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Gamma-ray astronomy

p + p� p + p + �0 ⇥0 � � + �

CR ISM ⇥E�⇤ � ECR/10

Epeak =
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knee?
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IR/mm observations -> chemistry -> MeV CR spectrum 
space/ground based γ-ray observations -> GeV/TeV CR spectrum

CR spectrum close to the acceleration site (from ~MeV to >TeV 
energies) can be extracted from a combination of low and high 

energy observations



CRs and interstellar chemistry: H3+

for reviews see e.g. Oka (2006), Dalgarno (2006)

H2 +CR �! H
+
2 + e� +CR

-> CR ionization

di
ff

us
e 
clo

ud
s



CRs and interstellar chemistry: H3+

for reviews see e.g. Oka (2006), Dalgarno (2006)

H2 +CR �! H
+
2 + e� +CR

-> CR ionization

⇣CR = 4⇡

Z Emax

I(H2)

dE jCR(E) �ion(E) -> CR ionization rate

Spitzer&Tomasko 68…Padovani+ 09, Krause+15

CR spectrum (MeV)

di
ff

us
e 
clo

ud
s



CRs and interstellar chemistry: H3+

for reviews see e.g. Oka (2006), Dalgarno (2006)

H2 +CR �! H
+
2 + e� +CR

-> CR ionization

⇣CR = 4⇡

Z Emax

I(H2)

dE jCR(E) �ion(E) -> CR ionization rate

Spitzer&Tomasko 68…Padovani+ 09, Krause+15

CR spectrum (MeV)

H
+
2 +H2 �! H

+
3 +H very fast

⇣CR n(H2)

H3+ production rate

di
ff

us
e 
clo

ud
s



CRs and interstellar chemistry: H3+

for reviews see e.g. Oka (2006), Dalgarno (2006)

H2 +CR �! H
+
2 + e� +CR

-> CR ionization

H
+
3 + e� �! H2 +H or H + H+H

H3+ destruction rate
-> dissociative recombination

ke n(e�) n(H+
3 )

ke -> from lab measurements under near interstellar conditions McCall+ 2003

⇣CR = 4⇡

Z Emax

I(H2)

dE jCR(E) �ion(E) -> CR ionization rate

Spitzer&Tomasko 68…Padovani+ 09, Krause+15

CR spectrum (MeV)

H
+
2 +H2 �! H

+
3 +H very fast

⇣CR n(H2)

H3+ production rate

di
ff

us
e 
clo

ud
s



CRs and interstellar chemistry: H3+

for reviews see e.g. Oka (2006), Dalgarno (2006)

H2 +CR �! H
+
2 + e� +CR

H
+
2 +H2 �! H

+
3 +H very fast

⇣CR n(H2)

H3+ production rate

H
+
3 + e� �! H2 +H or H + H+H

H3+ destruction rate

-> CR ionization

-> dissociative recombination

ke n(e�) n(H+
3 )

in equilibrium

n(H+
3 ) =

✓
⇣CR

ke

◆
n(H2)

n(e�)

di
ff

us
e 
clo

ud
s



CRs and interstellar chemistry: H3+

for reviews see e.g. Oka (2006), Dalgarno (2006)

H2 +CR �! H
+
2 + e� +CR

H
+
2 +H2 �! H

+
3 +H very fast

⇣CR n(H2)

H3+ production rate

H
+
3 + e� �! H2 +H or H + H+H

H3+ destruction rate

-> CR ionization

-> dissociative recombination

ke n(e�) n(H+
3 )

in equilibrium

n(H+
3 ) =

✓
⇣CR

ke

◆
n(H2)

n(e�)
⇣CRL = ke

N(e�)

N(H2)
N(H

+
3 )

from densities to column densities N = n x L

di
ff

us
e 
clo

ud
s



H3+ in space: InfraRed absorption line
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Herschel -> OH+ H2O+ H3O+

Gerin+2010,Neufeld+2010,Indriolo+2015

Most direct probe -> H2+

Becker+ 2011
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S. Vaupré et al.: Cosmic ray induced ionisation of a molecular cloud shocked by the W28 supernova remnant

ii) for ⇣/nH & 3⇥10�19 cm3 s�1, the gas is in the HIP, where
RD . 10�4 and xe & 2 ⇥ 10�5. In this regime, DCO+ is
not detectable and the numerical prediction for xe di↵ers
significantly from the analytical one.

Therefore, the DCO+/HCO+ abundance ratio can provide a
measure of xe and ⇣ in the LIP, and only lower limits if the
gas is in the HIP.

3) We found only one position, SE1, in the LIP,
where RD = 0.032�0.05, xe = (0.3�4) ⇥ 10�7 and
⇣ = (0.2�20) ⇥ 10�17 s�1. Two positions, N5 and N6,
lie in the gap between the LIP and HIP, namely the gas
is neither entirely in the LIP nor in the HIP, although it
certainly contains a fraction of gas in the LIP, where DCO+
is detectable (and detected). The jump from the HIP to the
LIP when penetrating farther into the cloud is associated
with an increase in the temperature, and we showed that
model calculations at several temperatures further constrain
the value of ⇣. The uncertainty in ⇣ towards these positions
is dominated by the uncertainty in the H2 density and the
derived values are ⇣ = (1.3�3.3) and (1.3�4.0) ⇥10�15 s�1

for N5 and N6, respectively. Towards the remaining 5
positions with upper limits on RD, the derived ⇣ values are
at least 10 to 260 times higher than the standard value of
1 ⇥ 10�17 s�1.

4) The points of the northern cloud have the largest CR ion-
isation rates measured so far in the Galaxy. The point to-
wards the southern cloud is, on the contrary, consistent with
the average galactic CR ionisation rate of molecular clouds
not interacting with a SNR. Since the northern and southern
clouds have projected distances from the SNR shock of 3
and ⇠10 pc, respectively, this can be explained by the fact
that the low energy ionising CRs have not reached the south-
ern cloud yet. On the other hand, the observations show that
both the northern and southern clouds coincide with TeV
emission sources, suggesting that high &10 TeV CRs have
reached both. This is also consistent with �-ray emission
sources inciding with the northern cloud but only partially
with the southern cloud, indicating that the former is irradi-
ated by ⇡0.1�1 GeV CRs, while only the nearest portion of
the southern cloud is so a↵ected.

5) The emerging picture is that of energy-dependent di↵usion
properties of hadronic CRs. The high-energy CRs respon-
sible for TeV �-ray emission through ⇡0-decay can di↵use
far ahead of the SNR shock, while the low-energy CRs
(0.1�1 GeV), responsible for both the low �-ray emission
and the ionisation of the gas, remain closer to the SNR shock.
The present work thus gives first observational evidence to
the theoretical predictions that hadrons of energy 0.1�1 GeV
contribute most to the ionisation in dense gas (Padovani et al.
2009).
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carried out with the IRAM 30 m telescope. IRAM is supported by INSU/CNRS
(France), MPG (Germany) and IGN (Spain). S. Gabici acknowledges the finan-
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Appendix A: Chemical models

We solved the OSU 20094 chemical network using the
astrochem5 code.
4 http://www.physics.ohio-state.edu/~eric/research.
html
5 http://smaret.github.io/astrochem/

Table A.1. Reduced chemical network for the analytical derivation of
DCO+/HCO+.

Reaction Reaction rate [cm3 s�1]

No. 1 CR + H2
⇣! H+2 + e� ⇣ [ s�1]

No. 2 H+2+ H2

kH+2! H+3 + H kH+2
= 2.1 10�9

No. 3 H+3 + CO
kH! HCO+ + H2 kH = 1.61 10�9

No. 4 HCO+ + e�
�0! CO + H �0 = 2.8 10�7

⇣
T

300

⌘�0.69

No. 5 H+3 + e�
�! H + H + H � = 4.36 10�8

⇣
T

300

⌘�0.52

H2+ H +2.34 10�8
⇣

T

300

⌘�0.52

No. 6 H + H
k
0
! H2 k

0 = 4.95 10�17
⇣

T

300

⌘0.50

No. 7 H+3 + HD
kf
⌦
k
�1
f

H2D+ + H2 kf = 1.7 10�9

k
�1
f = kf e�220/T

No. 8 H2D+ + CO
kD! DCO+ + H2 kD = 5.37 10�10

No. 9 DCO+ + e�
�0! CO + D �0 = 2.8 10�7

⇣
T

300

⌘�0.69

No. 10 H2D+ + e�
ke! H + H + D ke = 4.38 10�8

⇣
T

300

⌘�0.50

H2 + D +1.20 10�8
⇣

T

300

⌘�0.50

HD + H +4.20 10�9
⇣

T

300

⌘�0.50

No. 11 H + D
k
00
! HD k

00 =
p

2k
0

No. 12 H2D+ + CO
k
0
D! HCO+ + H2 k

0
D = 1.1 10�9

No. 13 H+3 + D
k
0
f
⌦
k
0�1
f

H2D+ + H k
0
f = 1.0 10�9

k
0�1
f = k

0
f e�632/T

No. 14 CO+ + HD
kCO+! DCO+ + H kCO+ = 7.5 10�10

Notes. The reduced network corresponds to the original description by
Guélin et al. (1977) and Caselli et al. (1998). The rates of reactions 1�6
are contained in the original OSU 2009 network. We appended deuter-
ated reactions 7�14 for which chemical rates are taken from Roberts
& Millar (2000). Reaction 14 is only dominant in the HIP and is not
involved in the analytical determination of DCO+/HCO+.

Table A.2. Range of initial physical parameters used in the astrochem
code.

Parameter Range
AV 20 mag
nH 103 to 104 cm�3

Tkin 5 to 80 K
Td 20 K
⇣ 10�18 to 10�14 s�1

astrochem is a numerical code that computes the time-
dependent chemical abundances in a cell of gas shielded by a
given visual extinction AV and with given physical parameters:
the total H density nH, the gas kinetic temperature Tkin, and the
dust temperature Td. It also takes as an input the initial chem-
ical abundances and the CR ionisation rate. We followed the
abundance until a steady state was reached, for a grid of mod-
els covering a large range of physical conditions (nH,Tkin) and
CR ionisation rates ⇣, at a given AV = 20 mag, far inside the
cloud, where the gas is shielded from the UV radiation field and
the ionisation is dominated by CRs. The results only depend on
the ⇣/nH ratio (see Sect. 5.2). The role of the dust in astrochem
is limited to the absorption and desorption processes, namely no
grain surface chemistry is considered. As discussed in Sect. 5.2,
neither process is relevant to the present discussion. Initial con-
ditions were taken from the low-metal abundances as in Graedel
et al. (1982) and Wakelam et al. (2006b) using an updated He/H
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FIG. 5.ÈLogarithmic contour level diagrams for d2 models of (a) elec-
tron fraction and (b) cosmic-ray ionization rate. The contours have been
drawn by using model data points from The open circle representsFig. 4a.
TMC-1 (CP) (see Values of x(e) and f can be directly determinedFig. 1).
with the help of the above diagrams once and are known fromRH RDobservations.

For the refractory metal abundance, we can use a similar
approach, which leads to

log ;
i

x(M
i
`) \ c1] c2

(log RD)2] c3
log RH

. (7)

Tables and list values of the above parameters and4, 5, 6
corresponding errors for models with and 105n(H2) \ 104
cm~3, at steady state. Values of and (i \ 1, 3) fora

i
, b

i
, c

imodels with C and O initially depleted by a factor of 3 and
5 and 5) are also given in Tables and( f

D
\ 3 4, 5, 6.

Electron fractions, cosmic-ray ionization rates, and metal
abundances for cores calculated with equationsBLLÏs (5),

and are listed in together with gas number(6), (7) Table 7,
densities determined by from their DCO`n(H2) BLL
observations. To Ðnd and at thex(e)

p
, f

p
, M

p
` [4;

i
x(M

i
`)]

corresponding gas density cm~3 for each coren(H2) \ 10p
we used the interpolation procedure

x(e)
p
\ 10a(4~p)x(e)4

f
p
\ 10b(4~p)f4

M
p
`\ 10c(4~p)M4` ,

TABLE 4

FIT PARAMETERS FOR x(e)

n(H2)(cm~3) a1 a2 a3 s
a
2

f
D

\ 2

104 . . . . . . [5.72^ 0.11 [4.65^ 0.09 [4.34^ 0.46 0.48
105 . . . . . . [4.52^ 0.14 [7.07^ 0.16 [3.25^ 0.48 0.54

f
D

\ 3

104 . . . . . . [5.95^ 0.11 [3.20^ 0.06 [3.54^ 0.42 0.45
105 . . . . . . [5.14^ 0.12 [4.71^ 0.09 [2.92^ 0.43 0.46

f
D

\ 5

104 . . . . . . [6.27^ 0.10 [2.03^ 0.04 [3.24^ 0.41 0.49
105 . . . . . . [5.78^ 0.10 [2.87^ 0.06 [2.91^ 0.39 0.48

where b 4 log and c 4 loga 4 log [x(e)4/x(e)5], (f4/f5),For d2 models, the values of a and b averaged(M4`/M5`).
over the whole core sample are 0.37 ^ 0.26 and
[0.62^ 0.24, respectively. Within the errors, the above
values are consistent with the relation a P (b ] 1)/2, valid
in the simple model of electron balance in molecular clouds
where ions are produced by cosmic rays and destroyed by
dissociative recombination. The errors for the interpolated
x(e) and f values have been found by linearly interpolating

and at 104 and 105 cm~3.p
x(e) pfOne sees from that the inferred ionization frac-Table 7

tions are extremely sensitive to our assumptions about C/O

TABLE 5

FIT PARAMETERS FOR f

n(H2)(cm~3) b1 b2 b3 s
b
2

f
D

\ 2

104 . . . . . . [17.08^ 0.18 7.64^ 0.15 [23.92^ 0.57 0.74
105 . . . . . . [14.12^ 0.19 10.96^ 0.21 [24.36^ 0.46 0.49

f
D

\ 3

104 . . . . . . [17.73^ 0.17 5.82^ 0.13 [22.21^ 0.57 0.85
105 . . . . . . [15.30^ 0.15 8.27^ 0.14 [23.06^ 0.43 0.45

f
D

\ 5

104 . . . . . . [18.45^ 0.17 4.17^ 0.10 [20.79^ 0.60 1.04
105 . . . . . . [16.00^ 0.38 6.06^ 0.30 [20.32^ 1.14 4.03

TABLE 6

FIT PARAMETERS FOR ;
i
x(M

i
`)

n(H2)(cm~3) c1 c2 c3 s
c
2

f
D

\ 2

104 . . . . . . [0.28^ 0.73 [4.21^ 0.58 23.30 ^ 2.90 19.2
105 . . . . . . 1.92^ 0.68 [8.23^ 0.75 25.0 ^ 2.35 12.6

f
D

\ 3

104 . . . . . . [0.57^ 0.64 [3.00^ 0.38 22.76 ^ 2.53 16.4
105 . . . . . . 0.71^ 0.61 [5.04^ 0.49 23.90 ^ 2.24 12.7

f
D

\ 5

104 . . . . . . [1.16^ 0.60 [1.86^ 0.24 21.28 ^ 2.37 16.32
105 . . . . . . [0.32^ 0.52 [2.92^ 0.30 21.94 ^ 1.99 12.24

Ca
se

lli
+ 

19
98
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x(e)
p
\ 10a(4~p)x(e)4

f
p
\ 10b(4~p)f4

M
p
`\ 10c(4~p)M4` ,

TABLE 4

FIT PARAMETERS FOR x(e)

n(H2)(cm~3) a1 a2 a3 s
a
2

f
D

\ 2

104 . . . . . . [5.72^ 0.11 [4.65^ 0.09 [4.34^ 0.46 0.48
105 . . . . . . [4.52^ 0.14 [7.07^ 0.16 [3.25^ 0.48 0.54

f
D

\ 3

104 . . . . . . [5.95^ 0.11 [3.20^ 0.06 [3.54^ 0.42 0.45
105 . . . . . . [5.14^ 0.12 [4.71^ 0.09 [2.92^ 0.43 0.46

f
D

\ 5

104 . . . . . . [6.27^ 0.10 [2.03^ 0.04 [3.24^ 0.41 0.49
105 . . . . . . [5.78^ 0.10 [2.87^ 0.06 [2.91^ 0.39 0.48

where b 4 log and c 4 loga 4 log [x(e)4/x(e)5], (f4/f5),For d2 models, the values of a and b averaged(M4`/M5`).
over the whole core sample are 0.37 ^ 0.26 and
[0.62^ 0.24, respectively. Within the errors, the above
values are consistent with the relation a P (b ] 1)/2, valid
in the simple model of electron balance in molecular clouds
where ions are produced by cosmic rays and destroyed by
dissociative recombination. The errors for the interpolated
x(e) and f values have been found by linearly interpolating

and at 104 and 105 cm~3.p
x(e) pfOne sees from that the inferred ionization frac-Table 7

tions are extremely sensitive to our assumptions about C/O

TABLE 5

FIT PARAMETERS FOR f

n(H2)(cm~3) b1 b2 b3 s
b
2

f
D

\ 2

104 . . . . . . [17.08^ 0.18 7.64^ 0.15 [23.92^ 0.57 0.74
105 . . . . . . [14.12^ 0.19 10.96^ 0.21 [24.36^ 0.46 0.49

f
D

\ 3

104 . . . . . . [17.73^ 0.17 5.82^ 0.13 [22.21^ 0.57 0.85
105 . . . . . . [15.30^ 0.15 8.27^ 0.14 [23.06^ 0.43 0.45

f
D

\ 5

104 . . . . . . [18.45^ 0.17 4.17^ 0.10 [20.79^ 0.60 1.04
105 . . . . . . [16.00^ 0.38 6.06^ 0.30 [20.32^ 1.14 4.03

TABLE 6

FIT PARAMETERS FOR ;
i
x(M

i
`)

n(H2)(cm~3) c1 c2 c3 s
c
2

f
D

\ 2

104 . . . . . . [0.28^ 0.73 [4.21^ 0.58 23.30 ^ 2.90 19.2
105 . . . . . . 1.92^ 0.68 [8.23^ 0.75 25.0 ^ 2.35 12.6

f
D

\ 3

104 . . . . . . [0.57^ 0.64 [3.00^ 0.38 22.76 ^ 2.53 16.4
105 . . . . . . 0.71^ 0.61 [5.04^ 0.49 23.90 ^ 2.24 12.7

f
D

\ 5

104 . . . . . . [1.16^ 0.60 [1.86^ 0.24 21.28 ^ 2.37 16.32
105 . . . . . . [0.32^ 0.52 [2.92^ 0.30 21.94 ^ 1.99 12.24
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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

compilation of data from Padovani+ 2009
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The cosmic ray ionisation rateBridging low and high energy cosmic rays Stefano Gabici

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)

✓
E

10 TeV

◆2�a
(2.1)

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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Fig. 5. Proton LIS spectra of M02 and W98 (upper and lower solid
curves, respectively). The dashed curves represent our power-law ex-
trapolations of the spectra. For comparison, the cross sections for ion-
ization of H2 by proton impact, electron capture, and total ionization are
also shown (in arbitrary units).

LIS proton spectrum of W98 has a turnover around E ≈
100 MeV because of the dominant effect of ionization losses
at low energies in the Galactic propagation model. Our ex-
trapolation at low energies is a power-law in energy with
exponent 0.95.

(ii) The adopted LIS spectrum of M02 (their “best-fitting” case)
reproduces the observed spectrum of protons, antiprotons,
alphas, the B/C ratio and the diffuse γ-ray background. It
is obtained from an injection spectrum which is a double
power-law in rigidity with a steepening below 20 GeV, and a
flattening of the diffusion coefficient below 4 GeV to match
the B/C ratio at E ! 100 MeV. At low energies, our extrap-
olation follows a power-law in energy with exponent −1.

Figure 5 shows a comparison of the proton spectrum according
to W98 and M02 (thick lines). The two spectra have been ex-
trapolated as power laws down to ∼keV energies where the total
ionization cross section, also shown in Fig. 5, has a broad maxi-
mum.

5.2. Electron local interstellar spectrum

CR electrons (and positrons), although constituting a small per-
centage of the corpuscular radiation, provide important informa-
tion regarding interstellar propagation. This happens because CR
electrons are more sensitive probes of ISM conditions than CR
nuclei. In fact, electrons interact with: (i) the ISM, producing
bremßtrahlung responsible for the largest part of galactic back-
ground at γ-frequencies; (ii) radiation fields, generating radia-
tion by inverse Compton scattering at X- and γ-frequencies; (iii)
magnetic fields, producing synchrotron emission at radio fre-
quencies. The electromagnetic radiation emitted by the interac-
tion of CR electrons with other components of the ISM makes
it possible to establish a relation between the observed radiation
spectra and the energy distribution of the electrons. In particular,
observations of the γ-ray background in the 10 keV–100 MeV
range, combined with measurements of the Galactic synchrotron
spectral index in the frequency range 10 MHz–10 GHz, provide
indirect constraints on the LIS electron spectrum down to ener-
gies of ∼100 MeV. As for the proton spectrum, we extrapolate

the LIS electron spectra to lower energies with power-laws to
reach the peak of the ionization cross section at ∼0.1 keV. Here
we consider two different estimates of the LIS electron spectrum,
both derived by Strong et al. (2000).

(i) The first spectrum, labeled C00, corresponds to the “con-
ventional” model C of Strong et al. (2000), and is mostly
derived from radio observations. It reproduces the spectrum
of electrons, protons and alphas above ∼10 GeV, satisfies
the limits imposed by positrons and antiprotons and the con-
straints on the synchrotron spectrum, but fails to account
for the γ-ray background, especially for photon energies be-
low ∼30 MeV and above ∼1 GeV. At low-energies, we have
adopted a power-law dependence of the electron spectrum
as E0.08

e .
(ii) The second spectrum, labeled E00, corresponds to the

model SE of Strong et al. (2000). It reproduces the γ
observations at photon energies below ∼30 MeV by a
combination of bremßtrahlung and inverse Compton emis-
sion, assuming a steepening of the electron spectrum be-
low ∼200 MeV to compensate for the growth of ionization
losses. The resulting increase in the synchrotron spectrum
occurs at frequencies below 10 MHz, where the radio spec-
trum decreases abruptly due to the onset of free-free absorp-
tion. To fit OSSE data would require a LIS electron even
steeper than E00, but the excess γ emission at ∼MeV ener-
gies may be due to a population of unresolved point sources
(Strong et al. 2000). At low energies, we have adopted a
power-law extrapolation of the spectrum as E−1

e .

In Fig. 6 we compare the two LIS electron spectra C00 and E00
assumed in this work.

5.3. CR ionization rate for the local interstellar spectra

The values of ζH2
k , ζe

k and ζHe
k per H2 molecule and He atom, re-

spectively, obtained from numerical integration of Eqs. (3), (13)
and (16), with the jk(Ek) taken to be the adopted LIS spectra, are
listed in Table 3. We have assumed a mixture of H2 and He with
fH2 = 0.83 and fHe = 0.17, corresponding to a He/H ratio of 0.1.
We also list in Table 3 the energy density of each CR component,
defined as

Ek = 4π
∫ ∞

0

jk(Ek)Ek

vk(Ek)
dEk (17)

where jk(Ek) is the particle’s LIS spectrum and vk(Ek) =
c(E2

k/m
2
kc4+2Ek/mkc2)1/2/(1+Ek/mkc2) is the velocity of parti-

cle k with kinetic energy Ek. We compute the total energy density
of CR as

∑
k Ek ≈ (1+ξ)Ep, where ξ = 0.41 is the correction fac-

tor for the abundance of He and heavy nuclei (see Appendix A).
The results listed in Table 3 suggest the following considera-
tions:

(i) protons and heavy nuclei (plus secondary electrons) can
produce ionization rates ranging from ∼10−17 s−1 (in the
case of the the spectrum W98, decreasing below Ep ≈
100 MeV) to ∼10−14 s−1 (spectrum M02, increasing below
Ep ≈ 100 MeV). The contribution of CR electrons to the
ionization rate is negligible if the LIS electron spectrum
flattens below Ee ≈ 10 MeV (spectrum C00), but can be-
come dominant if the spectrum increases at low energies. In
practice, the ionization rate is proportional to the flux of CR
particles in the energy range where the contribution to the
integrals in Eqs. (3), (13) and (16) is larger (see Sect. 7 and
Fig. 14);
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Table 3. CR ionization rates ζH2
k and ζHe

k , electron production rate ζe
k ,

and energy densities Ek of CR protonsa (p) and electrons (e).

k Ref. ζH2
k ζHe

k ζe
k Ek

(s−1) (s−1) (s−1) (eV cm−3)

p W98 2.08 × 10−17 1.33 × 10−17 2.50 × 10−17 0.953
p M02 1.48 × 10−14 2.16 × 10−15 3.49 × 10−15 1.23

e C00 1.62 × 10−19 1.05 × 10−19 1.94 × 10−19 0.0167
e E00 6.53 × 10−12 2.46 × 10−12 7.45 × 10−12 0.571

a The proton ionization rates include the contribution of heavy nuclei.

(ii) the ratio of the CR ionization rate of He and H2 depends
on the shape and absolute value of the assumed spectra. For
CR protons, the ratio ζHe

p /ζ
H2
p varies between 0.15 (spec-

trum M02) and 0.64 (spectrum W98), whereas for electrons
it varies between 0.38 (spectrum E00) and 0.65 (spectrum
C00). In general, since the ionization cross section for He
decreases faster than that of H2 below the maximum, CR
spectra rising with decreasing energy result in a lower value
of ζHe/ζH2. Given the sensitivity of modeled steady-state
abundances of species like C, O2, H2O, H+3 in dense clouds
to the value of ζHe/ζH2 (Wakelam et al. 2006), it might be
possible to constrain this ratio from a careful combination
of molecular line observations and chemical model predic-
tions;

(iii) as anticipated, the CR production rate of electrons in molec-
ular clouds ζe

k is dominated by the CR ionization of H2
(Sect. 2) and He (Sect. 4). The contributions of dissociative
ionization and double ionization to ζe

k are small, about 5.5%
and 0.32% of the rate of production of electrons by single
ionization of H2, respectively, independent of the adopted
spectrum;

(iv) the production rate of electrons, ζe
k , is generally larger than

(but close to) the production rate of H+2 . For the W98 pro-
ton spectrum, the C00 and E00 electron spectra, ζH2

k ≈
0.83−0.87ζe

k . However, since we have included in the ex-
pression for ζH2 the electron capture reaction (2) whose
cross section peaks at a lower energy than the ionization
reaction (1) as shown in Fig. 1, a CR proton spectrum rising
at low energies may result in ζH2

p > ζ
e
p, as in the case of the

M02 spectrum;
(v) with our assumed LIS spectra, the total CR energy density

varies from a minimum of 0.970 eV cm−3 (W98 plus C00)
and a maximum of 1.80 eV cm−3 (M02 plus E00), corre-
sponding to an equipartition magnetic field of 6.2 µG and
8.5 µG, respectively. These equipartition values are com-
patible with the “standard” value of the magnetic field of
6.0 ± 1.8 µG in the cold neutral medium of the Galaxy
(Heiles & Troland 2005). They have interesting conse-
quences for the location of the solar wind termination shock
(see discussion in Webber 1998).

It is important to stress that the CR ionization rates listed in
Table 3 have been obtained by integrating the spectra and the
cross sections down to the ionization threshold of H2 and He,
and they must therefore be considered as upper limits on the
ionization rate. This is especially true for the electron spectrum
E00, which results in ionization rates exceeding the observed
values by more than three orders of magnitude (see Sect. 8). In
the past, LIS spectra have been used to compute the CR ioniza-
tion rate in the ISM assuming an appropriate lower cut-off in
the CR energy (e.g. Nath & Biermann 1994; Webber 1998). In

Fig. 6. Electron LIS spectra of E00 and C00 (upper and lower solid
curves, respectively). The dashed curves represent our extrapolations
of the spectra. For comparison, the cross section for ionization of H2 by
electron impact is also shown (in arbitrary units).

this work, we use the LIS spectra to define the energy distribu-
tion of CR particles incident on the surface of the cloud. As we
show in Sects. 6 and 7, the low-energy tail of the CR spectrum is
strongly (and rapidly) modified by various energy loss processes
when the particles propagate in a medium denser than the local
ISM.

6. Energy losses of CRs in the ISM

The penetration of primary CR and secondary particles in inter-
stellar clouds was studied by Takayanagi (1973) and more in de-
tail by Umebayashi & Nakano (1981). In this paper we adopt the
LIS spectra discussed in Sect. 5 to characterize the incident spec-
tra and we follow the propagation of CR particles inside a molec-
ular cloud with the so-called continuous-slowing-down approxi-
mation (hereafter CSDA)1. In this approximation, the “degrada-
tion spectrum” of the CR component k resulting from the energy
loss of the incident particles and the generation of secondary par-
ticles is proportional to the inverse of the energy loss function,
defined by

Lk(Ek) = − 1
n(H2)

(
dEk

dℓ

)
, (18)

where n(H2) is the density of the medium in which the particles
propagate and ℓ is the path length. Since we consider only energy
losses in collisions with H2, our results are applicable only to
clouds in which hydrogen is mostly in molecular form.

In the following we consider CR propagation in molecular
clouds assuming a plane-parallel geometry. It is convenient to
introduce the column density of molecular hydrogen N(H2),

N(H2) =
∫

n(H2) dℓ, (19)

and to rewrite the energy loss function (Eq. (18)) as

Lk(Ek) = − dEk

dN(H2)
· (20)

1 In the astrophysical literature this approximation is often referred to
as the continuous energy loss regime, and when the propagation is domi-
nated by these losses, it is often known as the thick target approximation
(see e.g. Ramaty & Lingenfelter 1975; Ramaty et al. 1996).
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Fig. 5. Proton LIS spectra of M02 and W98 (upper and lower solid
curves, respectively). The dashed curves represent our power-law ex-
trapolations of the spectra. For comparison, the cross sections for ion-
ization of H2 by proton impact, electron capture, and total ionization are
also shown (in arbitrary units).

LIS proton spectrum of W98 has a turnover around E ≈
100 MeV because of the dominant effect of ionization losses
at low energies in the Galactic propagation model. Our ex-
trapolation at low energies is a power-law in energy with
exponent 0.95.

(ii) The adopted LIS spectrum of M02 (their “best-fitting” case)
reproduces the observed spectrum of protons, antiprotons,
alphas, the B/C ratio and the diffuse γ-ray background. It
is obtained from an injection spectrum which is a double
power-law in rigidity with a steepening below 20 GeV, and a
flattening of the diffusion coefficient below 4 GeV to match
the B/C ratio at E ! 100 MeV. At low energies, our extrap-
olation follows a power-law in energy with exponent −1.

Figure 5 shows a comparison of the proton spectrum according
to W98 and M02 (thick lines). The two spectra have been ex-
trapolated as power laws down to ∼keV energies where the total
ionization cross section, also shown in Fig. 5, has a broad maxi-
mum.

5.2. Electron local interstellar spectrum

CR electrons (and positrons), although constituting a small per-
centage of the corpuscular radiation, provide important informa-
tion regarding interstellar propagation. This happens because CR
electrons are more sensitive probes of ISM conditions than CR
nuclei. In fact, electrons interact with: (i) the ISM, producing
bremßtrahlung responsible for the largest part of galactic back-
ground at γ-frequencies; (ii) radiation fields, generating radia-
tion by inverse Compton scattering at X- and γ-frequencies; (iii)
magnetic fields, producing synchrotron emission at radio fre-
quencies. The electromagnetic radiation emitted by the interac-
tion of CR electrons with other components of the ISM makes
it possible to establish a relation between the observed radiation
spectra and the energy distribution of the electrons. In particular,
observations of the γ-ray background in the 10 keV–100 MeV
range, combined with measurements of the Galactic synchrotron
spectral index in the frequency range 10 MHz–10 GHz, provide
indirect constraints on the LIS electron spectrum down to ener-
gies of ∼100 MeV. As for the proton spectrum, we extrapolate

the LIS electron spectra to lower energies with power-laws to
reach the peak of the ionization cross section at ∼0.1 keV. Here
we consider two different estimates of the LIS electron spectrum,
both derived by Strong et al. (2000).

(i) The first spectrum, labeled C00, corresponds to the “con-
ventional” model C of Strong et al. (2000), and is mostly
derived from radio observations. It reproduces the spectrum
of electrons, protons and alphas above ∼10 GeV, satisfies
the limits imposed by positrons and antiprotons and the con-
straints on the synchrotron spectrum, but fails to account
for the γ-ray background, especially for photon energies be-
low ∼30 MeV and above ∼1 GeV. At low-energies, we have
adopted a power-law dependence of the electron spectrum
as E0.08

e .
(ii) The second spectrum, labeled E00, corresponds to the

model SE of Strong et al. (2000). It reproduces the γ
observations at photon energies below ∼30 MeV by a
combination of bremßtrahlung and inverse Compton emis-
sion, assuming a steepening of the electron spectrum be-
low ∼200 MeV to compensate for the growth of ionization
losses. The resulting increase in the synchrotron spectrum
occurs at frequencies below 10 MHz, where the radio spec-
trum decreases abruptly due to the onset of free-free absorp-
tion. To fit OSSE data would require a LIS electron even
steeper than E00, but the excess γ emission at ∼MeV ener-
gies may be due to a population of unresolved point sources
(Strong et al. 2000). At low energies, we have adopted a
power-law extrapolation of the spectrum as E−1

e .

In Fig. 6 we compare the two LIS electron spectra C00 and E00
assumed in this work.

5.3. CR ionization rate for the local interstellar spectra

The values of ζH2
k , ζe

k and ζHe
k per H2 molecule and He atom, re-

spectively, obtained from numerical integration of Eqs. (3), (13)
and (16), with the jk(Ek) taken to be the adopted LIS spectra, are
listed in Table 3. We have assumed a mixture of H2 and He with
fH2 = 0.83 and fHe = 0.17, corresponding to a He/H ratio of 0.1.
We also list in Table 3 the energy density of each CR component,
defined as

Ek = 4π
∫ ∞

0

jk(Ek)Ek

vk(Ek)
dEk (17)

where jk(Ek) is the particle’s LIS spectrum and vk(Ek) =
c(E2

k/m
2
kc4+2Ek/mkc2)1/2/(1+Ek/mkc2) is the velocity of parti-

cle k with kinetic energy Ek. We compute the total energy density
of CR as

∑
k Ek ≈ (1+ξ)Ep, where ξ = 0.41 is the correction fac-

tor for the abundance of He and heavy nuclei (see Appendix A).
The results listed in Table 3 suggest the following considera-
tions:

(i) protons and heavy nuclei (plus secondary electrons) can
produce ionization rates ranging from ∼10−17 s−1 (in the
case of the the spectrum W98, decreasing below Ep ≈
100 MeV) to ∼10−14 s−1 (spectrum M02, increasing below
Ep ≈ 100 MeV). The contribution of CR electrons to the
ionization rate is negligible if the LIS electron spectrum
flattens below Ee ≈ 10 MeV (spectrum C00), but can be-
come dominant if the spectrum increases at low energies. In
practice, the ionization rate is proportional to the flux of CR
particles in the energy range where the contribution to the
integrals in Eqs. (3), (13) and (16) is larger (see Sect. 7 and
Fig. 14);
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Table 3. CR ionization rates ζH2
k and ζHe

k , electron production rate ζe
k ,

and energy densities Ek of CR protonsa (p) and electrons (e).

k Ref. ζH2
k ζHe

k ζe
k Ek

(s−1) (s−1) (s−1) (eV cm−3)

p W98 2.08 × 10−17 1.33 × 10−17 2.50 × 10−17 0.953
p M02 1.48 × 10−14 2.16 × 10−15 3.49 × 10−15 1.23

e C00 1.62 × 10−19 1.05 × 10−19 1.94 × 10−19 0.0167
e E00 6.53 × 10−12 2.46 × 10−12 7.45 × 10−12 0.571

a The proton ionization rates include the contribution of heavy nuclei.

(ii) the ratio of the CR ionization rate of He and H2 depends
on the shape and absolute value of the assumed spectra. For
CR protons, the ratio ζHe

p /ζ
H2
p varies between 0.15 (spec-

trum M02) and 0.64 (spectrum W98), whereas for electrons
it varies between 0.38 (spectrum E00) and 0.65 (spectrum
C00). In general, since the ionization cross section for He
decreases faster than that of H2 below the maximum, CR
spectra rising with decreasing energy result in a lower value
of ζHe/ζH2. Given the sensitivity of modeled steady-state
abundances of species like C, O2, H2O, H+3 in dense clouds
to the value of ζHe/ζH2 (Wakelam et al. 2006), it might be
possible to constrain this ratio from a careful combination
of molecular line observations and chemical model predic-
tions;

(iii) as anticipated, the CR production rate of electrons in molec-
ular clouds ζe

k is dominated by the CR ionization of H2
(Sect. 2) and He (Sect. 4). The contributions of dissociative
ionization and double ionization to ζe

k are small, about 5.5%
and 0.32% of the rate of production of electrons by single
ionization of H2, respectively, independent of the adopted
spectrum;

(iv) the production rate of electrons, ζe
k , is generally larger than

(but close to) the production rate of H+2 . For the W98 pro-
ton spectrum, the C00 and E00 electron spectra, ζH2

k ≈
0.83−0.87ζe

k . However, since we have included in the ex-
pression for ζH2 the electron capture reaction (2) whose
cross section peaks at a lower energy than the ionization
reaction (1) as shown in Fig. 1, a CR proton spectrum rising
at low energies may result in ζH2

p > ζ
e
p, as in the case of the

M02 spectrum;
(v) with our assumed LIS spectra, the total CR energy density

varies from a minimum of 0.970 eV cm−3 (W98 plus C00)
and a maximum of 1.80 eV cm−3 (M02 plus E00), corre-
sponding to an equipartition magnetic field of 6.2 µG and
8.5 µG, respectively. These equipartition values are com-
patible with the “standard” value of the magnetic field of
6.0 ± 1.8 µG in the cold neutral medium of the Galaxy
(Heiles & Troland 2005). They have interesting conse-
quences for the location of the solar wind termination shock
(see discussion in Webber 1998).

It is important to stress that the CR ionization rates listed in
Table 3 have been obtained by integrating the spectra and the
cross sections down to the ionization threshold of H2 and He,
and they must therefore be considered as upper limits on the
ionization rate. This is especially true for the electron spectrum
E00, which results in ionization rates exceeding the observed
values by more than three orders of magnitude (see Sect. 8). In
the past, LIS spectra have been used to compute the CR ioniza-
tion rate in the ISM assuming an appropriate lower cut-off in
the CR energy (e.g. Nath & Biermann 1994; Webber 1998). In

Fig. 6. Electron LIS spectra of E00 and C00 (upper and lower solid
curves, respectively). The dashed curves represent our extrapolations
of the spectra. For comparison, the cross section for ionization of H2 by
electron impact is also shown (in arbitrary units).

this work, we use the LIS spectra to define the energy distribu-
tion of CR particles incident on the surface of the cloud. As we
show in Sects. 6 and 7, the low-energy tail of the CR spectrum is
strongly (and rapidly) modified by various energy loss processes
when the particles propagate in a medium denser than the local
ISM.

6. Energy losses of CRs in the ISM

The penetration of primary CR and secondary particles in inter-
stellar clouds was studied by Takayanagi (1973) and more in de-
tail by Umebayashi & Nakano (1981). In this paper we adopt the
LIS spectra discussed in Sect. 5 to characterize the incident spec-
tra and we follow the propagation of CR particles inside a molec-
ular cloud with the so-called continuous-slowing-down approxi-
mation (hereafter CSDA)1. In this approximation, the “degrada-
tion spectrum” of the CR component k resulting from the energy
loss of the incident particles and the generation of secondary par-
ticles is proportional to the inverse of the energy loss function,
defined by

Lk(Ek) = − 1
n(H2)

(
dEk

dℓ

)
, (18)

where n(H2) is the density of the medium in which the particles
propagate and ℓ is the path length. Since we consider only energy
losses in collisions with H2, our results are applicable only to
clouds in which hydrogen is mostly in molecular form.

In the following we consider CR propagation in molecular
clouds assuming a plane-parallel geometry. It is convenient to
introduce the column density of molecular hydrogen N(H2),

N(H2) =
∫

n(H2) dℓ, (19)

and to rewrite the energy loss function (Eq. (18)) as

Lk(Ek) = − dEk

dN(H2)
· (20)

1 In the astrophysical literature this approximation is often referred to
as the continuous energy loss regime, and when the propagation is domi-
nated by these losses, it is often known as the thick target approximation
(see e.g. Ramaty & Lingenfelter 1975; Ramaty et al. 1996).
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Padovani+ 2009
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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)
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from Equation 14 an expression for f outside of the cloud:

f(x, p) = f0(p)+
e

vA(x−xc)
Dkol

vA

∫ xc+Lc/2

xc

Q(x′, p)e−
vA(x′−xc)

Dc dx′ .

(15)
which tells that the CR density outside of the cloud is af-
fected up to a distance of:

xc =
Dkol

vA
≈ 300 β

(
B

5µG

)−1 ( ni

0.01cm−3

) 1
2

(
p

mpc

) 1
3

pc .

(16)
which can be much larger than the cloud size, and, for a par-
ticle energy of ≈ 100 MeV is of the order of 100 pc, compara-
ble to the magnetic field’s coherence length in the interstellar
medium. For distances to the MC larger than xc the CR dis-
tribution reduces to the Galactic one. Strictly speaking,
for E > 100 MeV our 1-D model breaks down and a
more complex 3-D transport model should be used
to account for the particle diffusion perpendicular
to the magnetic field lines. When the streaming in-
stability is turned on (see §4) this energy increases
up to few hundreds MeV.

Equation 15 can be further simplified by assuming that
the diffusion coefficient inside the cloud is Dc ≫ LcvA (a
condition which is easily fulfilled). This implies that a critical
momentum exists given by the condition that the loss time
is longer than the CR propagation time across the cloud
τl(p

∗) > L2
c/2Dc(p

∗). Then, for p ≫ p∗, the CR spatial
distribution inside the MC is roughly constant and after
some manipulations Equation 15 becomes:

f(x, p) = f0(p)−
e

(x−xc)
xc

vA

Lc

2
1
p2

∂
∂p

[
ṗp2fc

]
(17)

where we also made use of the continuity of the CR distri-
bution function at the MC border fc = f(x+

c ) = f(x−
c ).

We note that Equation 17 can be used to find the solu-
tion of the problem also when free streaming of CRs (instead
of diffusion) is assumed inside the MC. This is because also
under such assumption, a momentum p∗ exists above which
the CR distribution function can be considered spatially
constant. In this case p∗ is determined by τl(p

∗) = Lc/vst
where vst ∼ vp/3 is the free streaming velocity of CRs in-
side the MC. For Lc = 10 pc and nH = 100 cm−3 we get
E(p∗) ≈ 3 MeV. The only difference with respect to the dif-
fusive case is that under the assumption of free streaming
inside the MC the continuity condition f(x−

c ) = f(x+
c ) has

to be considered only as an approximate one.
After using Equation 8 and performing the derivative

in momentum, Equation 17 becomes:

f(x, p) = f0(p) + η(p) [(3− α)fc + p∂pfc] e
(x−xc)

xc . (18)

and can be solved for x = xc to give:

fc(p) =

∫ pmax

p

η(p̂)f0(p̂) exp

{
−
∫ p̂

p

(α− 3 + η(p′))
dp′

p′

}
dp̂
p̂

(19)
As stressed in Section 2, a remarkable property of this solu-
tion is that fc does not depend on the diffusion coefficient
but only on the Alfvén speed and on the MC properties. On
the other hand, it is easy to show that the CR spectrum
outside the MC does depend on the diffusion coefficient as:

f(x, p) = f0(p) + [fc(p)− f0(p)] e
(x−xc)/xc . (20)
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Figure 2. Spatial profile of the CR density outside of the MC
according to the formal (solid) and approximate (dashed) solu-
tion. The dot-dashed line accounts for the presence of streaming
instability.
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Figure 3. Spectra of CRs inside the cloud (solid lines) assuming
that the spectra far for the cloud are given by power law in mo-
mentum of slope s (dashed lines). The dot-dashed line shows the
eigenfunction of the problem.

which is shown in Figure 2 together with the approximate
solution given in Equation 4, for a spectrum of Galactic CRs
f0(p) ∝ p−4.7 normalized to an energy density of 1 eV cm−3.

Figure 3 shows few examples for fc(p) obtained from
Equation 19 using a simple power law for f0 ∝ p−s (showed
with dashed lines). We notice that the function f0 ∝ p3−α =
p−0.42 is an eigenfunction of the problem, giving fc = f0.
We notice that the gradient induced by the energy
losses in the cloud is always larger then the gradient
due to the CR escape from the Galaxy, for energy
! 1GeV .

4 STREAMING INSTABILITY

The main result of this paper is the fact that the CR spec-
trum inside of the MC does not depend on the diffusion co-
efficient in the vicinity of the cloud, i.e. on the level of field
amplification due to streaming instability. However, stream-

c⃝ 0000 RAS, MNRAS 000, 000–000

dashed -> outside of the MC 
solid -> inside of the MC

~p-0.42 eigenvalue of the problem
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from Equation 14 an expression for f outside of the cloud:

f(x, p) = f0(p)+
e

vA(x−xc)
Dkol

vA

∫ xc+Lc/2

xc

Q(x′, p)e−
vA(x′−xc)

Dc dx′ .

(15)
which tells that the CR density outside of the cloud is af-
fected up to a distance of:

xc =
Dkol

vA
≈ 300 β

(
B

5µG

)−1 ( ni

0.01cm−3

) 1
2

(
p

mpc

) 1
3

pc .

(16)
which can be much larger than the cloud size, and, for a par-
ticle energy of ≈ 100 MeV is of the order of 100 pc, compara-
ble to the magnetic field’s coherence length in the interstellar
medium. For distances to the MC larger than xc the CR dis-
tribution reduces to the Galactic one. Strictly speaking,
for E > 100 MeV our 1-D model breaks down and a
more complex 3-D transport model should be used
to account for the particle diffusion perpendicular
to the magnetic field lines. When the streaming in-
stability is turned on (see §4) this energy increases
up to few hundreds MeV.

Equation 15 can be further simplified by assuming that
the diffusion coefficient inside the cloud is Dc ≫ LcvA (a
condition which is easily fulfilled). This implies that a critical
momentum exists given by the condition that the loss time
is longer than the CR propagation time across the cloud
τl(p

∗) > L2
c/2Dc(p

∗). Then, for p ≫ p∗, the CR spatial
distribution inside the MC is roughly constant and after
some manipulations Equation 15 becomes:

f(x, p) = f0(p)−
e

(x−xc)
xc

vA

Lc

2
1
p2

∂
∂p

[
ṗp2fc

]
(17)

where we also made use of the continuity of the CR distri-
bution function at the MC border fc = f(x+

c ) = f(x−
c ).

We note that Equation 17 can be used to find the solu-
tion of the problem also when free streaming of CRs (instead
of diffusion) is assumed inside the MC. This is because also
under such assumption, a momentum p∗ exists above which
the CR distribution function can be considered spatially
constant. In this case p∗ is determined by τl(p

∗) = Lc/vst
where vst ∼ vp/3 is the free streaming velocity of CRs in-
side the MC. For Lc = 10 pc and nH = 100 cm−3 we get
E(p∗) ≈ 3 MeV. The only difference with respect to the dif-
fusive case is that under the assumption of free streaming
inside the MC the continuity condition f(x−

c ) = f(x+
c ) has

to be considered only as an approximate one.
After using Equation 8 and performing the derivative

in momentum, Equation 17 becomes:

f(x, p) = f0(p) + η(p) [(3− α)fc + p∂pfc] e
(x−xc)

xc . (18)

and can be solved for x = xc to give:

fc(p) =

∫ pmax

p

η(p̂)f0(p̂) exp

{
−
∫ p̂

p

(α− 3 + η(p′))
dp′

p′

}
dp̂
p̂

(19)
As stressed in Section 2, a remarkable property of this solu-
tion is that fc does not depend on the diffusion coefficient
but only on the Alfvén speed and on the MC properties. On
the other hand, it is easy to show that the CR spectrum
outside the MC does depend on the diffusion coefficient as:

f(x, p) = f0(p) + [fc(p)− f0(p)] e
(x−xc)/xc . (20)
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Figure 2. Spatial profile of the CR density outside of the MC
according to the formal (solid) and approximate (dashed) solu-
tion. The dot-dashed line accounts for the presence of streaming
instability.
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mentum of slope s (dashed lines). The dot-dashed line shows the
eigenfunction of the problem.

which is shown in Figure 2 together with the approximate
solution given in Equation 4, for a spectrum of Galactic CRs
f0(p) ∝ p−4.7 normalized to an energy density of 1 eV cm−3.

Figure 3 shows few examples for fc(p) obtained from
Equation 19 using a simple power law for f0 ∝ p−s (showed
with dashed lines). We notice that the function f0 ∝ p3−α =
p−0.42 is an eigenfunction of the problem, giving fc = f0.
We notice that the gradient induced by the energy
losses in the cloud is always larger then the gradient
due to the CR escape from the Galaxy, for energy
! 1GeV .

4 STREAMING INSTABILITY

The main result of this paper is the fact that the CR spec-
trum inside of the MC does not depend on the diffusion co-
efficient in the vicinity of the cloud, i.e. on the level of field
amplification due to streaming instability. However, stream-
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An epic journey

Moving outward into region 3, we find that the intensity of these 250 MeV protons increases 
by a factor ~4 in the heliosheath. The large modulation beyond the HTS at this higher energy 
was previously unrecognized and amounts to ~1/3 of the total solar modulation of these par-
ticles in the heliosphere.

This solar modulation of these higher energy protons can be well described with a single mod-
ulation parameter φ corresponding to an energy loss resulting from a potential difference, 
φ in MV, between the observation point and the LIS spectrum [8]. This simple description 
arises from the fact that the overall spherically symmetric solar modulation in the heliosphere 
appears to follow the description provided by Louville’s Theorem relating to the constancy 
for the particle density and momentum in phase space. Of course there are deviations from 
this simple picture due to structural features in the heliosphere such as the heliospheric cur-
rent sheet, and also for the solar polarity changes which induce a 22 year cycle in the solar 
modulation process, but these other processes do not appear to dominate at these energies 
and above, where, in fact, the same value of φ derived from these protons also gives a good 
description of the historical neutron monitor observations of cosmic ray modulation effects at 
the Earth that have been carried out over the last 70 years.

Here we summarize the most general features of all of the radial intensity profiles. The most 
prominent feature is the sharpness and effectiveness of the heliospheric boundary, the helio-
pause. For low energy protons the reduction of intensity is a factor ~500, taking place in only 
1–26 day interval corresponding to less than 0.1 AU in distance.

The effects of this boundary on electrons are even more astounding. A radial intensity gradi-
ent ~130%/AU just inside the HP for 4 MeV electrons changes to a 0.1%/AU radial gradient in 

Figure 3. Same as Figure 1. The 250 MeV proton intensity in p/m2
⋅sr⋅s⋅MeV (in red) is normalized to A-stop 0.7 MeV LIS 

electron rate using the factor ÷60.

Galactic Cosmic Rays from 1 MeV to 1 GeV as Measured by Voyager beyond the Heliopause
http://dx.doi.org/10.5772/intechopen.75877
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Figure 4. CR spectra for a cloud of column density NH2 ⇠ 3.1⇥1020 cm�2 (corresponding to typical values of nH = 100 cm�3 and Lc = 10 pc). The left and
the right figures are respectively spectra of protons and electrons. Also shown with black-solid curves are the ISM spectra given by Eq. (10).
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Figure 5. Average spectra of CR protons (left panel) and electrons (right panel) inside clouds of di↵erent column densities as listed in the labels. The average
ISM spectra of Eq. (10) is also shown with black solid line.

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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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.

ACKNOWLEDGEMENTS

This project has received funding from the European Union’s Hori-
zon 2020 research and innovation programme under the Marie
Skłodowska-Curie grant agreement No 665850.

References

Aguilar, M., Aisa, D., Alpat, B., et al. 2014, Physical Review Letters, 113,
221102

Aguilar, M., Aisa, D., Alpat, B., et al. 2015, Physical Review Letters, 114,
171103

Caselli, P., Walmsley, C. M., Terzieva, R., & Herbst, E. 1998, ApJ, 499, 234
Cesarsky, C. J. 1975, International Cosmic Ray Conference, 2, 634
Cesarsky, C. J., & Völk, H. J. 1978, A&A, 70, 367

MNRAS 000, 1–8 (2015)

Differential ionisation rates

Phan+ 2018

protons electrons

Voyager

most of the ionisation —> MeV < E < GeV



Comparison with data (???)

Cosmic ray ionization in di↵use clouds 7

10−24

10−23

10−22

10−21

10−20

10−19

10−18

10−17

103 104 105 106 107 108 109 1010

E
d

ξ/
d

E
 (

s−
1
)

E (eV)

fp0(E)−Voyager

NH2
=6.17×1019 cm2

NH2
=6.17×1020 cm2

NH2
=6.17×1021 cm2

(a) CR protons

10−22

10−21

10−20

10−19

10−18

10−17

10−16

10−15

103 104 105 106 107 108 109 1010

E
d

ξ/
d

E
 (

s−
1
)

E (eV)

fe0(E)−Voyager

NH2
=6.17×1019 cm2

NH2
=6.17×1020 cm2

NH2
=6.17×1021 cm2

(b) CR electrons

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.

10−18

10−17

10−16

10−15

1020 1021 1022

ξ(
N

H
2
) 

(s
−

1
)

NH2
 (cm−2)

ξ(NH2
)

ξp(NH2
)

ξe(NH2
)

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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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

( ) ( ) ( )

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 .
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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
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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-
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
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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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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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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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�19 cm3 s�1(thick solid line), the
cloud is always in the LIP, regardless of the temperature. For
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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) ⇥
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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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dashed lines show the range of column densities (0.5 � 10) ⇥
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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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(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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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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(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

SiO emission->slow shock->shock-clump interaction?->downstream of SNR shock
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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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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
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times the solar one, respectively). Observational data taken from Vaupré et al. (2014) are presented as filled circles (measurements)
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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

-24o

-23o30,

-23o

17h57m18h18h03m

D
ec

lin
at

io
n 

(J
20

00
)

Right Ascension (J2000)

K-alpha
HESS
Radio

FERMI

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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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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(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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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
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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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(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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Figure 2

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

pure products of GCR nucleosynthesis2.

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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