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CR ionisation rate
Bridging 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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Voyager probes

September 5 1977 
the launch of Voyager 1

Intro              Past/present              Emerging              Future              IN2P3



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

65

Webber 2018
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Comparison with data (???)

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

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

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

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

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

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

Further investigations are needed in order to test these hypoth-
esis and reach a better understanding of ionization of MCs.
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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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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

linear

quadratic

Intro              Past/present              Emerging              Future              IN2P3



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.
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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.,
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Emerging activities

Impact on molecular clouds/star formation 

Accretion/ejection processes in young stellar objects 

Formation and evolution of protoplanetary disks 

CRs from astrospheres 

Impact on planetary atmospheres 

Appearance of life
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Future perspectives

LECR-induced gamma-ray nuclear lines —> MeV mission (eASTROGAM) 

X-ray tracers such as neutral iron line @6.4 keV —> ATHENA! 

Low energy astronomical observations are constantly improving
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Priorités/questions scientifiques

Origin of observed ionisation rates 

Origin and transport of LECRs 

Impact on star/planet formation 

(Light) elements nucleosynthesis 

Impact on (origin of) life 
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Positionnement de l’IN2P3

Problem: scattered community (goes beyond the boundaries of 

IN2P3) 

Expertise is available, as well as international recognition. We just 

need people to speak to each other more often and start inter-

disciplinary collaborations
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Besoins
Support initiatives aimed at building a community (intra-institute) 

Help in defining a clear and identifiable profile for young researcher 

Recruitment: where? (too low energy for the high energy community? Too 

high energy for astronomical community? Not enough plasma-oriented for 

plasma physicists? etc.)   

Support future missions relevant for this topic: Athena (link with INSU), 

eASTROGAM, …
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