identical)
we can write:

fc(x, p)d3 p =
1
2

h
fb(p01)d3 p01 + fb(p02)d3 p02

i
. (5)

where fb(p) is the CR particle distribution function at the cloud bor-
der, which is assumed to be quite close to an isotropic distribution.
Eq. 5 can be reduced to:

fc(x, p) =
1
2

2
666664 fb(p01)

p2
01 ṗ(p01)

p2 ṗ(p)
+ fb(p02)

p2
02 ṗ(p02)

p2 ṗ(p)

3
777775 , (6)

which can be further simplified by noting that p01 = p0(x, p) and
p02 = p0(Lc � x, p).

The function p0(x, p) can be determined by solving the equa-
tion:

x = hcos#i
Z p

p0

vp

ṗ(p)
dp ⇡ 1

2

Z p

p0

vp

ṗ(p)
dp, (7)

where we introduced # as the particle pitch angle, and we set
hcos#i ' 1/2, as expected for an almost isotropic distribution of
particles. Note that, even though deviation from isotropy are ex-
pected at low energies (for E ⌧ E⇤ one does not expect to have a
significant flux of particles out of the cloud), the error introduced
by the assumption of CR isotropy is at most a factor of 2 (and most
likely significantly less than that, as argued by Ivlev et al. 2018).

At this point we can change coordinate system from (x, p) to
(p0, p), and combine Eq. 2 with Eq. 6 to obtain:

fb(p) = f0(p)+
vp

4vA p2 ṗ(p)

Z pmax
0

p

@

@p0
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p2

0 fb(p0)ṗ(p0)
#
dp0, (8)

where pmax
0 = p0(Lc, p). This can be solved to give:

fb(p) =
f0(p)+

vp

4vA p2 ṗ(p)

 ⇣
pmax

0

⌘2
fb(pmax

0 )ṗ(pmax
0 )

�

1+
vp

4vA

, (9)

where pmax
0 (p) is defined by Eq. (7) with x = Lc and represents the

momentum of particles at the border of the cloud that produce par-
ticles with momentum p on the other side of the cloud. Indeed, the
expression above still does not give the form of fb(p) as it requires
fb(pmax

0 ) which, in principle, is unknown. However, the asymptotic
behavior would be fb(pmax

0 ) ⇠ fc(p) for su�ciently large particle
energies, with fc(p) given by Eq. 3.

It is worth mentioning that Eq. 9 is not a formal solution of
Eq. 2 because, in general, one would expect hcos#i , 1/2. How-
ever, we have checked the result obtained from Eq. 6 with the ap-
proximate solution obtained by the method of flux balancing (see
Section 2 in Morlino & Gabici 2015) and the two results match for
particles with vp � vA.

3 COSMIC-RAY SPECTRA IN DIFFUSE CLOUDS

In this Section, we will make use of Eq. 4 and Eq. 9 to determine
the spectrum of CR protons and electrons inside a given MC. In
order to do so, we will need to specify:

(i) the spectrum of CR protons f p
0 (p) and electrons f e

0 (p) far
away from the cloud (Zone 1 in Fig. 1);

(ii) the column density NH2 and the size Lc of the cloud;
(iii) the Alfvén speed vA in the medium outside of the cloud

(Zones 1 and 2).

As pointed out in Morlino & Gabici (2015), it is a remarkable fact
that the spectrum of CRs inside the cloud does not depend on the
CR di↵usion coe�cient (this quantity does not appear in neither
Eq. 4 nor 9).

As a reference case, we will assume that the spectra of CR
protons and electrons away from the cloud are identical to those
measured by the Voyager 1 probe (Stone et al. 2013; Cummings et
al. 2016). This is equivalent to assuming that the spectra measured
by Voyager 1 are representative of the entire Galaxy, and not only
of the local interstellar medium. We will discuss in Sec. 5 the im-
plications of such an assumption. To describe Voyager 1 data, we
fit the intensity of CRs together with the available high energy data
from AMS (Aguilar et al. 2014, 2015) with a broken power law:
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Figure 3. Data of the CR intensity for protons (left) and electrons (right) taken from Voyager 1 (Cummings et al. 2016) and AMS-02 (Aguilar et al. 2014,
2015) compared with the fitted curve used in this work.

the cloud. We will denote this momentum as p01 or p02 for parti-
cles that entered the cloud from the left and right edge of the cloud,
respectively. Thanks to the symmetry of the problem (the flux of
CRs impinging onto the left and right side of the cloud is identical)
we can write:
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where fb(p) is the CR particle distribution function at the cloud bor-
der, which is assumed to be quite close to an isotropic distribution.
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which can be further simplified by noting that p01 = p0(x, p) and
p02 = p0(Lc � x, p).

The function p0(x, p) can be determined by solving the equa-
tion:

x = hcos#i
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where we introduced # as the particle pitch angle, and we set
hcos#i ' 1/2, as expected for an almost isotropic distribution of
particles. Note that, even though deviation from isotropy are ex-
pected at low energies (for E ⌧ E⇤ one does not expect to have a
significant flux of particles out of the cloud), the error introduced
by the assumption of CR isotropy is at most a factor of 2 (and most
likely significantly less than that, as argued by Ivlev et al. 2018).

At this point we can change coordinate system from (x, p) to
(p0, p), and combine Eq. 2 with Eq. 6 to obtain:
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0 (p) is defined by Eq. (7) with x = Lc and represents the

momentum of particles at the border of the cloud that produce par-
ticles with momentum p on the other side of the cloud. Indeed, the
expression above still does not give the form of fb(p) as it requires
fb(pmax

0 ) which, in principle, is unknown. However, the asymptotic
behavior would be fb(pmax

0 ) ⇠ fc(p) for su�ciently large particle
energies, with fc(p) given by Eq. 3.

It is worth mentioning that Eq. 9 is not a formal solution of
Eq. 2 because, in general, one would expect hcos#i , 1/2. How-
ever, we have checked the result obtained from Eq. 6 with the ap-
proximate solution obtained by the method of flux balancing (see
Section 2 in Morlino & Gabici 2015) and the two results match for
particles with vp � vA.

3 COSMIC-RAY SPECTRA IN DIFFUSE CLOUDS

In this Section, we will make use of Eq. 4 and Eq. 9 to determine
the spectrum of CR protons and electrons inside a given MC. In
order to do so, we will need to specify:

(i) the spectrum of CR protons f p
0 (p) and electrons f e

0 (p) far
away from the cloud (Zone 1 in Fig. 1);

(ii) the column density NH2 and the size Lc of the cloud;
(iii) the Alfvén speed vA in the medium outside of the cloud

(Zones 1 and 2).

As pointed out in Morlino & Gabici (2015), it is a remarkable fact
that the spectrum of CRs inside the cloud does not depend on the
CR di↵usion coe�cient (this quantity does not appear in neither
Eq. 4 nor 9).

As a reference case, we will assume that the spectra of CR
protons and electrons away from the cloud are identical to those
measured by the Voyager 1 probe (Stone et al. 2013; Cummings et
al. 2016). This is equivalent to assuming that the spectra measured
by Voyager 1 are representative of the entire Galaxy, and not only
of the local interstellar medium. We will discuss in Sec. 5 the im-
plications of such an assumption. To describe Voyager 1 data, we
fit the intensity of CRs together with the available high energy data
from AMS (Aguilar et al. 2014, 2015) with a broken power law:
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where the assumption of a spatially homogeneous distribution of
gas density and magnetic field are no longer valid. The presence of
clumps may a↵ect CR propagation mainly in two ways:

(i) Magnetic mirroring: the value of the magnetic field cannot be
assumed to be spatially homogeneous in clumps, where it is known
to correlate with gas density (Crutcher et al. 2010). The presence of
a stronger magnetic field in clumps may induce magnetic mirroring
of CRs, as investigated in Padovani & Galli (2011). This fact would
lead to a suppression of the CR intensity and thus also of the ion-
ization rate. This would further increase the discrepancy between
model predictions and data;

(ii) Particle losses: very dense clumps may act as sinks for CR
particles. This happens when the energy losses are so e↵ective to
prevent CR particles to cross the clump over a time-scale shorter
than the energy loss time. Such a scenario was investigated by Ivlev
et al. (2018). Under these circumstances, a larger suppression of
the CR intensity inside MCs is expected (energy losses are on av-

erage more intense), and this would also increase the discrepancy
between data and predictions.

5 DISCUSSION AND CONCLUSIONS

The main result of this paper can be summarized as follows: if the
CR spectra measured in the local ISM by the Voyager 1 probe are
characteristic of the entire ISM, then the ionization rates measured
inside MCs are not due to the penetration of such background CRs
into these objects, and another source of ionization has to be found.
This is a quite puzzling result, which necessarily calls for further
studies. Several possibilities can be envisaged in order to explain
the discrepancy between model predictions and observations. A
non-exhaustive list includes:

(i) Better description of the transition between di↵use and dense
media: at present, all the available models aimed at describing the
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where the assumption of a spatially homogeneous distribution of
gas density and magnetic field are no longer valid. The presence of
clumps may a↵ect CR propagation mainly in two ways:

(i) Magnetic mirroring: the value of the magnetic field cannot be
assumed to be spatially homogeneous in clumps, where it is known
to correlate with gas density (Crutcher et al. 2010). The presence of
a stronger magnetic field in clumps may induce magnetic mirroring
of CRs, as investigated in Padovani & Galli (2011). This fact would
lead to a suppression of the CR intensity and thus also of the ion-
ization rate. This would further increase the discrepancy between
model predictions and data;

(ii) Particle losses: very dense clumps may act as sinks for CR
particles. This happens when the energy losses are so e↵ective to
prevent CR particles to cross the clump over a time-scale shorter
than the energy loss time. Such a scenario was investigated by Ivlev
et al. (2018). Under these circumstances, a larger suppression of
the CR intensity inside MCs is expected (energy losses are on av-

erage more intense), and this would also increase the discrepancy
between data and predictions.

5 DISCUSSION AND CONCLUSIONS

The main result of this paper can be summarized as follows: if the
CR spectra measured in the local ISM by the Voyager 1 probe are
characteristic of the entire ISM, then the ionization rates measured
inside MCs are not due to the penetration of such background CRs
into these objects, and another source of ionization has to be found.
This is a quite puzzling result, which necessarily calls for further
studies. Several possibilities can be envisaged in order to explain
the discrepancy between model predictions and observations. A
non-exhaustive list includes:

(i) Better description of the transition between di↵use and dense
media: at present, all the available models aimed at describing the
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where the assumption of a spatially homogeneous distribution of
gas density and magnetic field are no longer valid. The presence of
clumps may a↵ect CR propagation mainly in two ways:

(i) Magnetic mirroring: the value of the magnetic field cannot be
assumed to be spatially homogeneous in clumps, where it is known
to correlate with gas density (Crutcher et al. 2010). The presence of
a stronger magnetic field in clumps may induce magnetic mirroring
of CRs, as investigated in Padovani & Galli (2011). This fact would
lead to a suppression of the CR intensity and thus also of the ion-
ization rate. This would further increase the discrepancy between
model predictions and data;

(ii) Particle losses: very dense clumps may act as sinks for CR
particles. This happens when the energy losses are so e↵ective to
prevent CR particles to cross the clump over a time-scale shorter
than the energy loss time. Such a scenario was investigated by Ivlev
et al. (2018). Under these circumstances, a larger suppression of
the CR intensity inside MCs is expected (energy losses are on av-

erage more intense), and this would also increase the discrepancy
between data and predictions.

5 DISCUSSION AND CONCLUSIONS

The main result of this paper can be summarized as follows: if the
CR spectra measured in the local ISM by the Voyager 1 probe are
characteristic of the entire ISM, then the ionization rates measured
inside MCs are not due to the penetration of such background CRs
into these objects, and another source of ionization has to be found.
This is a quite puzzling result, which necessarily calls for further
studies. Several possibilities can be envisaged in order to explain
the discrepancy between model predictions and observations. A
non-exhaustive list includes:

(i) Better description of the transition between di↵use and dense
media: at present, all the available models aimed at describing the
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where the assumption of a spatially homogeneous distribution of
gas density and magnetic field are no longer valid. The presence of
clumps may a↵ect CR propagation mainly in two ways:

(i) Magnetic mirroring: the value of the magnetic field cannot be
assumed to be spatially homogeneous in clumps, where it is known
to correlate with gas density (Crutcher et al. 2010). The presence of
a stronger magnetic field in clumps may induce magnetic mirroring
of CRs, as investigated in Padovani & Galli (2011). This fact would
lead to a suppression of the CR intensity and thus also of the ion-
ization rate. This would further increase the discrepancy between
model predictions and data;

(ii) Particle losses: very dense clumps may act as sinks for CR
particles. This happens when the energy losses are so e↵ective to
prevent CR particles to cross the clump over a time-scale shorter
than the energy loss time. Such a scenario was investigated by Ivlev
et al. (2018). Under these circumstances, a larger suppression of
the CR intensity inside MCs is expected (energy losses are on av-

erage more intense), and this would also increase the discrepancy
between data and predictions.

5 DISCUSSION AND CONCLUSIONS

The main result of this paper can be summarized as follows: if the
CR spectra measured in the local ISM by the Voyager 1 probe are
characteristic of the entire ISM, then the ionization rates measured
inside MCs are not due to the penetration of such background CRs
into these objects, and another source of ionization has to be found.
This is a quite puzzling result, which necessarily calls for further
studies. Several possibilities can be envisaged in order to explain
the discrepancy between model predictions and observations. A
non-exhaustive list includes:

(i) Better description of the transition between di↵use and dense
media: at present, all the available models aimed at describing the
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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 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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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 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
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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

( ) ( ) ( )

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.

17

The Astrophysical Journal, 831:18 (21pp), 2016 November 1 Cummings et al.

Cu
m

m
in

gs
+ 

20
16



Intro          ballistic?        diffusive!         theory…          …versus data          So?

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:
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corrected rates.

Figure 16. Possible suprathermal tail on interstellar wind distribution that
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portion of the GCR LISM spectrum �3 MeV is from the LBM model.
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Fig. 6. Compilation of measured ⇣ in different objects (open
squares), as reported by Padovani & Galli (2013). The black
filled square shows ⇣ in W51 (Ceccarelli et al. 2011). Red points
and lower limits report the values derived in this work. The
dashed lines show the range of column densities (0.5 � 10) ⇥
1022 cm�2, typical of dense molecular clouds, corresponding to
visual extinctions of 5 and 100 mag, respectively. On the left lie
the diffuse clouds and on the right highly obscured environments
such as infrared dark clouds or protoplanetary disks.

7. Discussion

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

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

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

Another result to notice regards the dependence of ⇣

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

A crucial additional information is provided by the ob-
servations in the �-ray domain. Both the northern and
southern clouds coincide with sources of TeV emission, as
seen by HESS. This means that the clouds are illuminated
by very high energy (& 10 TeV) CR, which already es-
caped the SNR expanding shell and travelled the & 10 pc
(or more, if projection effects play a role) to the southern
cloud. Conversely, the low CR ionization rate measured in
SE1 tells us that the ionizing lower energy CR remain con-
fined closer to the SNR. In the same vein, GeV emission
has been detected towards the northern region but only to-
wards a part of the southern one. This difference between
the GeV and TeV �-ray morphology has been interpreted
as a projection effect: the part of the southern region that
exhibits a lack of GeV emission is probably located at a dis-
tance from the shock significantly larger than the projected
one, > 10 pc, and thus can be reached by & TeV CR but
not by & GeV ones (Gabici et al. 2010; Li & Chen 2010;
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and lower limits report the values derived in this work. The
dashed lines show the range of column densities (0.5 � 10) ⇥
1022 cm�2, typical of dense molecular clouds, corresponding to
visual extinctions of 5 and 100 mag, respectively. On the left lie
the diffuse clouds and on the right highly obscured environments
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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)⇥1022 cm�2, typical
of dense molecular clouds, the points in which we derived ⇣

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

Another result to notice regards the dependence of ⇣

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

A crucial additional information is provided by the ob-
servations in the �-ray domain. Both the northern and
southern clouds coincide with sources of TeV emission, as
seen by HESS. This means that the clouds are illuminated
by very high energy (& 10 TeV) CR, which already es-
caped the SNR expanding shell and travelled the & 10 pc
(or more, if projection effects play a role) to the southern
cloud. Conversely, the low CR ionization rate measured in
SE1 tells us that the ionizing lower energy CR remain con-
fined closer to the SNR. In the same vein, GeV emission
has been detected towards the northern region but only to-
wards a part of the southern one. This difference between
the GeV and TeV �-ray morphology has been interpreted
as a projection effect: the part of the southern region that
exhibits a lack of GeV emission is probably located at a dis-
tance from the shock significantly larger than the projected
one, > 10 pc, and thus can be reached by & TeV CR but
not by & GeV ones (Gabici et al. 2010; Li & Chen 2010;
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squares), as reported by Padovani & Galli (2013). The black
filled square shows ⇣ in W51 (Ceccarelli et al. 2011). Red points
and lower limits report the values derived in this work. The
dashed lines show the range of column densities (0.5 � 10) ⇥
1022 cm�2, typical of dense molecular clouds, corresponding to
visual extinctions of 5 and 100 mag, respectively. On the left lie
the diffuse clouds and on the right highly obscured environments
such as infrared dark clouds or protoplanetary disks.

7. Discussion

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

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

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

Another result to notice regards the dependence of ⇣

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

A crucial additional information is provided by the ob-
servations in the �-ray domain. Both the northern and
southern clouds coincide with sources of TeV emission, as
seen by HESS. This means that the clouds are illuminated
by very high energy (& 10 TeV) CR, which already es-
caped the SNR expanding shell and travelled the & 10 pc
(or more, if projection effects play a role) to the southern
cloud. Conversely, the low CR ionization rate measured in
SE1 tells us that the ionizing lower energy CR remain con-
fined closer to the SNR. In the same vein, GeV emission
has been detected towards the northern region but only to-
wards a part of the southern one. This difference between
the GeV and TeV �-ray morphology has been interpreted
as a projection effect: the part of the southern region that
exhibits a lack of GeV emission is probably located at a dis-
tance from the shock significantly larger than the projected
one, > 10 pc, and thus can be reached by & TeV CR but
not by & GeV ones (Gabici et al. 2010; Li & Chen 2010;
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Fig. 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. 6. Compilation of measured ⇣ in different objects (open
squares), as reported by Padovani & Galli (2013). The black
filled square shows ⇣ in W51 (Ceccarelli et al. 2011). Red points
and lower limits report the values derived in this work. The
dashed lines show the range of column densities (0.5 � 10) ⇥
1022 cm�2, typical of dense molecular clouds, corresponding to
visual extinctions of 5 and 100 mag, respectively. On the left lie
the diffuse clouds and on the right highly obscured environments
such as infrared dark clouds or protoplanetary disks.

7. Discussion

Table 5 lists the observed positions and the corresponding
CR ionization rates, derived following the method described
in the previous section. First thing to notice is that, with
the exception of the SE1 point, in all other points ⇣ is at
least 10 to 260 times larger than the standard value (1 ⇥
10�17 s�1) in Galactic clouds. This is shown in Fig. 6, where
we report a compilation of the ⇣ measured in various objects

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)⇥1022 cm�2, typical
of dense molecular clouds, the points in which we derived ⇣

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

Another result to notice regards the dependence of ⇣

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

A crucial additional information is provided by the ob-
servations in the �-ray domain. Both the northern and
southern clouds coincide with sources of TeV emission, as
seen by HESS. This means that the clouds are illuminated
by very high energy (& 10 TeV) CR, which already es-
caped the SNR expanding shell and travelled the & 10 pc
(or more, if projection effects play a role) to the southern
cloud. Conversely, the low CR ionization rate measured in
SE1 tells us that the ionizing lower energy CR remain con-
fined closer to the SNR. In the same vein, GeV emission
has been detected towards the northern region but only to-
wards a part of the southern one. This difference between
the GeV and TeV �-ray morphology has been interpreted
as a projection effect: the part of the southern region that
exhibits a lack of GeV emission is probably located at a dis-
tance from the shock significantly larger than the projected
one, > 10 pc, and thus can be reached by & TeV CR but
not by & GeV ones (Gabici et al. 2010; Li & Chen 2010;
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Fig. 6. Compilation of measured ⇣ in different objects (open
squares), as reported by Padovani & Galli (2013). The black
filled square shows ⇣ in W51 (Ceccarelli et al. 2011). Red points
and lower limits report the values derived in this work. The
dashed lines show the range of column densities (0.5 � 10) ⇥
1022 cm�2, typical of dense molecular clouds, corresponding to
visual extinctions of 5 and 100 mag, respectively. On the left lie
the diffuse clouds and on the right highly obscured environments
such as infrared dark clouds or protoplanetary disks.

7. Discussion

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

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

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

Another result to notice regards the dependence of ⇣

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

A crucial additional information is provided by the ob-
servations in the �-ray domain. Both the northern and
southern clouds coincide with sources of TeV emission, as
seen by HESS. This means that the clouds are illuminated
by very high energy (& 10 TeV) CR, which already es-
caped the SNR expanding shell and travelled the & 10 pc
(or more, if projection effects play a role) to the southern
cloud. Conversely, the low CR ionization rate measured in
SE1 tells us that the ionizing lower energy CR remain con-
fined closer to the SNR. In the same vein, GeV emission
has been detected towards the northern region but only to-
wards a part of the southern one. This difference between
the GeV and TeV �-ray morphology has been interpreted
as a projection effect: the part of the southern region that
exhibits a lack of GeV emission is probably located at a dis-
tance from the shock significantly larger than the projected
one, > 10 pc, and thus can be reached by & TeV CR but
not by & GeV ones (Gabici et al. 2010; Li & Chen 2010;
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Fig. 5. RD as a function of the gas temperature Tkin for
different values of ⇣/nH: from 2 to 5 ⇥10�19 s�1, as marked.
Note that for ⇣/nH  2 ⇥ 10�19 cm3 s�1(thick solid line), the
cloud is always in the LIP, regardless of the temperature. For
⇣/nH > 5 ⇥ 10�19 cm3 s�1(thin dahed curve), the cloud is al-
ways in the HIP for temperatures  50 K. Hatched areas show
observations of N5 and N6. We assumed AV = 20 mag.
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Fig. 6. Compilation of measured ⇣ in different objects (open
squares), as reported by Padovani & Galli (2013). The black
filled square shows ⇣ in W51 (Ceccarelli et al. 2011). Red points
and lower limits report the values derived in this work. The
dashed lines show the range of column densities (0.5 � 10) ⇥
1022 cm�2, typical of dense molecular clouds, corresponding to
visual extinctions of 5 and 100 mag, respectively. On the left lie
the diffuse clouds and on the right highly obscured environments
such as infrared dark clouds or protoplanetary disks.

7. Discussion

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

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

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

Another result to notice regards the dependence of ⇣

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

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