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Abstract In recent years, exciting developments have taken place in the identification of the
role of cosmic rays in star-forming environments. Observations from radio to infrared wave-
lengths and theoretical modelling have shown that low-energy cosmic rays (< 1 TeV) play
a fundamental role in shaping the chemical richness of the interstellar medium, determining
the dynamical evolution of molecular clouds. In this review we summarise in a coherent pic-
ture the main results obtained by observations and by theoretical models of propagation and
generation of cosmic rays, from the smallest scales of protostars and circumstellar discs, to
young stellar clusters, up to Galactic and extragalactic scales. We also discuss the new fields
that will be explored in the near future thanks to new generation instruments, such as: CTA,
for the γ -ray emission from high-mass protostars; SKA and precursors, for the synchrotron
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emission at different scales; and ELT/HIRES, JWST, and ARIEL, for the impact of cosmic
rays on exoplanetary atmospheres and habitability.

Keywords Cosmic rays · Acceleration of particles · Astrochemistry · Magnetic fields ·
Protostars · Circumstellar discs

1 Introduction

Thanks to increasingly powerful observing facilities and sophisticated theoretical models,
we are now able to address quantitatively several key aspects in process of star formation in
the Milky Way and nearby galaxies, such as the formation of protostellar discs and bipolar
jets in collapsing molecular clouds, the coalescence of dust grains and the formation of
planetesimals and planets, and the origin of chemical complexity from molecular cloud to
comets and planets. A field where results have been particularly exciting in recent years
is the study of the interaction of cosmic rays (CRs) with the interstellar matter. For star
formation to take place, gas and dust must be sufficiently cold such that gravity overcomes
the thermal pressure and the ionisation fraction must be sufficiently low to allow significant
decoupling of the gas from the Galactic magnetic field. As soon as the visual extinction
is of the order of 3–4 magnitudes, the UV photon flux of the interstellar radiation field is
completely attenuated, thus the only source of ionisation and heating is represented by low-
energy CRs.1 Since the cross sections of the most relevant processes for star formation peak
at relatively low energies (e.g., ∼ 10 eV for dissociation of H2 by electrons and ∼ 10 keV
for ionisation of H2 by protons), low-energy CRs turn out to be a fundamental ingredient for
the dynamical and chemical evolution of star-forming regions on a wide range of physical
scales. On the largest global scale of star formation, CRs can contribute a significant amount
of pressure to the Galaxy influencing Galactic dynamics.

The two main components of low-energy CRs (! 1 TeV) considered in this review are
those accelerated and confined in the Galactic disk (producing what is known as the Galactic
CR spectrum), and in shocks associated to the star formation process itself (hereafter local
CRs). The majority of low-energy CRs contributing to the observed Galactic spectrum are
likely to originate from sources within our Galaxy, such as supernova remnants (Baade and
Zwicky 1934; Blasi 2013) and colliding stellar winds (Casse and Paul 1980; Aharonian et al.
2019). Diffusive shock acceleration (DSA, also known as first-order Fermi acceleration) and
magnetic reconnection are some of the possible acceleration mechanisms (see e.g. reviews
by Bell 2013; de Gouveia Dal Pino and Kowal 2015). The local spectrum of Galactic CRs
has been measured by the Voyager 1 and 2 spacecrafts in the interstellar medium (ISM;
Cummings et al. 2016; Stone et al. 2019), and is thought to be unmodulated by the solar
wind. The observed Galactic CR proton spectrum has a slope of −2.78 (see e.g. Vos and
Potgieter 2015), steeper than expected from DSA which would result in a slope of −2. This
may simply reflect the fact that the proton spectrum from the source has been modulated by
some physical process en route to us, such as diffusive steepening, or a different acceleration
mechanism. The Galactic CR spectrum may be specific to our location within the Galaxy
and varies spatially (see Sect. 2). It will certainly vary close to individual sources of CRs,
for instance, and will be different in other galaxies (see Sect. 7.5).

1Low-energy CRs are defined as charged particles outside of the thermal distribution. The energy peak of
the Maxwellian distribution is at about 1 meV, 5 meV, and 1 eV for typical temperatures of dense cores
(T = 10 K), diffuse clouds (T = 50 K), and protostellar jets (T = 104 K), respectively.

Other reviews
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processes in galactic ecosystems
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The interstellar medium is immersed in a bath of cosmic rays: energetic charged particles with a non-
thermal velocity distribution that exist in rough equipartition with the thermal and magnetic energies.
Observations have shown that cosmic rays follow power-law distributions in energy from 1 GeV to
10 EeV with a turnover around 1 GeV. Cosmic rays are thought to have a wide range of effects on the
interstellar medium and galaxies, such as ionization and heating of gas, pressure which aids in lifting
gas out of galaxies, producing turbulence through instabilities in magneto-hydrodynamic turbulence.
In this chapter, we will focus on the first of these and refer the reader to the many excellent reviews
of the later effects (e.g., Strong et al., 2007; Zweibel, 2013; Grenier et al., 2015; Schlickeiser, 2015).
We also refer the reader to Schlickeiser (2002) and Longair (2011) for more thorough monographs on
cosmic-ray transport and high-energy phenomenon.

FIGURE 8.1

Emission processes diagnostics of cosmic-ray astrochemistry, with key current and proposed/future telescopes
denoted at their respective wavelength regimes.

Astrochemical Modeling. https://doi.org/10.1016/B978-0-32-391746-9.00016-X
Copyright © 2024 Elsevier Inc. All rights reserved. 189
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SOME KEY ASPECTS IN GALACTIC STAR FORMATION

origin of observed 
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the cloud collapse
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e + H2 → H*2 + e′ Padovani+ (2022)
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COSMIC-RAY SIGNATURES

EkeVeV MeV GeV TeV PeV

we have information on different energy ranges of the cosmic-ray flux 

using different observational techniques

how can we reassemble the cosmic-ray spectrum from observations?



COSMIC-RAY SIGNATURES

EkeVeV MeV GeV TeV PeV

≈ 1 − 100 MeV

proton ionisation

≈ 10 keV − 10 MeV

electron ionisation

≈ 10 − 100 eV

secondary-electron 
ionisation

≈ 1 − 20 eV

secondary-electron 
excitation/dissociation

≳ 30 MeV

spallation        

≈ 200 MeV − 40 GeV *

synchrotron emission

* for B⊥ ≈ 2 − 20 μG and ν ≈ 0.1 − 10 GHz

≳ 280 MeV

-ray emissionγ

JWST

ALMA
NOEMA+

SKA
+precursors

Chandra+

CTA
+precursors



‣ protons 
‣ electrons 
‣ bare nuclei

Maxwell-Boltzmann distribution

jM =
c nH2

x E exp[−E/(kBT)]

2m(πkBT)3

[ jM] = particles
energy × area × time × solid angle

COSMIC RAYS: CHARGED PARTICLES OUT OF THE THERMAL DISTRIBUTION



Maxwell-Boltzmann distributionjM =
c nH2

x E exp[−E/(kBT)]

2m(πkBT)3

𝛇 OPH

PROTOSTELLAR JET

TMC-1

𝛇 OPH
n(H2) = 500 cm-3 
x = 10-4  
T = 50 K

TMC-1
n(H2) = 104 cm-3 
x = 10-7  
T = 10 K

JET
n(H2) = 104 cm-3 
x = 0.5  
T = 104 K

COSMIC RAYS: CHARGED PARTICLES OUT OF THE THERMAL DISTRIBUTION



COSMIC RAY: CHARGED PARTICLE OUT OF THE THERMAL DISTRIBUTION
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www.nature.comAugust, 25th 2012 
Voyager 1 crossed the heliopause



www.nature.comAugust, 25th 2012 
Voyager 1 crossed the heliopause

168.6 AU*

*OCT, 16TH 2025
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AUGUST, 25TH 2012: VOYAGER 1 CROSSED THE HELIOPAUSE

still… variation in the magnetic field direction not seen so far



www.nature.comNovember, 5th 2018 
Voyager 2 crossed the heliopause

168.6 AU*

*OCT, 16TH 2025141.0 AU*
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there is no significant gradient of the intensities across a wide region 
of the VLISM.

Discussion
The crossings of the heliopause by the Voyager 1 and Voyager 2 
spacecraft showed significant differences in the behaviour of the 
energetic particle populations. At Voyager 1, it appears that inter-
stellar flux tubes had invaded the heliosphere and provided exit 
paths to the VLISM for ACRs and entrance paths from the VLISM 
for GCRs before the heliopause crossing. When Voyager 1 entered 
these flux tubes in the heliosheath, the result was occasional, strong 
anticorrelations in GCR and ACR particle intensities. Similar 
anticorrelations of ACRs and GCRs were seen at Voyager 2 but in 
the VLISM just past the heliopause rather than inside the inner 
heliosheath. This suggests that Voyager 2 may have been on mag-
netic field lines in the VLISM that were connected back to the flank 
of the heliopause. Supporting this concept was the observation of 
strong streaming of ~0.5–35 MeV protons along the magnetic field 
line for ~66 d after the Voyager 2 heliopause crossing in the direc-
tion from the flank towards the nose of the heliosphere. The magni-
tude of the streaming is somewhat variable but generally increases 
with distance travelled by Voyager 2, although the intensity of the 
particles is decreasing. At the same time the magnetic field direc-
tion is not changing13, suggesting that the streaming is controlled by 
conditions at a remote source, presumably at the connection point 
to the heliopause.

There appear to be cosmic ray boundary layers on both sides of 
the heliopause, with the outer one only being evident at the position  

of Voyager 2. In these layers the GCRs are modulated. In the case 
of Voyager 2, the layer on the inside of the heliopause coincides 
with the newly discovered magnetic barrier13, which is marked by a 
region of small but significant anisotropies of ~0.5–35 MeV protons.

In the case of the Voyager 1 crossing of the heliopause, there was 
a persistence of ACRs in the VLISM that depended on mass (heavier 
particles persisted longer) and on pitch angle (ones with pitch angles 
near 90° persisted longer). This effect was not seen at Voyager 2 and 
implies that the gradients of the magnetic field strength and/or the 
pitch angle dependences of the diffusion coefficient were different 
in the two cases6,20.

Comparison of the Voyager 1 and Voyager 2 energy spectra of 
H, He and electrons at two positions in the VLISM separated by 
~167 au shows that there is no significant intensity gradient of these 
particles over that region.

Summary
The heliopause is the contact surface where the interstellar and 
solar plasmas meet at the outer boundary of the heliosphere. As 
Voyager 1 approached the heliopause in 2012, it found two regions 
where the interstellar magnetic field and GCRs had invaded the 
outer edge of the heliosphere, indicating a boundary that was more 
complex than a single, uniform contact surface. Voyager 2 did not 
find the same invasion six years later. Instead, it found a layered 
region in the local interstellar medium just outside the heliopause 
where the GCRs are modulated and the ACRs from inside are 
streaming outward along the interstellar magnetic field, which is 
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Stone+2019

WHAT VOYAGER SPACECRAFTS 
 ARE TELLING US

The two spacecraft share comparable cosmic-
ray fluxes (90% agreement) in spite of the 
different crossing points of the heliopause.
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COSMIC-RAY IONISATION RATE

ζ [s–1]

number of H2 ionisation per unit time

•  astrochemical models 
    (interpretation of the observed abundances);

•  non-ideal MHD simulations 
    (study of the collapse of a molecular cloud,      
    protostar and circumstellar disc formation…);

key-brick parameter

ζ = 4π∫
∞

I
j(E)σion(E) dE



CR
H2

H2+

H+

95%

5%

He

He+

H2 H3+
C,N,O

OH+

HCO+

N2H+

polyatomic ions

electronic 
recombination

CH, NH, OH
H2O, NH3, H2CO

neutral-neutral 
reactionsO2, N2 

NO, CN

hydrolysis of HCN oligomers
amino acids 

DNA nucleotides

e

H2

}COSMIC RAYS THE DAWN OF CHEMISTRY



COSMIC-RAY IONISATION TRACERS
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COSMIC-RAY PROPAGATION INSIDE A MOLECULAR CLOUD

x
nE0

j(E0, N = 0) = jIS(E0) ⟶ j(E, N)

E

N = ∫ n dx
Continuous Slowing-Down Approximation

1. straight-line propagation; 
2. ΔE≪E.

L(E) = − 1
n

dE
dx

= − dE
dN

N = ∫
E0

E

dE
L(E)

dE
L(E) = dE0

L(E0)
j(E, N) dE = jIS(E0) dE0

j(E, N) = jIS(E0)
dE
dE0

= jIS(E0)
L(E0)
L(E)

ζ(N) ∝ ∫ j(E, N)σ(E) dE



ENERGY LOSS FUNCTION  PROTON + H2

Padovani+ (2024)



ENERGY LOSS FUNCTION  ELECTRON + H2

Padovani+ (2024)
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COSMIC-RAY FLUX BASED ON VOYAGER DATA
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PARAMETERISATION OF THE COSMIC-RAY SPECTRUM

PM+ (2022)

jIS
k (E) = C

Eα

(E + E0)β eV−1 s−1 cm−2 sr−1

M. Padovani et al.: Cosmic rays in molecular clouds probed by H2 rovibrational lines

Fig. 2. Energy loss function for electrons colliding with H2 including the contribution of synchrotron losses (solid black line). Coloured lines show
the different components, and the following references refer to the papers from which the relative cross sections have been adopted: momentum
transfer (‘m.t.’, solid blue; Pinto & Galli 2008); the rotational transition J = 0 ! 2 (solid green line; England et al. 1988); vibrational transitions
v = 0 ! 1 (solid red line; Yoon et al. 2008) and v = 0 ! 2 (dashed red line; Janev et al. 2003); electronic transitions summed over all the triplet
and singlet states (solid orange and magenta lines, respectively; Scarlett et al. 2021a); ionisation (solid cyan line; Kim et al. 2000); bremsstrahlung
(solid grey line; Blumenthal & Gould 1970; Padovani et al. 2018b); and synchrotron (solid yellow line; Schlickeiser 2002; Padovani et al. 2018b).
Dash-dotted brown lines show the Coulomb losses at 10 K for ionisation fractions, xe, equal to 10�7 and 10�8 (Swartz et al. 1971).

factor of ' 3 larger between 0.05 and 0.1 eV due to the different
assumption on temperature and ortho-to-para ratio, and is up to
20 times larger in the range 7�12 eV, mainly due to the updated
X

1⌃+g ! b
3⌃+

u
excitation cross section. For our purposes, the

latter difference is especially important for the derivation of the
spectrum of secondaries below the H2 ionisation threshold.

2.3. Spectrum of secondary electrons

We extend the solution of the balance equation, Eq. (27) in Ivlev
et al. (2021), down to 0.5 eV to compute the secondary electron
spectrum at various H2 column densities. We also checked the
effect of a change in the composition of the medium, including
a fraction of He equal to '20% (see Table A.1 in Padovani et al.
2018b). However, the additional contribution to the spectrum of
secondaries is on average smaller than 3% and we therefore dis-
regard it. For completeness, in Appendix A, we show the energy
loss function for electrons colliding with He atoms and the cross
sections adopted for its derivation.

For the calculation of the secondary electron spectrum, we
assumed the analytic form for the interstellar CR spectrum from
Padovani et al. (2018b),

j
IS
k

(E) = C
E
↵

(E + E0)�
eV�1 s�1 cm�2 sr�1 , (2)

where k = e, p. The adopted values of the parameters C, E0, ↵,
and � are listed in Table 2. For protons we assume two possi-
ble low-energy spectral shapes: one, with ↵ = 0.1, reproduces
the most recent Voyager 1 and 2 data (Cummings et al. 2016;
Stone et al. 2019), labelled as ‘low’ spectrum L ; the other, with
↵ = �0.8, better reproduces the average trend of the CR ioni-
sation rate estimated from observations in diffuse clouds (Shaw
et al. 2008; Indriolo & McCall 2012; Neufeld & Wolfire 2017,
see also Appendix C) and it is labelled as ‘high’ spectrum H .
For the sake of clarity, in this section we consider only these two

Table 2. Parameters of the interstellar CR electron and proton spectra,
Eq. (2).

Species k C E0 [MeV] ↵ � � ↵
e 2.1⇥ 1018 710 �1.3 3.2
p (model L ) 2.4⇥ 1015 650 0.1 2.7
p (model H ) 2.4⇥ 1015 650 �0.8 2.7

Notes. E is in units of MeV and C is in units of eV�1 s�1 cm�2 sr�1.

values of ↵ for protons, but in the following sections we allow
for the whole range of ↵ values, from �1.2 to 0.1 (see left panel
of Fig. 3). As we show in the following sections, most of the
parameter space is dominated by the ionisation of CR protons
and by the excitation due to secondary electrons. For this reason,
we consider a single parameterisation for primary CR electrons
(see right panel of Fig. 3).

In this work we are interested in the H2 column densi-
ties typical of molecular cloud cores (NH2 . 1023 cm�2), so
we first needed to determine how the spectrum of interstellar
CRs is attenuated as it propagates within a molecular cloud. In
this column density regime, it holds the so-called continuous
slowing-down approximation, according to which a CR propa-
gates along a magnetic field line and, each time it collides with
an H2 molecule, loses a negligible amount of energy compared
to its initial energy. Thus, we assume a free-streaming regime
of propagation of CRs (Padovani et al. 2009), neglecting their
possible resonance scattering off small-scale turbulent fluctua-
tions, which then may lead to diffusive propagation. Therefore,
the spectrum of CR particles of species k propagated at a column
density NH2 , jk(E,NH2 ), can be expressed as a function of the
interstellar CR spectrum at the nominal column density NH2 = 0,
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reason we consider a single parameterisation 
for primary CR electrons.
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ul (N) = αul

Eul

4π ∫
N

0
ζexc,u(N′ )e−τd(N′ )xH2

(N′ ) dN′ 

most efficient 
mechanism

 : probability to decay to state  given state  is excited 

 : transition energy 
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influence of solar modulation (Gloeckler & Fisk 2015). Conse-
quently, there is a substantial uncertainty about the low-energy
CR spectrum. In addition, fluctuations in the CR spectrum across
the Galaxy could be present due to the discrete nature of the CR
sources (Phan et al. 2021).

Several observational techniques provide an estimate of the
spectrum of low-energy CRs in interstellar clouds by deter-
mining the ionisation rate, ⇣ion (i.e. the number of ionisations
of hydrogen atoms or molecules per unit time). In the dif-
fuse regions of molecular clouds, the CR ionisation rate can be
inferred from absorption line studies of H+3 (Oka 2006; Indriolo
& McCall 2013), OH+, H2O+ (see e.g. Neufeld et al. 2010), and
ArH+ (Neufeld & Wolfire 2017; Bialy et al. 2019). Even though
the method based on H+3 absorption lines is commonly consid-
ered as one of the most reliable, thanks to a particularly simple
chemistry controlling the H+3 abundance (Oka 2006), there are a
number of observational and model limitations that restrict the
choice of possible target clouds and may introduce significant
uncertainties in estimating the value of ⇣ion. These limitations
include the need to have an early-type star in the background in
order to evaluate H+3 and H2 column densities along the same line
of sight (Indriolo & McCall 2012). Furthermore, the value of ⇣ion
obtained from this method is proportional to the gas volume den-
sity and therefore is affected by the uncertainties in estimating
this density in the probed cloud regions (Jenkins & Tripp 2001,
2011; Sonnentrucker et al. 2007; Goldsmith 2013). Finally, possi-
ble strong variations in the H+3 abundance along the line of sight,
which are caused by uncertainties in the local ionisation fraction
that in turn depends on details of interstellar UV attenuation in
the cloud (see Neufeld & Wolfire 2017), may also significantly
affect the resulting value of ⇣ion.

In denser regions, other tracers of ⇣ion are used, such as
HCO+, DCO+, and CO in low-mass dense cores (Caselli et al.
1998), HCO+, N2H+, HC3N, HC5N, and c-C3H2 in protostellar
clusters (Ceccarelli et al. 2014; Fontani et al. 2017; Favre et al.
2018), and, more recently, H2D+ and other H+3 isotopologues
in high-mass star-forming regions (Bovino et al. 2020; Sabatini
et al. 2020). The downside is that the chemistry in these high-
density regions is much more complex than in diffuse clouds,
requiring comprehensive and updated reaction networks. In this
case, the main source of uncertainty comes from the formation
and destruction rates of some species, which are not well estab-
lished, as well as from the poorly constrained amount of carbon
and oxygen depletion on dust grains.

We note that the picture is further complicated by the effects
of magnetic fields. If field lines are tangled and/or the mag-
netic field strength is not constant, as expected in turbulent
star-forming regions, CRs can be attenuated more effectively,
further reducing ⇣ion (Padovani & Galli 2011; Padovani et al.
2013; Silsbee et al. 2018).

Recently, Bialy (2020) developed a new method to estimate
the CR ionisation rate from infrared observations of rovibra-
tional line emissions of H2. This approach reduces the degree
of uncertainty on the determination of ⇣ion with respect to
the methods listed above, as neither chemical networks nor
abundances of other secondary species are involved. These H2
rovibrational transitions are collisionally excited by secondary
electrons produced during the propagation of primary CRs. In
dense molecular clouds, most of the H2 is in the para form
(Bovino et al. 2017; Lupi et al. 2021). As we show in Sect. 4,
CRs and UV photons determine the rovibrational excitation from
the (v, J) = (0, 0) level to the (v, J) = (1, 0) and (1, 2) levels. The
subsequent radiative decay to the v = 0 level results in the emis-
sion of infrared photons at wavelengths of 2–3 µm (see Table 1).

Table 1. H2 rovibrational transitions.

Transition Upper level (v, J) Lower level (v0, J0) � [µm]

(1�0)O(2) (1,0) (0,2) 2.63
(1�0)Q(2) (1,2) (0,2) 2.41
(1�0)S(0) (1,2) (0,0) 2.22
(1�0)O(4) (1,2) (0,4) 3.00

These photons can be detected by devices such as X-shooter,
mounted on the Very Large Telescope (VLT), by the Magellan
Infrared Spectrograph (MMIRS), mounted on the Multiple Mir-
ror Telescope (MMT; see Bialy et al. 2022), and by forthcoming
facilities such as the Near Infrared Spectrograph (NIRSpec) on
board the James Webb Space Telescope (JWST). We only con-
sider even-J transitions with �J = 0, ± 2 (see the third column
of Table 1) since |�J| > 2 transitions have negligible probabil-
ity (Itikawa & Mason 2005). Besides, odd-J transitions are not
frequent in dense molecular clouds (Flower & Watt 1984) as
they involve an ortho-to-para conversion due to reactive colli-
sions with protons. We also verified that the contribution to the
excitation of the (v, J) = (1, 0) and (1, 2) levels by higher vibra-
tional levels is negligible. For example, the contribution from the
v = 2 level to observed line intensities is less than about 5%.

In this article we refine and extend the method developed
by Bialy (2020), taking into account recent advances on the cal-
culation of the secondary electron spectrum (Ivlev et al. 2021)
and updated, accurate H2 rovibrational cross sections calculated
using the molecular convergent close-coupling (MCCC) method.
Thanks to these recent results, we can relax approximations
made previously, such as a secondary electron spectrum with
an average energy of about 30 eV (Cravens & Dalgarno 1978)
or a constant ratio of CR excitation and ionisation rates inde-
pendent of the H2 column density (Gredel & Dalgarno 1995;
Bialy 2020). In addition, we adopt here the local CR spectrum
as the main parameter of our model. Given the strong depen-
dence on energy of the cross sections of the processes involved,
a spectrum-dependent analysis provides a better parametrisation
of the results than a spectrum-integrated quantity such as ⇣ion, as
assumed by Bialy (2020). Assuming a free-streaming regime of
CR propagation, we show that, provided the H2 column density
is known, the intensity of these infrared H2 lines can constrain
both the CR ionisation rate and the spectral energy slope of
the interstellar CR proton spectrum at low energies. This con-
siderably reduces the degree of uncertainty compared to other
methods.

This paper is organised as follows. In Sect. 2 we review the
state-of-the-art calculations of the cross sections and compute an
updated energy loss function for electrons in H2, which we use
to derive the secondary electron spectrum. In Sect. 3 we calcu-
late the CR excitation rates of H2 and compare them with the CR
ionisation rates. In Sect. 4 we apply the above results to compute
the expected observed brightness of the H2 rovibrational transi-
tions and in Sect. 5 we provide a look-up plot that can be used for
a direct estimate of the CR ionisation rate and of the low-energy
spectral slope of CR protons. We also describe the capabilities
of JWST in detecting the infrared emission of these H2 lines. In
Sect. 6 we summarise our main findings.

2. Derivation of the secondary electron spectrum

The brightest H2 rovibrational transitions at near-infrared wave-
lengths, between 2.22 and 3 µm, are listed in Table 1. Their upper

A189, page 2 of 13

ζexc,u(NH2
) = 2πℓ∫ jk(E, NH2

)σexc,u(E) dE

 for primary CRs and  for secondary electronsℓ = 1 ℓ = 2



A NEW METHOD TO ESTIMATE  IN MOLECULAR DENSE CLOUDSζ

Bialy, Belli & PM  (2022)Padovani+(2022)

Magellan Infrared Spectrograph (MMIRS), mounted on the Multiple Mirror Telescope (MMT)
(1-0)S(0) line at 2.22 µm
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Each field of view is 40' x 40'  — the 7' slit is shown in red 



THE JWST REVOLUTION

                                  adding up the signal of e.g. 50 shutters (each shutter has a size of ~ 0.53"x0.27")  
                                   it is possible to obtain a few independent estimates of  and then of .Iν ζ

E.g.: for Barnard 68 (distance of 125 pc) it is possible to obtain about 10 independent estimates of .ζ

Testing the presence of a gradient of  as predicted by models of attenuation of the interstellar CR spectrumζ

MMIRS 
@MMT

X-shooter 
@VLT

NIRSpec 
@JWST

transitions (1-0)S(0) (1-0)S(0) — (1-0)Q(2) (1-0)O(2) — (1-0)Q(2) 
(1-0)S(0) — (1-0)O(4)

slit size 7' 11"x0.4" 3.4' x 0.27"

obs. time (3σ) 3 h (upper limits) 8 h 1.25 h
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UV H2 LUMINESCENCE IN MOLECULAR CLOUDS INDUCED BY COSMIC RAYS



ESTIMATES OF  COMPARING MODELS AND OBSERVATIONSζ

this is not 
the end of the tale...



ESTIMATES OF  COMPARING MODELS AND OBSERVATIONSζ

Values of  above the 
 model cannot be 

explained by GCRs

ζ
α = − 1.2

an additional local 
CR source is needed



COSMIC-RAY IONISATION RATE INSIDE A MOLECULAR CLOUD
Padovani+(2017)

other sources of 
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Galactic CRs



COSMIC-RAY ACCELERATION SITES

Looking for shocks in/on: ‣ accretion flows; 
‣ protostellar surface; 
‣ jet.

7

z

upstream downstream

uu
21

FIG. 2: Diffusive shock acceleration is illustrated: the shaded vertical region is the shock, the circular blobs denote idealized
scattering centers, and the solid line with arrows denotes the path of an idealized fast particle. The coordinate z and the
velocities u1 and u2 introduced in (14) are shown for the case of a parallel shock.

side 1. On doing so, it sees the scattering centers on side 1 approaching it head on at |u1 − u2|. Again it gains energy
on being scattered. DSA requires efficient scattering, and this can be achieved only by resonant scattering. Upstream
of the shock the density of the fast particles decreases with distance from the shock, and the spatial gradient can
cause the resonant waves to grow. Analogous to the scattering of streaming CRs, the growth of the resonant waves
decreases rapidly with increasing particle energy, and some other source of resonant waves is required for higher energy
particles. Scattering downstream of the shock is less problematic, with several possible sources of resonant waves,
including waves generated in the upstream region and swept back across the shock.

The treatment of DSA given below is a nonrelativistic, single-particle theory. The assumption that collective effects
of the fast particles can be neglected is not necessarily valid: DSA is so efficient that the fast particles can become
an important component of the upstream plasma. Once the pressure associated with the fast particles becomes
comparable with the thermal pressure, the structure of the shock is modified by this pressure. This can result in the
stresses being transferred from the downstream to the upstream plasma primarily through the fast particles, with no
discontinuity in the density of the thermal gas [MD01]. Such nonlinear effects provide a constraint on DSA.

B. Diffusive treatment of DSA

Consider a distribution of particles f(p, z) that is averaged over pitch angle and is a function of distance z from
a shock in a frame in which the shock is at rest. It is assumed that scattering causes the particles to diffuse in the
z direction with diffusion coefficient κ(z). The particles are also assumed to be streaming with the streaming speed
u. The diffusion is described by

df(p, z)

dt
=

∂

∂z

(

κ(z)
∂f(p, z)

∂z

)

+ Q(p, z) − fesc(p),

df(p, z)

dt
=
∂f(p, z)

∂t
+ u

∂f(p, z)

∂z
+ ṗ

∂f(p, z)

∂p
, ṗ = −

1

3
p
∂u

∂z
, (13)

where Q(p, z) is a source term, and where the sink term fesc(p) takes account of escape of particles downstream from
the shock. The term involving a partial derivative with respect to p determines the energy changes. It is assumed
that the speed u changes abruptly across the shock:

u =

{

u1 for z < 0 (upstream),

u2 for z > 0 (downstream),

∂u

∂z
= (u1 − u2) δ(z). (14)

A stationary solution of (13) exists when both the source and the sink term are neglected, such that the equation
reduces to u ∂f/∂z = (∂/∂z)(κ ∂f/∂z); a general solution is

f(p, z) = A + B exp

[

u

∫

dz
1

κ(z)

]

, (15)

Melrose (2009)

Padovani+ (2015,2016)

First-order Fermi acceleration
(or Diffusive Shock Acceleration)



COSMIC-RAY ACCELERATION SITES

PROTOSTELLAR JET

THERMAL 
PARTICLES

COSMIC 
RAYS

JET
n(H2) = 104 cm-3 
x = 0.5  
T = 104 K



– 17 –

DG Tau

Counterjet?

Knot C

Bow shock

Fig. 1.— Our GMRT observations at 325MHz (dashed contours) and 610MHz (solid con-

tours) overlaid on a composite RGB image built from I, Hα and [SII] bands from the TLS

Schmidt telescope at a similar epoch (2012.92; B. Stecklum, priv. comm.) to illustrate

detection of the bow shock driven by Knot C from Eislöffel & Mundt (1998). GMRT con-

tours are −3, 3, 4, 5, 6× σrms, where σrms = 146µJybeam−1 at 325MHz and 93µJybeam−1

at 610MHz, although we note there are no negative contours within the section of the field

shown. The synthesized beam is shown as an ellipse in the bottom left corner. All coordi-

nates are J2000.0. The EVLA positions of the bow shock at 5.4 and 8.5GHz are shown as

a plus (+) and a cross (×), respectively (see Table 1; Lynch et al. 2013). The optical stellar

position corrected for proper motion (Zacharias et al. 2013) is shown as an asterisk (∗) and

the optical jet axis and bow shock are shown as solid black lines. We note there is a 3σ

contour at 610MHz at the optical stellar position tracing the base of the jet that may be

difficult to see.

Ainsworth+ (2014)

observations 
α=—0.89±0.07

model 
α=—0.98

observations 
α=—0.89±0.07

Padovani+ (2016)

PROTOSTELLAR JETS AS PARTICLE ACCELERATORS



PROTOSTELLAR JETS AS PARTICLE ACCELERATORS
Other examples of synchrotron emission in protostellar jets ⇒ acceleration of local cosmic-ray electrons

observations 
α=—0.89±0.07

model 
α=—0.98

observations 
α=—0.89±0.07

Padovani+ (2016)

re-acceleration of  
interstellar CR electrons
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Carrasco-González+ (2013)

Rodríguez-Kamenetzky+ (2016)

For a recent review, see Anglada+ (2018)

Rodríguez-Kamenetzky+ (2017)

For high-mass protostellar jets see e.g. 
Araudo+ (2007), Bosch-Ramon+ (2010), Munar-Adrover+ (2011)
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Carrasco-González+ (2013)

For a recent review, see Anglada+ (2018)
For high-mass protostellar jets see e.g. 
Araudo+ (2007), Bosch-Ramon+ (2010), Munar-Adrover+ (2011)

Rodríguez-Kamenetzky+ (2017)

Rodríguez-Kamenetzky+ (2017)
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U = 275+425
−50 km s−1

n/(106 cm−3) = 18.05+28.37
−13.67

P̃/104 = 1.80+13.31
−1.10

Lattanzi+(2023)
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COSMIC-RAY ACCELERATION IN HII REGIONS

Hampton+ (2016)

Chandra observations of the HII complex G5.89-0.39 and 
TeV -ray source HESS J1800-240Bγ

‣ VLA 90 cm - background red map 
‣ Mopra NH3(1,1) - yellow contours 
‣ HESS >0.4 TeV - white contours 
‣ Chandra FOV - green boxes

10 out of 75 X-ray sources observed by Chandra could provide sufficient 
energy to account for a part of the GeV to TeV -ray emission in the source 
HESS J1800-240B. However, future arc-minute angular resolution -ray 
imaging will be needed to disentangle the potential -ray components 
powered by G5.89-0.39 from those powered by the W28 SNR.

γ
γ

γ

in-situ CR acceleration already proposed 
by Gusdorf, Marcowith et al. (2015)

-rays as a TRIPLE 

SIGNATURE of local 
CRs?

γ



EFFECT OF STELLAR PARTICLES ON CIRCUMSTELLAR DISC CHEMISTRY

obtained with ProDiMo code

origin of the emission of HCO+(6-5) and N2H+(6-5)

Rab+ (in prep.)



STELLAR PARTICLES : A NEW RESEARCH FIELD
Effect of stellar CRs from TT stars on PPDs

Rodgers-Lee+ (2017)

Stellar CRs propagating in TT winds 

Fraschetti+ (2018)

Effect of Stellar CRs from M-dwarfs on Earth-like exoplanetary atmospheres

Tabataba-Vakili+ (2016)
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