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Abstract In recent years, exciting developments have taken place in the identifi-
cation of the role of cosmic rays in star-forming environments. Observations from
radio to infrared wavelengths 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 molec-
ular clouds. In this review we summarise in a coherent picture the main results
obtained by observations and by theoretical models of propagation and generation

M. Padovani, D. Galli
INAF-Osservatorio Astrofisico di Arcetri - Largo E. Fermi, 5 - 50125 Firenze, Italy
E-mail: padovani@arcetri.astro.it

A. V. Ivlev
Max-Planck-Institut für extraterrestrische Physik - Giessenbachstr. 1 - 85748 Garching, Ger-
many

S. S. R. Offner
Department of Astronomy, The University of Texas at Austin - 2500 Speedway - Austin TX
78712, USA

N. Indriolo
ALMA Project, National Astronomical Observatory of Japan, National Institutes of Natural
Sciences, 2-21-1 - Osawa, Mitaka, Tokyo 181-8588, Japan

D. Rodgers-Lee
School of Physics, Trinity College Dublin, University of Dublin, College Green - Dublin 2, Co.
Dublin, D02 PN40, Ireland

A. Marcowith
Laboratoire Univers et Particules de Montpellier, UMR 5299 du CNRS, Université de Mont-
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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 in-
struments, such as: CTA, for the γ-ray emission from high-mass protostars; SKA
and precursors, for the synchrotron emission at different scales; and ELT/HIRES,
JWST, and ARIEL, for the impact of CRs on exoplanetary atmospheres and hab-
itability.

Keywords cosmic rays · acceleration of particles · astrochemistry · magnetic
fields · protostars · circumstellar discs
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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 CRs1. 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 for-
mation process itself (hereafter local CRs). The majority of low-energy CRs con-
tributing 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 spec-
trum 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

1 Low-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.
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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 accel-
eration 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).

In the context of star formation, there has been much interest in recent years
in locally accelerated sources of low-energy CRs which will be discussed in some
detail in this review. Even if these locally accelerated low-energy CRs do not
contribute significantly to the Galactic CR spectrum, they represent the key to
explain the high ionisation rate and the synchrotron emission observed in proto-
stellar environments. The main accelerators are thought to be protostellar shocks.
More precisely, local CRs are accelerated at the surface of the shocks located along
the bipolar jets and on the protostellar surface, where the accretion disc matter
channelled by magnetic fields hits the protostellar surface itself.

This review is organised as follows: we focus on the direct measurements and
the different observational methods to constrain the CR flux (Sect. 2); we sum-
marise the mechanisms of interaction of CRs with the interstellar medium, provid-
ing accurate details on the regimes of CR transport and the energy loss processes
(Sect. 3); we examine in depth the role of CRs at cloud (Sect. 4) and circum-
stellar disc (Sect. 5) scales; we describe how CRs can be efficiently accelerated
in protostellar environments (Sect. 6); we discuss the implications of presence of
CRs at different Galactic scales (Sect. 7); finally in Sect. 8 we summarise the most
important findings, concluding with an outlook on future work.

2 Cosmic-ray observations and observables

CRs are unlike radiation in that they do not travel directly to the Earth from
their points of origin, instead diffusing through the Galaxy due to interactions with
magnetic fields. As such, observations of CRs do not represent particles accelerated
in any one particular object or region. Rather, these observations represent the
population of particles accelerated throughout the Galaxy that happen now to be
traversing our neighborhood. In order to investigate the CR spectrum elsewhere we
must rely on observables produced by the various energy loss mechanisms described
in Sect. 3. Here, we briefly discuss the direct measurement of CRs made in the
solar system and local ISM and next consider different observables attributed to
CR interactions and how they constrain aspects of the CR spectrum.

2.1 In-situ measurements of cosmic rays

As CRs diffuse throughout the Galaxy, some will inevitably pass through our solar
system, where they can be measured by instruments aboard satellites in Earth-
orbit and balloons flown at high altitude. Several experiments have been designed
for observing CRs in different energy ranges (for a recent summary, see Table 1 in
Grenier et al., 2015), and only by combining the observations from each is the full
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CR spectrum revealed. While CRs with energies above a few GeV can reach these
experiments relatively unhindered, lower-energy particles are deflected from the
inner solar system by the magnetic field coupled to the solar wind, an effect referred
to as modulation. Direct measurement of the unmodulated CR spectrum below a
few GeV requires an instrument that is outside the heliosphere, a condition now
satisfied by the Cosmic Ray Subsystem instruments on both Voyager spacecrafts.
The best measurements of the local interstellar CR proton and electron spectra
down to energies of about 3 MeV are currently provided by observations from
Voyager 1 (Cummings et al., 2016) and Voyager 2 (Stone et al., 2019).

2.2 The observable influence of cosmic rays

2.2.1 Ionisation and interstellar chemistry

Ionisation of H and H2 are the dominant energy loss mechanisms for low-energy
CRs protons. While the resulting H+ and H+

2 are not directly observable, these
ions react with other gas phase species in the ISM, initiating a network of ion-
molecule reactions that drive interstellar chemistry. In diffuse molecular clouds
the abundances of H+

3 , OH+, and H2O+ depend strongly on the CR flux, and
observations of these molecules are used to constrain the CR ionisation rate, ζ.
Note that there are multiple definitions of the CR ionisation rate, including the
primary ionisation rate of H (ζprim; ionisation rate of atomic hydrogen due only to
CR nuclei), the total ionisation rate of H (ζH; ionisation rate of atomic hydrogen
due to both CR nuclei and secondary electrons produced by the primary ionisa-
tion events), and the total ionisation rate of H2 (ζ2; ionisation rate of molecular
hydrogen due to both CR nuclei and secondary electrons produced by the primary
ionisation events). The exact relationship between these different ionisation rates
depends on gas composition, but ζH ≈ 1.5ζprim and ζH2

≈ 2.3ζprim are reason-
able approximations (Glassgold and Langer, 1974). Here, we will use ζprim when
quoting results from various studies for the sake of consistency. Surveys of H+

3 ,
OH+, and H2O+ absorption have now been used to place constraints on the CR
ionisation rate in about 200 different diffuse cloud components within the Galactic
disc (Indriolo et al., 2007; Indriolo and McCall, 2012; Porras et al., 2014; Indriolo
et al., 2015; Zhao et al., 2015; Bacalla et al., 2019). Figure 1 shows the distribu-
tion of primary CR ionisation rates inferred from these observations. Results from
the different surveys are consistent with each other within uncertainties, finding a
mean ionisation rate of ζprim = (1.8+3.1

−1.1)× 10−16 s−1.
The wide range of ionisation rates inferred from molecular abundances implies

that the underlying CR spectrum is not uniform throughout the Galactic disc.
These variations can be caused either by scaling the entire spectrum up or down in
flux or by adding a varying component at low energies while maintaining the same
underlying floor spectrum everywhere. An ionisation rate can also be calculated
using the particle spectra measured by Voyager spacecrafts to determine how the
particle flux in the local ISM compares to that elsewhere. Doing so results in a
value of ζprim ∼ 10−17 s−1, over a factor of 10 times lower than the average value
in diffuse molecular clouds (Cummings et al., 2016), suggesting that the local CR
flux may not be representative of the Galaxy as a whole. However, there are some
upper limits on ionisation rates inferred from non-detections of H+

3 and OH+ that
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Distribution of Cosmic-Ray Ionisation Rates

Fig. 1 Primary CR ionisation rate (ζprim) distributions inferred from different molecular
tracers in diffuse clouds. The histograms only account for clouds where absorption lines are
detected, not upper limits inferred from non-detections. Note that all ionisation rates reported
by Bacalla et al. (2019) have been multiplied by 35/100. This was done to account for the
different gas densities adopted by Indriolo et al. (2015) and Bacalla et al. (2019) (35 cm−3

and 100 cm−3, respectively).

are consistent with this low value (Indriolo and McCall, 2012; Bacalla et al., 2019),
so the local ISM may not be unique in this regard. Either the local ISM represents
the floor spectrum, with higher ionisation rates elsewhere due to an increased
particle flux at low energies, or other regions in the Galactic disc experience an
overall higher flux of CRs.
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2.2.2 Pion production and γ-ray emission

For CR protons with E & 1 GeV energy losses due to pion production dominate
those due to ionisation. The production of π0 particles via elastic collisions with
ambient atoms, and subsequent rapid decay into a pair of γ-ray photons, provides a
potential observable. Indeed, this pionic γ-ray emission has been detected from su-
pernova remnants interacting with molecular clouds (e.g. Ackermann et al., 2013),
from the gas within the Galactic plane (Ackermann et al., 2012), and even from
nearby molecular clouds (e.g., Yang et al., 2014; Neronov et al., 2017). The γ-ray
emission spectrum resulting from π0 produced by CRs depends on the spectrum
of CR particles and on the distribution of target ambient atoms. The total column
density of ambient material along a given line-of-sight can be constrained by obser-
vations of H, CO and dust, and this can be used in concert with the observed γ-ray
spectrum to infer the underlying CR spectrum at energies above about 1 GeV.
γ-ray observations of several nearby molecular clouds with Fermi-LAT suggest a
CR spectrum that is consistent with that measured in the local ISM (Neronov
et al., 2017), at least for the sampled energy range.

2.2.3 Inner shell ionisation and X-ray emission

The ionisation of atoms is not limited to the removal of an electron from any
specific energy level. When an electron is removed from an inner shell, the vacancy
in that shell will rapidly be filled by the de-excitation of an electron from a more
energetic shell, a process that generates a photon. A vacancy in the n = 1 level is
most often filled by an electron from the n = 2 level. Emission arising from the
n = 2→ 1 transition is referred to as Kα and typically occurs in the X-ray regime.
The Fe Kα line at 6.4 keV has been observed in the Galactic centre and from
molecular clouds near supernova remnants, but different studies of these regions
have interpreted the emission as the product of ionisation by electrons (Yusef-
Zadeh et al., 2007), low-energy protons (Tatischeff et al., 2012; Nobukawa et al.,
2018) and X-ray photons (Ponti et al., 2010). While Fe Kα line emission indicates
that energetic particles or photons are present, it can be difficult to distinguish
which is the dominant ionising mechanism. As such, placing constraints on the
underlying CR spectrum from Fe Kα emission is highly uncertain.

2.2.4 Observational constraints on the ionisation rate in protoplanetary discs

The exact level of ionisation within protoplanetary discs has far-reaching conse-
quences. In this section we discuss observational efforts to constrain the ionisation
rate at disc scales. In principle, the presence of CRs can be inferred from the prod-
ucts of interactions, including high-energy photons. However, stellar or Galactic
CRs that interact with protoplanetary discs will not result in an observable level
of γ rays, since the latter would likely be absorbed by the disc. Instead, very sensi-
tive observations carried out by the Atacama Large Millimetre Array (ALMA) can
measure the ratio of different molecules that directly constrain the (total) ionisa-
tion rate (Cleeves et al., 2015, for instance). Chemical models can also indirectly
constrain the ionisation rate from CO observations (such as Schwarz et al., 2018).

Cleeves et al. (2015), using observations from the Submillimeter Array of
HCO+ and ALMA observations of N2H+, constrained the total ionisation rate



8 Marco Padovani et al.

(i.e., from all sources of ionisation including FUV, X-rays, CRs etc.) for TW Hya’s
disc to be ζH2

. 10−19s−1, which is relatively low. TW Hya is a prime observa-
tional target due to its close proximity. However, it is a relatively old disc and the
total disc mass of 0.02M� derived from dust observations (assuming a particular
dust to gas mass ratio) is quite large in comparison to the scatter observed in
young star-forming regions (Pascucci et al., 2016). Thus, the observed low ionisa-
tion rate in TW Hya’s disc may not be representative of most discs in star-forming
regions. On the other hand Schwarz et al. (2018) present results from CO chemical
models for a relatively large sample of observed protoplanetary discs and conclude
an unknown physical process must be operating in these discs. These results may
provide indirect evidence for the presence of stellar cosmic rays (SCRs).

More direct observations are needed to constrain the ionisation rate in a bigger
sample of protoplanetary discs. Modelling the influence of SCRs in a wide range of
discs is critical to identify discs likely to display high ionisation rates. Such obser-
vations will in turn constrain some of the free parameters adopted in propagation
models. Using the empirical relationship between the X-ray and SCR luminosity
obtained through combined (sub-)millimetre and X-ray observations will also help
to constrain the X-ray contribution to the ionisation rate and the luminosity of
SCRs appropriate to model specific discs.

3 Overview of CR transport and interactions in the ISM

In this section we focus on the interaction of Galactic CRs with dense astrophysical
objects, such as molecular clouds, cores, and discs, and describe approaches to cal-
culate the CR penetration into these objects and the resulting ionisation/heating.
In the ISM the details of CR transport are governed by the dominant role of their
interaction with gas. The energy losses are proportional to the gas density and,
hence, the adiabatic losses, which play an important role on Galactic scales, can
be completely neglected. Consequently, one can also neglect CR diffusion in mo-
mentum space, leading to CR re-acceleration in the Galaxy. These processes will
be discussed in Sect. 7.2.

3.1 Transport and penetration of CRs into dense astrophysical objects

The gyroradii of low-energy CRs, whose energy is relevant for ionisation and heat-
ing in molecular clouds and discs, are much smaller than the spatial scales charac-
terising inhomogeneities in the magnetic field and gas density within these objects.
Thus, we adopt the concept of the guiding centre for CRs and consider their prop-
agation along the local magnetic field, with coordinate s measured along the field
line. We introduce the effective column density of gas traversed by a CR particle
before it reaches a given point (Padovani et al., 2018b),

N =

∫ s

0

nH(s) ds, (1)

where nH = n(H) + 2n(H2) is the total number density of hydrogen atoms. In the
inner regions of clouds and discs, where the field lines are likely strongly twisted
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and entangled, the effective column density may be much larger than the line-of-
sight value. Therefore, Eq. (1) is the proper measure of attenuation of Galactic
CRs penetrating such regions.

The CR kinetics in dense objects is conveniently described in terms of their
distribution function in energy space, fE = f(E, s, µ). It is related to the distri-
bution function in momentum space via vfE = p2fp, where v(E) is the physical
velocity of a particle and µ is the cosine of pitch angle. The number of CRs per
unit volume and energy is then given by N (E, s) = 2π

∫ 1

−1
fE dµ.

The transport equation for fE , which describes the continuity of the distri-
bution in phase space, takes into account the energy losses by CRs due to their
collisional interactions with gas. The equation can be expressed generally as: (e.g.,
Morfill et al., 1976; Cesarsky and Völk, 1978; Berezinskii et al., 1990):

∂S

∂s
+

∂

∂E

(
ĖconfE

)
+ νcatfE = 0, (2)

where S(fE) is the differential flux of CRs (per unit area, energy, and solid angle),
whose dependence on fE is determined by the dominant CR transport regime, as
discussed below. CR losses are divided into two categories: νcat(E) is the rate of
all catastrophic collisions leading to an instantaneous loss of energy by a particle,
and Ėcon(E) is the continuous energy decrease per unit time due to collisions ac-
companied by loss of a small portion of energy. Both νcat and Ėcon scale with nH.
In Sect. 3.2 we discuss individual processes contributing to continuous or catas-
trophic losses. The latter affect the CR transport only at high column densities
(corresponding to inner regions of circumstellar discs, see Sect. 3.3), and, therefore,
below we assume continuous losses.

The distribution function is generally a function of the pitch angle, which de-
pends on the local strength of the regular magnetic field, B(s) (see Sect. 3.5), and
CR scattering that occurs due to resonant CR interactions with magnetohydrody-
namic (MHD) turbulence and gas nuclei. Depending on the degree of pitch angle
scattering, there are two CR transport regimes – free streaming and diffusive – as
discussed in the following Sect. 3.1.1 and 3.1.2.

3.1.1 Free streaming (continuous slowing-down approximation)

The free-streaming approximation (also known as the continuous slowing-down ap-
proximation, CSDA, see Takayanagi, 1973; Padovani et al., 2009) is the most com-
mon approach used to calculate the propagation of CRs in molecular clouds. Scat-
tering processes are inefficient in this regime, so that the resulting mean squared
deviation of the pitch angle along a CR track is small. Hence, µ is conserved and
the differential CR flux, S, is given by

S(E, s, µ) = µvfE , (3)

i.e., S is simply proportional to the CR spectrum, defined as

j = vfE . (4)

The dependence on µ is completely determined by the boundary conditions for
the initial (interstellar, Galactic) spectrum jIS(E,µ) of CRs entering a cloud or
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disc. The kinetic energy E of a particle after it has traversed the effective column
density N is related to its initial energy Ei via

N = µ

∫ Ei

E

dE

L(E)
, (5)

where L(E) is the energy loss function (see Sect. 3.2),2 defined as L(E) = −Ėcon/(nHv).
This yields the following solution of Eq. (2):

j(E,N, µ)L(E) = jIS(Ei, µ)L(Ei), (6)

which relates the initial (interstellar) and local (propagated) spectra.
To illustrate the effect of energy losses, consider the penetration of a CR particle

into a molecular cloud. For gas column densities up to N ∼ 1025 cm−2, attenuation
is completely determined by the ionisation losses by both CR protons and electrons
affecting subrelativistic particles (see Figs. 2 and 3 in Sect. 3.2). For a power-law
initial CR spectrum,

jIS(E) = j0

(
E

E0

)−a
, (7)

it is possible to obtain simple analytical expressions for the local spectrum and cor-
responding ionisation rate as a function of column density. The loss function in the
energy range relevant for ionisation in molecular clouds can be well approximated
by (Padovani et al., 2018b; Silsbee and Ivlev, 2019)

L(E) = L0

(
E

E0

)−b
. (8)

For CR protons in the energy range where ionisation losses dominate3 (from ∼
105 eV to ∼ 109 eV), L0 = 1.27×10−15 eV cm2, E0 = 1 MeV, and b = 0.82. Then
Eqs. (5) and (6) give

j(E,N, µ) = jIS(E)

[
1 +

N

µR(E)

]− a+b
1+b

, (9)

where

R(E) =
E0

(1 + b)L0

(
E

E0

)1+b

, (10)

is the stopping range (for the above range of energies). This result intuitively shows
that only CRs with a stopping range R(E) . N are attenuated (and their local
spectrum changes to j ∝ Eb), while the spectrum at higher energies coincides with
the initial spectrum.

2 By setting the lower integration limit to zero and the upper one to E in Eq. (5), we obtain
the stopping range R(E) for particles with zero pitch angles (µ = 1), plotted for different CR
species in Fig. 3 (Sect. 3.2).

3 In Padovani et al. (2018b), the total column density of all gaseous species was used
(assuming all the hydrogen to be in molecular form), whereas N in Eq. (1) is the total column
density of hydrogen atoms. Therefore, N in Silsbee and Ivlev (2019) is a factor of 1.67 higher
than that in Padovani et al. (2018b), which is taken into account in the value of L0.
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If the local CR proton spectrum is known, it is straightforward to calculate
the local ionisation rate of H2 due to CR protons. Since only particles with µ > 0
penetrate into a cloud in the free-streaming regime,

ζp,H2
=

∫ 1

0

dµ

∫ ∞
0

jp(E,N, µ)σion
p,H2

(E) dE, (11)

where σion
p,H2

(E) is the ionisation cross section for molecular hydrogen. For pro-

tons with energies between 105 eV and 5× 108 eV, the ratio between Lp(E) and
σion
p,H2

(E) is nearly constant and equal to ε ∼ 37 eV (Cravens and Dalgarno, 1978;
Padovani et al., 2018b). This fact allows us to replace the cross section in Eq. (11)
with Lp(E)/ε determined by Eqs. (8). For an initial power-law spectrum, we also
substitute Eq. (9) and obtain the dependence of the ionisation rate on the column
density in the free-streaming regime (Silsbee and Ivlev, 2019),

ζp,H2
(N) = ζ0

(
N

R0

)− a+b−1
1+b

, (12)

where R0 = Rp(E0) ∼ 1021 cm−2 and ζ0 ≈ j0E0L0/ε with a reasonable ac-
curacy. Note that Eq. (12) is derived for sufficiently steep initial spectra, with
a > 1− b ∼ 0.2. Otherwise, e.g., for the spectrum of subrelativistic protons mea-
sured by the Voyager spacecrafts (Cummings et al., 2016; Stone et al., 2019),
the main contribution to the integral in Eq. (11) is provided by CRs at several
hundreds of MeV; the resulting ζp,H2

(N) remains practically constant as long as
N . 1025 cm−2.

3.1.2 Spatial diffusion

The dominant regime of CR transport in regions surrounding dense cores em-
bedded within molecular clouds is debated. MHD turbulence in these regions can
resonantly scatter the pitch angles of penetrating CRs (Kulsrud and Pearce, 1969),
leading to spatial diffusion. The spectrum of MHD turbulence determines the mag-
nitude of the CR diffusion coefficient and its dependence on the particle energy
(Schlickeiser et al., 2016; Silsbee and Ivlev, 2019). However, MHD turbulence can
also be driven by anisotropy in the CR distribution function (Skilling and Strong,
1976; Morlino and Gabici, 2015; Ivlev et al., 2018), which arises in response to CR
absorption in dense cores.

We begin by briefly summarising the basic principles of diffusive CR transport.
This regime is realised when the mean free path of a CR particle due to pitch-
angle scattering is much smaller than the relevant spatial scale of the problem.
Therefore, the local distribution function is isotropised, and the number of CRs per
unit volume and energy is related to the distribution function via N (E, s) ≈ 4πfE .
The corresponding flux S does not depend on µ and generally contains two terms
(e.g., Berezinskii et al., 1990),

S(E, s) = −D∂fE
∂s

+ ufE , (13)

where D(E) is the CR diffusion coefficient. The second term, which is proportional
to the advection velocity u, arises due to the anisotropy of MHD turbulence. This
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typically occurs when MHD waves are generated by CRs themselves (see Sect. 3.6).
Preexisting turbulence is usually assumed to be isotropic on small spatial scales
(responsible for scattering of low-energy CRs), and then u = 0.

In order to calculate D(E), one can employ a simplified expression proposed
by Skilling (1975),

D(E) =
vB2

6π2µ∗k2
resW (kres)

, (14)

relating the diffusion coefficient to the spectral energy density of weak magnetic
disturbances, W (k), with B being the strength of the regular magnetic field. The
relation is determined by kres(E), the wavenumber of longitudinal MHD waves
satisfying the condition of the cyclotron resonance with CR particles of energy E,

kres(E) =
mΩ

µ∗p(E)
, (15)

where µ∗ is the effective cosine of the resonant pitch angle (usually set to a constant
of order unity), p(E) is the momentum of a CR particle with rest mass m, and
Ω = eB/mc is the CR gyrofrequency.

Further analysis of diffusive CR transport depends critically on the origin of
MHD turbulence. If the turbulence is driven by CRs, its spectrum W (k) is deter-
mined by the CR spectrum fE and vice versa. This essentially nonlinear regime
is discussed separately in Sect. 3.6. The case of preexisting turbulence can be
analysed generally by equating W (k) and the turbulent kinetic energy of ions,

kW (k) ≈ 1

2
ρiv

2
turb(k), (16)

where ρi is the ion mass density and v2
turb is their mean squared turbulent velocity.

Then, for a power-law turbulent spectrum with vturb(k) ∝ k−λ, the diffusion
coefficient scales as (Silsbee and Ivlev, 2019)

D ∝ E1−λρ−1
i , (17)

where λ = 1/3 for a Kolmogorov spectrum and λ = 1/4 for a Kraichnan spectrum.
Assuming that both the ionisation fraction (∝ ρi/nH) and turbulent velocity are
independent of N , Eq. (2) is reduced to a linear diffusion equation for the product
jL, with the coordinate N and (pseudo) time

T (E) = −
∫ E

0

dE

X(E)
, (18)

where X(E) = vL/(nHD) is a function of E only. This allows solution in a general
form; for a power-law initial CR spectrum (7), the local spectrum is (Silsbee and
Ivlev, 2019)

j(E,N) = jIS(E)

∫ 1

0

erfc

 N/N0√
(E/E0)α(x−

α
a+b − 1)

 dx, (19)

where α = 3/2 + b− λ and

N0 =

√
4nHD0E0

αv0L0
(20)
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is the characteristic attenuation range (column density) in the diffusive regime,
with D0 = D(E0) and v0 =

√
2E0/m. Depending on the turbulent spectrum,

Silsbee and Ivlev (2019) estimated the magnitude of nHD0 to be ∼ 1028 cm−1s−1

for molecular cloud envelopes (where the ionisation fraction is set by carbon pho-
toionisation). The qualitative behavior of Eq. (19) is the same as of Eq. (9): for a
given N , the local spectrum scales as j ∝ Eb at lower energies and tends to jIS(E)
at higher energies.

Substituting Eq. (19) in Eq. (11) yields the local ionisation rate (Silsbee and
Ivlev, 2019)

ζH2
(N) = ζ0

(
N

N0

)− 4(a+b−1)

3+2b−2λ

, (21)

where ζ0 is about that in Eq. (12). Comparing Eqs. (12) and (21) shows that a
characteristic value of the diffusive attenuation range, N0 ∼ 1020 cm−2, is about an
order of magnitude smaller than that of the free-streaming range, R0. Furthermore,
the ratio of the attenuation exponents in the diffusive and free-streaming regimes,
4(1 + b)/(3 + 2b− 2λ), is larger than unity. This indicates that the attenuation is
stronger in the diffusive regime – which is also intuitive, since in this case a CR
particle must cross a larger gas column, N , before reaching a given location.

In Sect. 4 we present a detailed discussion of the CR ionisation rate predicted
in the envelopes of molecular clouds and compare the theoretical results with
observations in diffuse clouds (see Sect. 2).

3.2 Energy losses and attenuation of CRs

In this section we summarise the basic energy loss processes that affect the penetra-
tion of primary CRs and secondary particles in interstellar clouds (see, e.g., Hayakawa
1969; Takayanagi 1973; Umebayashi and Nakano 1981). Several of these processes
result in the production of showers of secondary species (photons, electrons, and
positrons) through processes such as pion decay, bremsstrahlung (BS) and pair
production. In addition to primary CRs, these secondary particles contribute to
the total ionisation rate of the medium.

We consider CR species k (including secondaries) and derive their spectra
jk(E,N) as function of the column density, N , along the direction of propagation,
i.e., along the local magnetic field. We adopt the ISM composition by Wilms et al.
(2000), which is summarised in Table 1. The column density is related to the
surface density, Σ = ĀmpN , where Ā is the mean molecular weight (Ā = 2.35 for
a molecular cloud and Ā = 1.28 for an atomic cloud) and mp is the proton mass.

The expression for the energy loss function, Llk, for a particle of species k
depends on the type of process l, as anticipated in Sect. 3.1: if only a small fraction
of the particle kinetic energy is lost in each particle collision, the process can be
considered as continuous and described by the loss function

Llk(E) =

∫ Emax

0

E′
dσlk(E,E′)

dE′
dE′ , (22)

where dσlk/dE
′ is the differential cross section of the process and Emax is the

maximum energy lost in a collision. In the opposite case, where a large fraction



14 Marco Padovani et al.

Table 1 Assumed composition of the ISM (Wilms et al., 2000). Number of electrons (Z), mass
number (AZ), ratio of gas abundance to total IS medium abundance (1−βZ), and abundance
with respect to the total number of particles (fZ).

species Z AZ 1− βZ f
(a)
Z

H 1 1 1 9.10× 10−1

He 2 4 1 8.89× 10−2

C 6 12 0.5 2.18× 10−4

N 7 14 1 6.91× 10−5

O 8 16 0.6 4.46× 10−4

Ne 10 20 1 7.93× 10−5

Na 11 23 0.25 1.31× 10−6

Mg 12 24 0.2 2.28× 10−5

Al 13 27 0.02 1.95× 10−6

Si 14 28 0.1 1.69× 10−5

P 15 31 0.6 2.39× 10−7

S 16 32 0.6 1.12× 10−5

Cl 17 35 0.5 1.20× 10−7

Ar 18 40 1 2.34× 10−6

Ca 20 40 0.003 1.44× 10−6

Ti 22 48 0.002 5.88× 10−8

Cr 24 52 0.03 2.95× 10−7

Mn 25 55 0.07 1.99× 10−7

Fe 26 56 0.3 2.45× 10−5

Co 27 59 0.05 2.57× 10−8

Ni 28 59 0.04 1.02× 10−6

(a) computed assuming no depletion (βZ = 0).

of the kinetic energy is lost in a single collision or the CR particle ceases to exist
after the collision, the process is called catastrophic and the loss function is

Llk(E) = Eσlk(E) , (23)

where σlk is the cross section of the process. In the following, we express the total
energy loss function Lk =

∑
l L

l
k in terms of the loss functions for collisions with

atomic hydrogen (Lk,H) or helium (Lk,He). The loss function for collisions with
molecular hydrogen can be approximated as Lk,H2

≈ 2Lk,H, except for elastic and
excitation losses.

3.2.1 Protons

The proton energy loss function, Lp(E), is dominated by ionisation losses (Lion
p )

at low energies, and losses due to pion production (Lπp ) above the threshold energy
Eπ=280 MeV :

Lp(E) = εionLion
p,H(E) + επLπp,H(E) . (24)

Ionisation losses are proportional to the atomic number, Z, of the target species
(Bethe-Bloch formula, see Hayakawa 1969), so that Lion

p,Z = ZLion
p,H. The total

ionisation loss function is

Lion
p (E) =

∑
Z≥1

fZZ

Lion
p,H(E) = εionLion

p,H(E) , (25)
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where εion = 1.10. At higher energies, above a threshold Eπ = 280 MeV, we add
energy losses due to pion production, as given by Schlickeiser (2002) and Krakau
and Schlickeiser (2015),

Lπp,Z(E) ≈ 2.57× 10−17A
0.79
Z

β

(
E

GeV

)1.28 (
E + Eas

GeV

)−0.2

eV cm2, (26)

where β = v/c is the ratio between the proton speed and the speed of light, and
the asymptotic energy Eas = 200 GeV. The factor A0.79

Z is a phenomenological
correction to the pion production cross section for heavier target species (Geist,
1991). Pion losses become dominant for E & 1 GeV, fully determining the prop-
agation of high-energy CRs at high column densities. The total pion production
loss function is then

Lπp (E) =

∑
Z≥1

fZA
0.79
Z

Lπp,H(E) = επLπp,H(E) , (27)

where επ = 1.18.

3.2.2 Electrons and positrons

The loss function for electrons and positrons, hereafter simply Le, is dominated
by ionisation losses (Lion

e ) at low energies, by BS losses (LBS
e ) above ∼ 100 MeV

and by synchrotron losses (Lsyn
e ) above Esyn ∼ 1 TeV :

Le(E) = εionLion
e,H(E) + εBSLBS

e,H(E) + Lsyn
e (E) . (28)

Ionisation losses for electrons have the same correction factor as protons, Lion
e (E) =

εionLion
e,H(E), see Eq. (25). Taking into account that LBS

e,H2
= 2LBS

e,H and that the
differential BS cross section is proportional to Z(Z + 1), this yields

LBS
e (E) =

∑
Z≥1

fZ
Z(Z + 1)

2

LBS
e,H(E) = εBSLBS

e,H(E) , (29)

where εBS = 1.22. Synchrotron losses dominate at energies above Esyn ∼ 1 TeV
and do not depend on the composition. Following Schlickeiser (2002), Lsyn

e (E) is

Lsyn
e (E) ≈ 5.0× 10−14

(
E

TeV

)2

eV cm2 , (30)

which is independent of the gas density, n, if the magnetic field strength varies

as B ∝ n1/2
H . Inverse Compton energy losses may be as important as synchrotron

losses at high energies in diffuse gas, especially in the vicinity of an intense radi-
ation source. However, in the deep interior of circumstellar discs stellar radiation
is completely attenuated and inverse Compton losses are negligible.
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3.2.3 Photons

Photons are generated through BS by electrons and positrons and through decay
of neutral pions (produced by CR protons). The photon energy loss function, Lγ ,
is a sum of three contributions: photoionisation (LPI

γ ), Compton scattering (LC
γ ),

and pair production (Lpair
γ ),

Lγ(E) = LPI
γ (E) + εCLC

γ,H + εpairLpair
γ,H . (31)

Photoionisation and pair production are catastrophic processes. Their loss func-
tions are proportional to the corresponding cross sections σPI (Yeh and Lindau,
1985; Draine, 2011) and σpair (Bethe and Maximon, 1954), see eq. (23). Conversely,
the Compton effect is a continuous loss process; its associated energy loss func-
tion is described by Hayakawa (1969) and Padovani et al. (2018b). Since Compton
losses are proportional to Z, the correction due to heavy elements is the same as
for ionisation losses, εC = 1.10, while εpair = εBS, because the pair production
and BS are symmetric processes. The dominant contribution to LPI

γ is provided by
the K-shell photoionisation of heavy species (see e.g. Draine, 2011). At energies
above ∼ 100 TeV, photon-photon scattering on the cosmic microwave background
and/or the stellar radiation field can become important. However, this process is
negligible in dense clouds and circumstellar discs.

3.2.4 Loss functions

Figure 2 shows the total proton, electron, positron and photon energy loss functions
Lk(E) calculated for the ISM composition given in Table 1 assuming that all H is
in molecular form. In Fig. 3 the corresponding ranges are calculated from Eq. (5).
In this case the correction factors in Eqs. (24), (25), (27), (28), (29), and (31)
are: εion = εC = 2.01, επ = 2.17, and εBS = εpair = 2.24. The loss functions in
a medium of pure H atoms, Lk,H(E), are also plotted for comparison. Notice a
change in the asymptotic behaviour Lp ∝ Eα of the proton loss function, from
α = 1.28 to α = 1.08, occurring at energy Eas (see Eq. 26). On the other hand, the
asymptotic behaviour of the electron/positron loss function changes from α = 1
to α = 2 due to the transition from BS to synchrotron (catastrophic) losses at
energy Esyn. The asymptotic behaviour of the photon loss function is determined
by the pair production (catastrophic) losses with α = 1; at low energies, where
photoionisation dominates, one can see small peaks (around 1 keV) due to K-shell
ionisation of heavy species.

3.3 Propagation of CRs at high column densities

At the high column densities typical of circumstellar discs, only the propagation
of CR electrons can be approximately described by CSDA, because protons and
secondary photons suffer catastrophic losses and undergo diffusive processes. In
fact, above EBS ∼ 500 MeV (see the middle panel of Fig. 2) the energy loss of
electrons is dominated by BS, which is a quasi-catastrophic process, because the
energy of a photon created by BS is generally of the order of the energy of the
electron that generated it (Ginzburg and Syrovatskii, 1964). The effective cross
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Fig. 2 Total energy loss functions of primary and secondary CR particles k (protons, electrons
and positrons, and photons), computed for a medium composition given in Table 1 assuming H
in molecular form (Lk, thick black lines) and for a medium of pure atomic hydrogen (Lk,H, thin
grey lines). Protons (upper panel): ionisation losses (short dashed lines) and pion production
(dotted lines); the vertical dotted line shows the energy, Eas, at which the proton loss function
changes its asymptotic behaviour from α = 1.28 to α = 1.08. Electrons and positrons (middle
panel): ionisation losses (short dashed line), BS (long-dashed line), and synchrotron losses with
the uncertainty on the magnetic field strength (shaded area); the vertical dotted line shows the
transition energy, Esyn, between BS (α = 1) and synchrotron (α = 2) losses. Photons (lower
panel): photoionisation losses (dash-dotted line), Compton scattering (dotted line), and pair
production (short-dashed line). Data for the ionisation by protons are taken from the Stopping
and Range of Ions in Matter package (Ziegler et al., 2010); for the ionisation by electrons we
adopt Dalgarno et al. (1999) and the National Institute of Standards and Technology database
(http://physics.nist.gov/PhysRefData/Star/Text). Figure from Padovani et al. (2018b).

http://physics.nist.gov/PhysRefData/Star/Text
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Fig. 3 Total range functions, Rk(E), of primary and secondary CR particles (thick black
lines), Eq. (5). The inset shows the total range functions multiplied by Āmp, to highlight the
behaviour at large surface densities. For comparison, the range functions for atomic hydrogen
are also plotted (thin grey lines). Figure from Padovani et al. (2018b).

section of BS corresponds to a column density of NBS ∼ 1.5 × 1025 cm−2, i.e.,
∼ 58 g cm−2. Consequently, CSDA slightly overestimates the electron population
at E & EBS. However, electrons at these energies have only a minor contribution
to the ionisation rate: smaller than 2% at Σ ∼ 30 g cm−2 and vanishing at higher
Σ (Padovani et al., 2018b).

3.3.1 Cosmic-ray protons

At energies larger than Eπ the interaction between CR protons and the medium
leads to the production of pions. Since the pion rest mass is significant, CR protons
lose a non-negligible fraction of their energy in each collision (Schlickeiser, 2002).
Padovani et al. (2018b) showed that CSDA works for E . 25 MeV; according
to Fig. 3, this corresponds to column densities N . 7 × 1022 cm−2. The scat-
tering of CR protons becomes increasingly important at higher energies, and the
diffusive regime operates above ∼ 1 GeV, corresponding to N & 2 × 1025 cm−2.
Thus, a CSDA solution obtained for the local CR proton spectrum at low energies
should be combined with the diffusion solution at high energies (see Appendix C
in Padovani et al., 2018b, for details).
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The solution for the diffusive regime assuming continuous losses is governed by
the following equation for Np(E, `), the number of protons per unit volume and
energy (Ginzburg and Syrovatskii, 1964) as function of the coordinate ` along the
local magnetic field (CR path),

Dp
∂2Np
∂`2

=
∂

∂E

(
dEp
dt
Np
)
, (32)

where

Dp(E) ≈ βc

3nσmt(E)
,

dEp
dt

= −nβcLp(E) , (33)

σmt is the total momentum transfer cross section, βc is the proton velocity, and
n is the total particle number density, summed over all the medium species. The
factor of 3 accounts for the fact that diffusion occurs in three dimensions. The
solution of Eq. (32) is given in Padovani et al. (2018b).

In principle, elastic scattering of CR protons leads to new source and sink
terms in the general transport equation associated with efficient energy exchange
with hydrogen nuclei, but for realistic conditions these new terms can be safely
neglected.

3.4 Generation and propagation of secondary particles

Figure 4 shows the main ionisation routes associated with secondary particles
produced by CRs at high column densities such as in circumstellar discs. Assuming
that at these high densities all H is in molecular form, CR protons and electrons
generate secondary electrons by primary ionisation (pCR + H2 → p′CR + H+

2 + e−).
Secondary electrons with energy larger than the ionisation potential of H2 produce
further generations of ambient electrons. CR protons colliding with protons create
charged pions; through muon decay, they become electrons and positrons (π± →
µ± → e±), producing secondary ionisations. In addition, p–p collisions create
neutral pions decaying into photon pairs (π0 → 2γ). The second important source
of photons is BS by electrons and positrons. One should also account for e± pair
production by photons (γ → e+ + e−). In the following sections we summarise the
basic elements needed to compute the secondary particle flux.

3.4.1 Photons

The photon propagation regime depends on their energy Eγ . Photoionisation and
pair production dominate below ∼ 5 keV and above ∼ 50 MeV, respectively. Both
processes are catastrophic, i.e., photons disappear after the interaction with nuclei.
As for Compton scattering, the relative average energy lost by a photon in each
interaction with electrons depends on the photon’s energy. For Eγ � mec

2 losses
are catastrophic, whereas in the opposite limit photons transfer a small amount
of their energy to the electrons, and losses can be treated as continuous. However,
below E ∼ 1 keV photoionisation is the dominant process, and losses become
catastrophic again. The solution of the transfer equation for photons in either
regime is given in Padovani et al. (2018b).
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Fig. 4 Ionisation diagram, explaining the effect of secondary particles that are generated
(directly or indirectly) by CR protons and electrons through ionisation, pion decay (π0, π±),
BS, and pair production (pair). The secondary particles include electrons (e−, due to primary
and secondary ionisation), positrons and electrons (e±, due to pair production and π± decay;
also electrons produced in secondary ionisation are included), and photons (γ, due to BS and
π0 decay), all contributing to the respective ionisation routes. Figure from Padovani et al.
(2018b).

3.4.2 Electrons and positrons

Electrons and positrons have two different sources. First, pairs are produced by
photons with energy above 2mec

2, so that the electron and positron energy is
0 ≤ E ≤ Eγ − 2mec

2. Second, electrons and positrons are created through de-
cay of charged pions, generated in proton-nucleus collisions at energies above
Eπ = 280 MeV. As pointed out at the beginning of Sect. 3.3, the use of CSDA
to describe the propagation of electrons and positrons with energies larger than
the BS threshold, EBS ∼ 500 MeV, leads to a slight overestimation of the flux.
However, since the contribution of e± of such energies to the ionisation rate is
negligible, CSDA can be employed. Thus, when the stopping range is comparable
to (or larger than) the local column density N , the resulting spectrum of electrons
and positrons is given by

je±(E,N) =
1

2Le(E)

∫ ∞
N

Se±(E0, N0)Le(E0) dN0, (34)

where Se± is the total source function for electrons and positrons (including pair
production and charged pion decay) and the factor 1/2 accounts for electrons and
positrons propagating in two directions. The initial energy E0 > E at N0 is related
to N by

|N0 −N | =
∫ E0

E

dE′

Le(E′)
. (35)

If the range is small, |N0 −N | � N , the spectrum is localised,

je±(E,N) =
E

Le(E)
Se±(E,N). (36)
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An a posteriori check of the energy spectra calculated with Eq. (34) for N &
1024 cm−2 shows that they are accurately reproduced by Eq. (36).

3.5 Role of magnetic field geometry in CR propagation and ionisation

The magnetic configuration in dense cores and discs can be very complicated (e.g.,
Joos et al., 2012; Li et al., 2013; Padovani et al., 2013; Hull et al., 2017, 2018),
and the field strength is usually much larger than the interstellar value (Crutcher,
2012). Dust polarisation observations of dense cores often display an hourglass
shape, which can be created by gravitational contraction pinching the magnetic
field (Girart et al., 2006, 2009; Hull et al., 2014). Simulations of magnetised collaps-
ing cores reproduce the hourglass field morphology and show a significant toroidal
component near the centre that is produced by rotation (Padovani et al., 2013; Lee
et al., 2017). The magnetic field configuration in turn influences the details of CR
propagation and local ionisation. The field strength increases along the converging
field lines, which leads to efficient mirroring of the penetrating CRs – their pitch
angles increase in response to the growing field until reaching 90◦, and thus more
and more particles are reflected back. On the other hand, field line convergence
results in CR focusing. Below we explore the net effect of these two competing
processes.

First, we consider a situation without losses. In the absence of scattering pro-
cesses, the pitch angle satisfies the relation

1− µ2

B(s)
=

1− µ2
i

Bi
, (37)

which follows from the adiabatic invariance of the magnetic moment of a particle
(Chen, 1974). The Liouville theorem yields conservation of the distribution func-
tion along the field lines, and therefore (Cesarsky and Völk, 1978; Silsbee et al.,
2018)

j(E, s, µ) = jIS(E,µi). (38)

We are interested in the propagation of CRs in the direction of increasing B(s).
Hence, if the initial distribution is isotropic, which is assumed for low-energy
Galactic CRs, the local distribution of penetrating CRs remains isotropic, too.
We immediately infer from Eq. (11) that the ionisation rate does not depend on
N in this case – an expected result, as Eq. (38) also implies conservation of the
differential density of penetrating particles.

Of course, introducing energy losses breaks this symmetry. Among all CRs
being able to reach a given position before they are mirrored at deeper positions,
particles with a larger initial pitch angle must cross a larger gas column (N/µ)
and therefore experience stronger losses. This effect can be taken into account
in the framework of free-streaming transport discussed in Sect. 3.1.1. Rigorous
analysis shows that for all possible forms of monotonically increasing B(s) the
resulting dependencies ζH2

(N) are bound between well-defined lower and upper
limits (Silsbee et al., 2018),

ζmin ≤ ζH2
≤ ζmax. (39)
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The lower bound, ζmin(N), is realised in the case of a constant magnetic field
strength and is equal to its initial value up to N . Interestingly, the ratio of the up-
per and lower bounds does not depend on N ; for a power-law initial CR spectrum,
it is equal to

ζmax

ζmin
=
a+ 2b

1 + b
. (40)

We conclude that for any density profile and monotonically increasing magnetic
field the combined impact of mirroring and focusing only slightly increases the
ionisation rate (relative to the constant-field value, ζmin). For realistic values of
the spectral index a ≤ 1, ζmax/ζmin < 1.5; this ratio naturally tends to unity when
a = 1− b ∼ 0.2.

Thus, the effects of magnetic mirroring and focusing on the local CR ionisation
(or the CR density) practically cancel each other out when CRs propagate along
the lines of monotonically increasing magnetic field. Therefore, irrespective of the
field structure complexity, ζH2

(N) can be calculated by simply assuming a constant
field strength (Silsbee et al., 2018).

The situation may change dramatically if the magnetic field strength has local
minima along the field lines. The magnetic mirroring and focusing are no longer
able to balance each other in such magnetic pockets sketched in Fig. 5. Indeed, the
pitch angles of particles moving within a pocket can only decrease with respect to
the values at the pocket border. This removes particles with pitch angles around
90◦ from the distribution function and reduces the CR density.

s

B

0 s0

Bi

| |

-

Pocket A

Pocket B Pocket C
A

B C

Fig. 5 Sketch illustrating a situation where the magnetic field has multiple local minima along
the field line. This results in multiple magnetic pockets, indicated by the shading. Figure from
Silsbee et al. (2018).

Calculations performed in the absence of losses give the following expression
for the number of CRs per unit volume and energy in a magnetic pocket (Kaplan
and Pikel’ner, 1970; Silsbee et al., 2018):

N (E, s)

N IS(E)
= 1−

√
1− B(s)

Blow
, (41)

where N IS(E) is the CR density per unit energy outside pockets (equal to the
interstellar density) and Blow is the field strength at the lower peak bounding a
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pocket (indicated by A, B, and C in Fig. 5). Eq. (41) remains applicable even if
B(s) has small peaks inside a pocket (as, e.g., for pocket A). The local ionisation
rate naturally follows the same dependence. Inclusion of losses does not practi-
cally modify the effect: the ionisation rate is bound between the lower and upper
limits with the same relative range given by Eq. (40), similar to the case of a
monotonically increasing field.

Magnetic pockets are expected to be omnipresent in the inner regions of dense
molecular cloud cores. Repetitive stretching and compression of the field lines
due to large-scale turbulence in collapsing cores results in the formation of deep
pockets. This phenomenon becomes particularly prominent where the magnetic
field has a strong toroidal component produced by rotation (Padovani et al., 2013).
Consequently, in dense cores with nH & 104 cm−3 numerical models show the CR
ionisation rate can be reduced by more than an order of magnitude. This has
clear implications for gas chemistry and angular momentum transport, which are
important ingredients in the star-formation process.

In conclusion, we point out that the above analysis applies to the free-streaming
regime of CR propagation. In the presence of weak, small-scale MHD turbulence,
resonant pitch-angle scattering can lead to the efficient isotropisation of the dis-
tribution function, completely eliminating the effect of magnetic pockets. In this
diffusive regime the results presented in Sect. 3.1.2 are applicable for any magnetic
configuration, irrespective of the behavior of B(s). Note, however, that very strong
turbulence may further increase mirroring, and thus reduce the overall density of
CRs in cores (Fatuzzo and Adams, 2014).

3.6 Effect of CR-generated turbulence

It has long been known (see Lerche, 1967; Kulsrud and Pearce, 1969) that a CR flux
propagating through a plasma can excite MHD waves and thus create magnetic
disturbances. However, the effect of these disturbances on the penetration of CRs
into molecular clouds and on the resulting ionisation is still debated (Skilling and
Strong, 1976; Cesarsky and Völk, 1978; Morlino and Gabici, 2015; Ivlev et al.,
2018; Phan et al., 2018; Dogiel et al., 2018).

Skilling and Strong (1976) predicted from a qualitative analysis of the problem
a depletion of CR density inside the clouds. They concluded that Alfvén waves
should be generated by streaming CRs in the cloud envelopes where the gas density
is low enough to sustain the waves, which suppresses penetration by sub-GeV CRs.
This statement was confirmed by analytical and numerical calculations carried out
by Ivlev et al. (2018). It was also shown that the flux penetrating into very dense
clouds (where CRs are fully absorbed) has a universal energy dependence – it
is exclusively determined by the densities of ionised and neutral components of
the cloud envelopes. Furthermore, Ivlev et al. (2018) and Dogiel et al. (2018)
demonstrated that the turbulence leading to the universal flux can be generated
either by CR absorption in the vicinity of a dense cloud or by CR energy losses in
the outer part of the envelope. In both cases, turbulence makes the spectrum of
low-energy CRs harder and independent from that in the ISM.

We now consider the condition to generate MHD turbulence by CRs pene-
trating into a molecular cloud and obtain the resulting modulated CR flux (Ivlev
et al., 2018; Dogiel et al., 2018). If the CR kinetic energy, E, exceeds a certain
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excitation threshold, Eex (discussed below), their flux is not able to excite MHD
turbulence in the cloud envelope, i.e., the propagation of such CRs through the
envelope is free-streaming, as described in Sect. 3.1.1. The excitation occurs for
E . Eex, where the magnitude of the turbulent magnetic disturbances becomes
large enough to ensure diffusive propagation. The CR flux, S, is then given by
Eq. (13) with the advection velocity, u, equal to

vA =
B√
4πρi

, (42)

the Alfvén velocity of the excited MHD waves propagating in the direction of the
flux. The diffusion coefficient, D, can be obtained from Eq. (14), where W (k) is
no longer an independent quantity but is determined by the CR flux itself.

The turbulent spectrum, W (k), is generally governed by a wave equation, in-
cluding the dominant processes of excitation, damping and transport, as well as
nonlinear wave interaction (Lagage and Cesarsky, 1983; Norman and Ferrara, 1996;
Ptuskin et al., 2006). Similar to the simplified expression (Eq. 14) for the diffusion
coefficient, it is possible to derive an approximate expression for the growth rate
(amplitude) of MHD waves excited by streaming CRs (Skilling, 1975),

γCR(k, z) ≈ π2 e
2vA

mc2Ω
pv (4π〈S〉 − vAN ) , (43)

where the wavenumber, k, is related to the particle energy (momentum) by the

resonance condition (Eq. 15), 〈. . .〉 = 1
2

∫ 1

−1
. . . dµ is the pitch-angle average for

penetrating CRs, and N (E, s) = 2π
∫ 1

−1
fE dµ is the CR density per unit en-

ergy. Eq. (43) can be applied both in the free-streaming and diffusive regimes by
substituting the respective expressions for the flux, S.

The excitation threshold, Eex, is determined by balancing the growth rate and
the damping rate, νin, due to ion collisions with gas (Kulsrud and Pearce, 1969),

νin ≈
1

2

mn

mi
〈σv〉innn , (44)

which depends on the (velocity-averaged) momentum-transfer rate for ion-gas col-
lisions, 〈σv〉in, the ratio mn/mi of the mean gas particle mass to the mean ion
mass, and the density, nn, of gas particles. The value of Eex is obtained by substi-
tuting the net average flux, 〈S〉, of free-streaming CRs penetrating the cloud. If all
penetrating CRs are absorbed in the cloud, the net free-streaming flux is given by
Eq. (3) for µ > 0; then 4π〈S〉 = 1

4vN
IS for an isotropic interstellar distribution,

i.e., the net flux velocity is unet = 1
4v as expected. If absorption is incomplete,

the net velocity unet = 〈S〉/f IS naturally decreases to the value determined by
dominant energy losses in a cloud. One can generally present the net velocity as
(Dogiel et al., 2018)

unet(E) =
1

4
v ×min

{
N

[
σ(E) + `

L(E)

E

]
, 1

}
, (45)

where σ(E) is the total cross section of catastrophic (spallation) collisions, and
L(E) is the continuous (ionisation) loss function; the factor ` ∼ 1 is determined
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by the form of the interstellar CR spectrum at the cloud edge. The excitation-
damping balance leads to the following equation for Eex:

p̃j̃IS(E)

(
unet(E)

vA
− 1

)∣∣∣∣
E=Eex

= ν̃, (46)

where p̃(E) = p(E)/mc is the dimensionless momentum of a CR particle, j̃IS(E) =
jIS(E)/j∗ is the dimensionless interstellar spectrum normalised by its characteris-
tic value j∗ = jIS(E = mc2), and ν̃ is the dimensionless damping rate. The scaling
dependence of ν̃ on the physical evelope parameters is given by the following gen-
eral expression (Ivlev et al., 2018; Dogiel et al., 2018):4

ν̃ = 17.4

(
mn/mp

2.3

)(
j∗mpc

2

0.57 cm−2s−1sr−1

)−1

(47)

×
(

ni/nn
3× 10−4

)( nn
100 cm−3

)2
(

B

0.1 mG

)−1

.

To summarise, we conclude that CRs with E > Eex penetrate a cloud freely,
and their (pitch-angle averaged) flux is simply equal to unet(E)f IS(E). For E .
Eex, the flux is self-modulated: CRs propagate diffusively, with the diffusion co-
efficient determined by the flux itself. The flux penetrating a cloud in this case is
given by (Ivlev et al., 2018; Dogiel et al., 2018)

S(E) =
vAf

IS(E)

1− [1− vA/unet(E)]e−η0(E)
, (48)

where η0 is a measure of the relative importance of diffusion and advection in the
modulated flux. For vA/unet . η0 . 1 the flux is dominated by the diffusion term,
viz. by the first term in Eq. (13), while for η0 & 1 interstellar CRs are advected
with the Alfvén velocity, vA. The value of η0 can be well approximated by

η0(E) ≈
√
Ẽ(Ẽ + 2)

j̃IS(E)

ν̃
, (49)

which is valid as long as η0 . 1 (otherwise, its value is unimportant for calculating
the flux). Thus, in the diffusion-dominated regime vA/unet . η0 . 1 and Eqs. (48)
and (49) give the flux as

SDD(E) =
ν̃

p̃ṽ

vA

c
j∗, (50)

while in the advection-dominated regime it is simply SAD(E) = vAf
IS(E). The

CR flux penetrating into a cloud has a universal energy dependence at E . Eex,
scaling as SDD(E) ∝ E−1 in both the non-relativistic and ultra-relativistic limits.
Note that this flux is solely determined by the physical parameters of the envelope,
i.e., it does not depend on the interstellar CR spectrum.

The importance of CR self-modulation for typical conditions of molecular
clouds is discussed in Sect. 4.2.

4 For convenience, the value of ν̃ used here is twice the value of ν in Ivlev et al. (2018) and
Dogiel et al. (2018).
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4 Galactic cosmic rays in molecular clouds

CRs are a crucial source of ionisation within molecular clouds, shaping gas chem-
istry, temperature and dynamics via the degree of magnetic field-gas coupling. The
ionisation rate is a function of the energy spectrum of CRs penetrating into the
cloud, and thus is controlled by the interplay of ionisation energy losses and the
dominant transport regime of CRs (see Sect. 3.1). Therefore, the CR ionisation
rate likely varies strongly within molecular clouds, as we show in Sect. 4.1 and
4.2. Finally, we discuss the impact of CR ionisation variation on gas chemistry
and dust physics and the resulting implications for cloud properties and observed
emission in Sect. 4.3.

4.1 Free-streaming versus diffusive penetration of CRs

The CR ionisation rate depends on both the propagation model for CRs and on
their spectrum at the edge of the cloud. Ionisation at column densities in the
range of N = 1020–1023 cm−2 is dominated by CR protons with energies from
1 MeV to 1 GeV. Unfortunately, the spectrum of such particles cannot be measured
accurately from near Earth because they are largely excluded by the solar wind
(Potgieter, 2013). The Voyager probes have measured the spectrum of Galactic
CRs down to 3 MeV (Cummings et al., 2016; Stone et al., 2019). However, the
magnetic field direction measured by the probes has not changed, as would be
expected if they were beyond the influence of solar modulation (Gloeckler and
Fisk, 2015). Furthermore, Padovani et al. (2018b) and Phan et al. (2018) noted
that the proton and electron spectra from Voyager spacecrafts were too low by
about a factor of 10 to explain the values of the ionisation rate observed in nearby
molecular clouds. For these reasons, there is still considerable uncertainty in the
density of low-energy CRs impinging on molecular clouds.

In this section we discuss the possible effect of preexisting MHD turbulence
on CR ionisation (Sect. 3.1.2) and compare the results with predictions derived
from the free-streaming approximation (Sect. 3.1.1). Molecular cloud envelopes are
thought to be turbulent. However, it is not known whether magnetic disturbances
associated with the turbulence would have sufficient energy at small enough scales
to ensure diffusive transport for the CRs responsible for the majority of the ioni-
sation. Radio scintillation observations (e.g., Armstrong et al., 1995) suggest that
ISM turbulence extends to scales at least as small as 1010 cm, less than the gyro-
radius of a 100 KeV proton, but it is still not clear that this result is relevant for
molecular clouds.

The diffusion approximation is applicable to describe CR penetration into a
cloud at depths greater than the mean free path ≈ 3D(E)/v due to pitch-angle
scattering. This requires the column density N & 3nHD(E)/v. The particles dom-
inating the ionisation at column N are those whose stopping range R(E), Eq. (10),
is comparable to N . Using Eq. (17), we derive the following condition (Silsbee and
Ivlev, 2019):

N &
3nHD0

v0

(
3nHD0

v0R0

) 1−2λ
1+2b+2λ

. (51)

As pointed out in Sect. 3.1.2, the value of nHD0 does not depend on N for a con-
stant ionisation fraction and is determined by the velocity exponent λ of the turbu-
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lent spectrum. Silsbee and Ivlev (2019) showed that condition (51) is expected to
hold for N & 8×1019 cm−2 for a Kolmogorov spectrum and for N & 3×1018 cm−2

for a Kraichnan spectrum.

At higher column densities, the ion density is expected to drop dramatically
when there are insufficient UV photons to keep carbon ionised. This depends on
the strength of the UV field near the cloud, as well as on the assumed properties
of the medium (Hollenbach and Tielens, 1999). Based on the work of Keto and
Caselli (2008), we assume the transition to take place at Ntran ∼ 2× 1021 cm−2,
though we note that Neufeld and Wolfire (2017) find a very sharp decline in C+

abundance near a column density of 6×1020 cm−2. For N & Ntran, the ion density
is expected to drop by a factor of∼ 100, depending on the value of ζH2

(Neufeld and
Wolfire, 2017), leading to a proportional increase in D0. It appears unlikely that
the turbulence would then be strong enough to greatly influence CR propagation.
In environments with larger CR fluxes or/and UV radiation, this boundary may
move to higher column density. Specifically, Neufeld and Wolfire (2017) find that
if ζH2

/nH > 1.2×10−17 cm3s−1, then the ionisation fraction remains greater than
10−4 to N ∼ 1022 cm−2. Such conditions may be found near the Galactic centre
(Le Petit et al., 2016).

Padovani et al. (2018) propose an interstellar proton spectrum of the following
model form:

jIS(E) = C
Eδ

(E + Et)β
eV−1cm−2s−1sr−1 , (52)

where C = 2.4× 1015 and Et = 650 MeV. The high-energy slope of this function,
δ − β = 2.7, is well determined (e.g., Aguilar et al., 2014, 2015a), while the low-
end slope, δ, is highly uncertain. A simple extrapolation of the Voyager data at
lower energies fails to reproduce the CR ionisation rate measured in diffuse clouds
from H+

3 emission (see Sect. 2). For this reason, it is appropriate to consider two
different models for the CR proton spectrum: a “low” spectrum, L , obtained by
extrapolating the Voyager data (δ = 0.1), and a “high” spectrum, H (δ = −0.8).
The two spectra must be considered as lower and upper bounds, respectively, to
the actual average Galactic spectrum of CR protons (Ivlev et al., 2015; Padovani
et al., 2018b).

Figure 6 shows the ionisation rate calculated for three different propagation
models (Silsbee and Ivlev, 2019), assuming the interstellar spectrum of Eq. (52).
The blue curve describes pure free-streaming propagation. The green curve rep-
resents the hybrid model, which assumes that CRs propagate diffusively until
Ntran ∼ 2 × 1021 cm−2 (such that carbon is no longer ionised) and then stream
freely; at N & Ntran, this results in a region where ζH2

(N) is nearly flat in the
beginning, as the ionisation is then dominated by protons with R(E) � Ntran.
The red curve assumes pure diffusive propagation for the entire column, ignoring
the expected sharp decrease in the ion density. This represents a lower bound on
ζH2

(N), but such a curve is probably unrealistic unless there are some processes,
such as an anomalously high interstellar CR flux or/and a high UV field, that en-
hance the ionisation fraction deeper within the cloud. Finally, the dashed lines are
the analytic approximations assuming a power-law initial spectrum. They are de-
scribed by Eqs. (12) and (21) with a = −δ and j0 = CEδ0/E

β
t , which corresponds

to the interstellar spectrum (52) at lower energies.
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Fig. 6 Ionisation rate of molecular hydrogen (not including secondaries), ζH2
, as a function

of the effective column density of hydrogen atoms, N , for three different CR propagation
models (see the legend). Different panels correspond to different values of δ in the assumed
initial spectrum, Eq. (52). The points and error bars are estimated from Fig. 6 of Neufeld and
Wolfire (2017); black crosses are those for which the H2 column density has been measured
directly. The solid lines represent the results for Eq. (52), the dashed lines are for the power-
law spectrum in Eq. (7). Note that the column density displayed here is a factor of 1.67 larger
than that in Padovani et al. (2018b) (see Footnote 3). Figure from Silsbee and Ivlev (2019).

The data points and error bars in Fig. 6 are taken from Fig. 6 of Neufeld and
Wolfire (2017),5 assuming one magnitude of visual extinction to be equivalent to a
column density of 1.9×1021 cm−2. The spectrum in the top panel, corresponding to
δ = −0.8 in Eq. (52), was constructed by Padovani et al. (2018b) so that the free-
streaming model passes through the points. For the other models, this spectrum
yields curves that are too low. The middle panel shows the resulting ionisation

5 Neufeld and Wolfire (2017) plot ζprim, the primary ionisation rate per hydrogen, which
they assume to be 1/2.3 times the total ionisation rate ζH2

(including secondary ionisations)
per H2. Taking the fraction of secondary ionisation equal to 0.7 (Glassgold et al., 2012), we
shift the points from Neufeld and Wolfire (2017) upwards by a factor of 1.4.
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rate if δ = −1.0. The low-energy slope of the resulting spectrum corresponds to
the spectrum of particles produced in strong shocks (Drury, 1983). Finally, in the
bottom panel we consider a steeper low-energy slope of δ = −1.2. In this case, the
diffusive model provides the best fit. We also point out that the slope for ζH2

(N)
obtained from Neufeld and Wolfire (2017) (1.05±0.36) is fit better by the diffusive
model with δ = −1.2, which appears to favor this model. However, as illustrated
by the magnitude of the error bars, the slope suggested by Neufeld and Wolfire
(2017) is rather uncertain.

Thus, if a certain degree of preexisting turbulence is present in a cloud, CRs
propagate diffusively. A substantially steeper ionisation rate slope as a function
of the effective column density is predicted in this case compared with the free-
streaming model. Under conditions appropriate for local molecular clouds, this
mechanism would likely only operate up to column densities of ∼ 1021 cm−2.
However, the assumption of diffusive propagation makes a significant difference
to the behavior of ζH2

(N). Equations (12) and (21) provide convenient analytic
solutions for ζH2

(N) in the two regimes, applicable for a variety of environments.

More detailed observations and analyses must be performed to distinguish
between the two propagation modes. In particular, a dedicated analysis of ζH2

(N)
measured in molecular clouds is necessary to determine the most probable slope.
Furthermore, the analysis of Neufeld and Wolfire (2017) should be done assuming
that ζH2

varies within the cloud rather than assuming a uniform value.

4.2 Self-modulation of CRs

In Sect. 3.6 we obtained a general condition for the generation of MHD turbulence
by CRs penetrating into a molecular cloud, Eq. (46). The CR flux, S(E), mod-
ulated by this turbulence, Eq. (48), is controlled by the dimensionless damping
rate, ν̃, Eq. (47), and the net velocity of CRs in a free-streaming regime, Eq. (45),
which depends on the effective cloud column density.

Figure 7 illustrates the effect of self-modulation and shows the ratio of the mod-
ulated flux penetrating into a cloud, S(E), to its universal component, SDD(E)
(Dogiel et al., 2018). The solid line represents the case of a perfectly absorb-
ing cloud, the other lines show cases of finite-size clouds. One can see that for
N > 1023 cm−2 the flux is universal in a rather broad energy range below the ex-
citation threshold (where the curves are practically horizontal), as expected from
the excitation-damping balance. In this case the modulation can be very strong,
reducing the penetrating flux by an order of magnitude or even more for sufficiently
small values of ν̃, i.e., for small nn and/or large j∗, where j∗ = jIS(E = mc2), see
Sect. 3.6.

Molecular clouds in the local ISM typically have column densities of N .
1022 cm−2. Therefore, one might expect that the CR modulation in such clouds and
the resulting effect on the ionisation are not strong – though a detailed analysis of
this problem is still outstanding. In contrast, the situation could be very different
for molecular clouds in the Central Molecular Zone (CMZ). The effective CMZ
column density is substantially higher, while the CR density is expected to be
several times larger than the local interstellar spectrum (e.g., Yang et al., 2015;
Acero et al., 2016).
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Fig. 7 The ratio of the total CR flux S(E) to the diffusion-dominated component SDD(E).
Above the kink, E > Eex, the curves represent the free-streaming flux unetf IS for different
values of N . The modulated flux below the kink is described by Eq. (48). The shown results

are for ν̃ = 0.78 and jIS(E) = j∗[2/(1 + Ẽ)]2.8. Figure from Dogiel et al. (2018).
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Fig. 8 Energy density of CR protons in the CMZ, E2N (E). The thick dotted line shows
the interstellar spectrum, the solid line represents the modulated spectrum where no effects
of heavier CRs are included, the other curves are for additional 10% of He nuclei and for all
elements. The hydrogen density in the envelope is 10 cm−3, the magnetic field strength is
10 µG, the effective gas column density of the CMZ is 1023 cm−2. Figure from Dogiel et al.
(2018).

To demonstrate the effect of CR self-modulation in dense molecular clouds,
Fig. 8 presents the results for the CMZ, assuming that the proton spectrum is
five times the local interstellar spectrum (Dogiel et al., 2018). The solid line shows
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the results for the case neglecting the effect of heavier CR species, Eq. (48). The
contribution of heavier CRs is illustrated by the behavior of the peak at the excita-
tion threshold, Eex (see Sect. 3.6), which becomes smoother, while the excitation
threshold position shifts to higher energies. This strong modulation leads to a sub-
stantial suppression of the expected γ-ray flux from the CMZ, reducing it by a
factor of ∼ 3 for γ-ray photons with energies below 2 GeV (Dogiel et al., 2018). We
refer to Sect. 7.3 for a discussion of observational constraints on the CR ionisation
rate in the CMZ and its relation to the local ISM, star formation, and outflows.

4.3 Impact of cosmic rays on gas chemistry and dust in Molecular Clouds

4.3.1 Molecular chemistry and gas temperature

Astrochemistry calculations of molecular clouds have typically neglected CR at-
tenuation and instead adopt a constant CR ionisation rate throughout the cloud
(Glover and Clark, 2012; Offner et al., 2013; Bisbas et al., 2017). However, the net
result of the CR processes described above is that – even in the absence of local,
internal CR sources (see Sect. 6) – molecular clouds likely experience a spatially
varying ionisation rate, which in turn impacts gas chemistry and temperature
(Gaches et al., 2019a). The inner, high-extinction regions of molecular clouds are
well-shielded from interstellar X-ray and FUV photons, allowing the gas to cool
and carbon and nitrogen species to freeze onto dust grains. Due to the cold (∼10 K)
conditions typical of starless cores, once species stick to grain surfaces, they cannot
thermally evaporate (Caselli and Ceccarelli, 2012). However, CRs can regulate the
gas phase abundances of molecules in these regions via non-thermal desorption
caused by CRs hitting dust grains or photodesorption due to the FUV photons
produced by CR interactions with H2 (Öberg et al., 2009c,b). At moderate fluxes,
these CR processes also promote the formation of organic species in dense regions,
such as H2CO, CH3OH and HCOOCH3 (Bennett and Kaiser, 2007; Öberg et al.,
2009a, 2010).

Molecular clouds in environments experiencing high CR fluxes, such as within
the CMZ or starburst galaxies, may have significantly altered carbon chemistry.
The effects of high CR ionisation rates on CO is particularly important for obser-
vations of molecular clouds, since the CO emission to H2 gas mass ratio, or XCO,
is ubiquitously used to study molecular clouds and infer their masses (Bolatto
et al., 2013). However, chemical models demonstrate that clouds in environments
with 10 times the typical Galactic CR ionisation rate exhibit significantly reduced
CO/H2 ratios (Bisbas et al., 2017; Gaches et al., 2019b). The fraction of atomic
and ionised carbon rises steadily for CR ionisation rates 102−103 times the Galac-
tic mean value, and eventually C+ becomes the dominant gas tracer (Bisbas et al.,
2017).

The CR flux and its impact on gas chemistry also shape the cloud temperature.
CR heating, produced by the energetic and excited products of CR interactions,
can be an important heating source in regions with high CR fluxes, since nearly half
of the CR energy goes into this heating mechanism (Glassgold et al., 2012). Clouds
with significant CR ionisation are also correspondingly warmer (Bisbas et al., 2017;
Gaches and Offner, 2018). The CR pressure is dynamically negligible (Gaches and
Offner, 2018); however, the resulting elevated temperatures of 30 − 50 K increase
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the thermal pressure, which in turn may make it more difficult to form stars.
However, it is worth noting that molecular gas is not necessarily a prerequisite
for star formation (Krumholz, 2012). Understanding the relationship between the
cloud environment, gas chemistry and temperature is ultimately critical for models
of star formation.

4.3.2 Production of atomic hydrogen

A wealth of studies has been carried out to characterise the origin of the atomic
hydrogen component in dense environments (e.g., McCutcheon et al., 1978; van
der Werf et al., 1988; Montgomery et al., 1995; Li and Goldsmith, 2003; Goldsmith
and Li, 2005). An accurate description of H2 dissociation is essential because many
chemical processes, such as CO hydrogenation and its depletion degree onto dust
grains and the formation of complex organic molecules, critically depend on the
atomic hydrogen abundance (e.g., Tielens and Hagen, 1982).

The fractional abundance of hydrogen atoms, fH, measured in the densest
regions of molecular clouds can only be explained by the dissociation of H2 by
CRs. Recently, Padovani et al. (2018a) carried our detailed studies of how CRs
control the value of fH in dark clouds. They showed that the CR dissociation rate
is primarily determined by secondary electrons produced during the primary CR
ionisation process. These secondary electrons represent the only source of atomic
hydrogen at column densities above 1021 cm−2. Furthermore, they found that
the ratio of H2 dissociation and ionisation rates remains practically constant and
equal to ∼ 0.7 in a broad range of column densities between ∼ 1021 cm−2 and
∼ 1025 cm−2, irrespective of the form of the interstellar CR spectrum. Finally,
it was pointed out that only a CR proton spectrum enhanced at low energies
(spectrum H , see Eq. (52)) is capable of reproducing the upper values of measured
fH in molecular clouds.

4.3.3 Dust charging

Interstellar dust grains in dense molecular clouds are subject to several elec-
tric charging processes (e.g., Draine and Sutin, 1987; Weingartner and Draine,
2001). The resulting net charge carried by micron or sub-micron grains has impor-
tant consequences for the chemical and dynamical evolution of molecular clouds:
it affects the process of dust coagulation (Okuzumi, 2009), the rate of grain-
catalysed electron-ion recombination (Mestel and Spitzer, 1956), the amount of
gas-phase elemental depletion (Spitzer, 1941), and the electrical resistivity of the
gas (Elmegreen, 1979). Collection of electrons and ions from the surrounding gas
and photoemission induced by the interstellar UV field had been usually assumed
to be the dominant grain charging mechanisms in the cold ISM (e.g., Draine and
Sutin, 1987; Draine, 2011; Weingartner and Draine, 2001).

Ivlev et al. (2015) showed that CRs strongly affect charging of dust grains
in cold dense molecular clouds. They investigated two additional mechanisms of
dust charging: collection of suprathermal CR electrons and protons by grains,
and photoelectric emission from grains due H2 fluorescence generated by CRs in
the Lyman and Werner bands (Prasad and Tarafdar, 1983; Cecchi-Pestellini and
Aiello, 1992). While the former mechanism turns out to always be negligible, the
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CR-induced photoemission was shown to dramatically modify the charge distri-
bution for submicron grains for column densities of up to ∼ 3 × 1022 cm−2. The
competition between the collection of electrons and ions, which primarily produce
singly charged negative grains, and the CR-induced photoemission, which results
in positive charging, significantly broadens the charge distribution.

5 Galactic cosmic rays in circumstellar discs

The ionisation rate critically shapes protoplanetary disc properties from beginning
to end, influencing disc/planet formation, evolution and lifetimes. Protoplanetary
discs are dense and relatively cold making any potential source of ionisation very
important. The degree of ionisation in the collapsing core affects the gas-field cou-
pling and thus formation time and extent of the initial disc (Padovani et al., 2014).
Throughout the disc lifetime, ionisation dictates disc chemistry and thereby reg-
ulates the efficiency of angular momentum transport via the magneto-rotational
instability (MRI, Balbus and Hawley, 1991; Gammie, 1996). Magneto-centrifugally
launched winds (Blandford and Payne, 1982) may also play a role in removing an-
gular momentum from discs, thus allowing mass accretion onto the central star.
These winds can also only be efficient if sufficient ionisation exists below the disc
surface layers. Meanwhile, reduced ionisation near the disc midplane enables plan-
etesimal formation to commence (Gressel et al., 2012).

While far ultraviolet (FUV) and X-ray photons dominate the ionisation of
the disc surface layers (Perez-Becker and Chiang, 2011; Glassgold et al., 2012),
CRs, with their ability to reach surface densities of Σ > 102 g cm−2 (Umebayashi
and Nakano, 1981; Padovani et al., 2018b) potentially play a starring role in disc
chemistry and dynamics. External sub-GeV CRs are likely screened by the stellar
magnetosphere (or T-Tauriosphere, Cleeves et al., 2014), reducing the influence of
Galactic CRs at Σ . 102 g cm−2 . However, CRs produced locally by stellar flares
(see Sect. 6.3), the accretion or jet shocks of the young star itself are, by definition,
not excluded and may significantly enhance the disc ionisation (Rodgers-Lee et al.,
2017; Offner et al., 2019; Rodgers-Lee et al., 2019).

5.1 Ionisation at high column densities

A comprehensive model of ionisation at high densities, relevant for the inner re-
gions of collapsing clouds and circumstellar discs, has been recently developed by
Padovani et al. (2018b). The choice of the proper transport regime of CR protons
(see Sect. 3.3) as well as of accurate models for the generation and transport of
secondary CRs (see Sect. 3.4) is crucial for computing ionisation in these envi-
ronments. The authors calculated dependencies for ζH2

(N), representing several
characteristic energy spectra of CRs. Apart from an extreme (and also poorly con-
strained) case of ionisation due to enhanced flux of stellar protons, the obtained
dependencies can be considered fairly universal and applicable to any relevant
environment. The principal limitation of these results is that they cannot be gen-
erally used to describe ionisation in regions dominated by MHD turbulence, which
may lead to diffusive CR transport (see Sect. 3.1.2).
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Padovani et al. (2018b) adopted an analytical expression for the interstellar
spectra of CR electrons and protons, described by Eq. (52) (spectra of heavier
nuclei, with the corresponding abundances, are described by the same energy de-
pendence).
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Fig. 9 Production rate of molecular hydrogen ions, ζH2
, plotted vs. the surface density Σ

(bottom scale) and the column density N (top scale). The black solid line shows the total rate;
partial contributions to ζH2

include ionisation due to primary CR protons and electrons (blue
and red solid lines, respectively), ionisation due to secondary electrons created by primary
CRs (orange solid line), and ionisation due to electrons and positrons created by charged pion
decay and pair production (green solid line). The horizontal dashed line at 1.4 × 10−22 s−1

indicates the total ionisation rate set by long-lived radioactive nuclei (LLR). For comparison,
we also plot ζH2

(N) obtained by Umebayashi and Nakano (1981) (grey dashed line). The total
rate of the electron production (due to CR ionisation of heavier gas species) is approximately
1.11ζH2

. Figure from Padovani et al. (2018b).

By summing the contributions due to primary CRs (protons, heavier nuclei,
and electrons) and secondary CR species (electron-positron pairs and photons),
one can derive the total production rate of molecular hydrogen ions, H+

2 . Figure 9
presents the total ionisation rate and partial contributions from various species.
For convenience, ζH2

is plotted versus both the column density, N , and the surface
density, Σ; numerically, the relation between N [cm−2] and Σ [g cm−2] is given by
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N = 2.55× 1023Σ, which corresponds to an ISM elemental abundance with mean
molecular weight of 2.35.

Figure 9 shows that forΣ below the transition surface density,Σtr ∼ 130 g cm−2,
ionisation is mainly due to CR protons (and their secondary electrons), while at
higher surface densities the contribution of electron-positron pairs produced by
photon decay becomes progressively dominant. At Σ & 600 g cm−2, pairs fully
determine the ionisation – their contribution is about a factor of 10 larger than
that of CR protons. Hence, for Σ . Σtr the relevant quantity is the effective
surface density seen by CRs moving along magnetic field lines; depending on the
magnetic field configuration (see, e.g., Padovani et al., 2013), the latter is generally
larger or much larger than the line-of-sight surface density. Otherwise, if Σ & Σtr,
the ionisation is no longer affected by the magnetic field and therefore is controlled
by the line of sight, rather than the effective column density.

These results are substantially different from commonly adopted calculations
by Umebayashi and Nakano (1981). The latter found the total ionisation rate
decreases exponentially with a characteristic attenuation scale of about 115 g cm−2

for 100 g cm−2 . Σ . 500 g cm−2 and about 96 g cm−2 at larger surface densities.
Conversely, Padovani et al. (2018b) find a characteristic scale that continuously
increases with surface density, from ∼ 112 g cm−2 to ∼ 285 g cm−2 in the range
100 g cm−2 . Σ . 2100 g cm−2, within an error lower than 10%. This difference
is primarily due to the more elaborate transport models for primary CR protons
and of secondary CR photons employed by Padovani et al. (2018b) (see their paper
for detailed discussion).

5.1.1 Discs around T-Tauri stars

Low-energy Galactic CRs may be prevented from penetrating an extended helio-
sphere (or T-Tauriosphere) surrounding a young star due to its more powerful
wind and increased magnetic stellar activity (Cleeves et al., 2013). Unfortunately,
little can be said about the extent and shape of this region of CR exclusion other
than scaling up the properties of the Sun’s heliosphere. Cleeves et al. (2013) sug-
gested that the T-Tauriosphere may well surround the entire disc. However, the
energies of CR particles mostly responsible for the ionisation at column densities
above ∼ 100 g cm−2 exceed a few GeV. The effect of the modulation by the stellar
wind at these energies is uncertain. For T-Tauri (TT) stars, Cleeves et al. (2013)
estimated values for the modulation potential, φ, at a distance of 1 AU in the
range φ = 4.8− 18 GeV, leading to a reduction of the CR flux at E = 10 GeV by
a factor of ∼ 6 and 100, respectively (φ is an unknown function of distance, which
could be determined from detailed magnetospheric models). On the other hand,
the presence of a young magnetically active star may lead to increased production
of SCRs (see Sect. 6.3).

Padovani et al. (2018b) applied their model of CR propagation to estimate
the ionisation produced at a distance of 1 AU from the protostar by two different
input proton spectra: a spectrum of Galactic protons modulated by TT stellar
winds (Usoskin et al., 2005; Cleeves et al., 2013) and an enhanced flux of stellar
protons generated by flares in an active TT star (Feigelson et al., 2002; Rab et al.,
2017). The result is significantly different than that found in prior work.

(i) Figure 10 shows the CR ionisation rate for maximum and minimum modula-
tion by a TT stellar wind at 1 AU, corresponding to φ = 18 GeV and φ = 4.8 GeV,
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respectively, and labelled by “GCRs (max. modul.)” and “GCRs (min. modul.)”.
For completeness, the figure also shows the ionisation rate for the Galactic CR
flux modulated by an average solar wind (φ = 1 GeV) labelled “GCRs (Sun. av.
modul.)”. Compared to Cleeves et al. (2013), the result for the minimum mod-
ulation model is larger by a factor of ∼ 30 at Σ . 100 g cm−2, while above
Σ ∼ 1200 g cm−2 it decreases much more abruptly. The difference is even more
dramatic for the maximum modulation model. Padovani et al. (2018b) predict an
ionisation rate that is larger by a factor of ∼ 260 at Σ . 100 g cm−2 and decreases
faster above Σ ∼ 1400 g cm−2. The discrepancy at low surface densities is large
because Padovani et al. (2018b) included the process of electron-positron pair cre-
ation by photon decay and also adopted the relativistic behaviour of the ionisation
cross section for protons. The faster decrease of their results at high surface den-
sities is caused by losses due to heavy elements in the medium (see Sect. 3.2). It is
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noteworthy that the ionisation rate for the minimum and maximum modulation is
almost entirely due to relativistic protons, propagating diffusively (see Sect. 3.3.1).

(ii) For the proton flux generated in a TT flare, labelled in Fig. 10 by “SCRs
(active TT)”, results by Padovani et al. (2018b) for up to Σ ∼ 300 g cm−2 agree
with those obtained by Rab et al. (2017) within 5%. At higher surface densities the
ionisation rate decreases slowly, since electron-positron pairs increase the ionisation
by orders of magnitude. It is important to remark that it is still unclear what
fraction of CRs generated in a flare event can be channeled into the disc through
magnetic field lines, without crossing the turbulent zone, and what part may follow
open field lines perpendicular to the disc.

5.2 Impact of cosmic rays on the dynamical and chemical evolution of discs

Exactly how disc ionisation varies with distance and vertical scale height in a pro-
tostellar disc is critical to the onset of the MRI, which requires sufficient ionisation
in order for the gas to couple with the magnetic field. The MRI can be described
by two dimensionless numbers: the magnetic Reynolds number, Re, quantifies the
coupling between the ionised gas and magnetic field, while the Ambipolar diffusion
number, Am, quantifies the coupling between the ions and neutrals:

Re ≡ csh

η
≈
(
ni/nn
10−13

)(
T

100 K

)1/2 ( r
au

)3/2
, Am ≡ niβin

Ω
. (53)

Here cs is the local sound speed, h = cs/Ω is the scale height, Ω is the Keplerian
orbital frequency and η is the magnetic diffusivity, ni is the number density of
charged species, and βin ∼ 2 × 10−9 cm3 s−1 is the collisional rate coefficient for
singly charged species to distribute their momentum to neutrals. The degree of
ionisation enters through the magnetic diffusivity, which can be defined as (Blaes
and Balbus, 1994):

η = 234

(
T

K

)1/2
nn
ni

cm2 s−1. (54)

High-resolution, global disc simulations suggest the minimum value of Re for fully
active MRI is ∼ 3000 (Flock et al., 2012). However, hydrodynamic simulations
including ambipolar diffusion suggest there is no minimum value for Am for MRI
(Bai and Stone, 2011), which underscores the importance of Re and hence local
ionisation in disc dynamics.

Many studies that resolve MRI turbulence directly assume a uniform value for
the CR ionisation rate (Simon et al., 2018; Bai et al., 2019), but care should be
taken because recent calculations show that the CR spectrum including a variety
of energy loss mechanisms predict that the CR ionisation rate is far from being
constant especially at the high column densities, typical of discs (see Sect. 5.1
and Fig. 9). If CR-produced ionisation exceeds thermal ionisation (inner < 1 au)
and/or ionisation produced by radionuclides (disc midplane), CRs will regulate the
cycle of MRI activation and accretion (Offner et al., 2019). However, the coupling
between the mean magnetic field and the CRs is also mediated by the degree of
turbulence, which in turn is dictated by the MRI activity (Rodgers-Lee et al.,
2017; Bai et al., 2019) – circumscribing a thoroughly non-linear problem.
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CRs impinging on the disc are more likely to arise locally (see Sect. 6) than
from external sources as mentioned above. If the CRs are produced by the stellar
accretion shock then the nature and properties of the accretion flow are important
to the disc evolution. While protostellar accretion rates are expected to be high
(Ṁ > 10−6 M� yr−1 ) at early times, CRs accelerated in the accretion shock will
likely undergo severe energy losses as they travel through the dense accretion flow
to the disc (Offner et al., 2019). For accretion rates of ∼ 10−7–10−9 M� yr−1 , the
CR flux accelerated at the shock is lower but likely less attenuated (Gaches and
Offner, 2018; Offner et al., 2019). The relationship between the CRs accelerated at
the shock, energy losses in the accretion flow and the MRI, which in turn dictates
the rate of accreting gas, may form a feedback loop that mediates accretion in
time and produces luminosity variation (Offner et al., 2019).

Older stellar sources also produce CRs at a lower level through stellar activity
(as our Sun does). Direct modelling of particle trajectories in the inner 0.5 au of a
TT disc suggests the local ionisation rate is spatially inhomogeneous and depends
on the magnetic field morphology and assumed degree of turbulence (Fraschetti
et al., 2018). However, it is worth noting that these simulations use a simplified
model for the protoplanetary disc. The disc is assumed to be infinitely thin and
massive. This implies that the SCRs suffer catastrophic energy losses when they
penetrate the disc, which prevents radial transport of the SCRs in the disc. The
complex relationship between CRs, gas chemistry and the magnetic field encom-
pass a challenging, multi-scale, multi-physics problem that requires further study
to explore the details of the propagation and impact of CRs on disc evolution.

6 Locally accelerated cosmic rays

Recent observations have shown the presence of an unexpected extremely high
ionisation rate in protostellar environments (e.g., 4× 10−14 s−1 in OMC 2 FIR-4,
see Ceccarelli et al. 2014; Fontani et al. 2017; Favre et al. 2018) as well as the
detection of synchrotron emission (the fingerprint of the presence of relativistic
electrons) in the shocks at the position of the knots that develop along protostel-
lar jets (e.g. Beltrán et al., 2016; Rodŕıguez-Kamenetzky et al., 2017; Osorio et al.,
2017; Sanna et al., 2019). Both signatures cannot be explained by interstellar CRs
since their flux is strongly attenuated at the high densities typical of protostellar
environments. Arguments based on the energetics of the system justify the pos-
sibility of particles accelerating inside protostellar systems, namely, to generate
local CRs.

The luminosity of an accretion shock on the surface of a protostar is

Laccr =
GMṀ

Rsh
, (55)

where G is the gravitational constant, M is the protostellar mass, Ṁ is the accre-
tion rate, and Rsh is the shock radius. If we consider the gravitational collapse of
an early Class 0 protostar with M = 0.1 M�, Ṁ = 10−5 M� yr−1 (e.g. Shu et al.,
1987; Belloche et al., 2002), Rsh = 2× 10−2 AU (Masunaga and Inutsuka, 2000),
then Laccr = 3 × 1034 erg s−1. The luminosity of the interstellar CRs impinging
on a molecular cloud core can be estimated by

LCR = R2
corevAεCR , (56)
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where Rcore is the core radius, vA is the Alfvén speed in the surrounding medium,
supposed to be the warm neutral medium, and εCR is the energy density of in-
terstellar CRs based on the latest Voyager observations (Cummings et al., 2016;
Stone et al., 2019). Here we adopt Rcore = 0.1 pc, vA = 9.3× 105 cm s−1 (based
on nH = 0.5 cm−3 and B = 3 µG; Ferrière 2001), and εCR = 1.3×10−12 erg cm−3,
then LCR = 1.2 × 1029 erg s−1 � Laccr. Since studies of propagating interstel-
lar CRs show that their flux is strongly attenuated at high column densities (see
Sect. 5.1), εCR at the protostellar surface is much lower than its interstellar value,
so that LCR � Laccr close to the protostar. Thus, if a small fraction of the gravi-
tational energy can be used to produce local CRs, they could easily dominate over
the interstellar CR flux. The gravitational energy available for a massive protostar
to generate CRs is even higher since Ṁ could reach 10−3 M� yr−1. Thus, in prin-
ciple, it is possible to also observe γ emission (Araudo et al., 2007; Bosch-Ramon
et al., 2010; Munar-Adrover et al., 2011).

If CRs are produced locally by protostellar sources they must be accelerated
efficiently enough to reach the kinetic energies needed to ionise the surrounding
matter and explain non-thermal radio emission from jets. The three main acceler-
ation mechanisms are (Marcowith et al., 2016):

1. Stochastic Fermi acceleration (SFA): SFA occurs because, on average, CRs at
a speed v interact with scattering centres moving at a speed U , where v � U ,
more often through head-on collisions than through rear-on collisions. For each
head-on interaction CRs undergo an energy boost, while they decelerate in rear-
on collisions. The averaged relative energy gain is 〈∆E/E〉 ∝ (v/U)2. Under
the conditions that prevail in the ISM or near protostars, U is close to the
local Alfvén speed (unless the plasma parameter β is large), SFA is relevant
for moderately relativistic particles so is potentially important for particles
involved in the ionisation process.

2. First-order Fermi acceleration, also known as diffusive shock acceleration (DSA):
DSA is produced because shock waves carry the scattering waves and then
impose a bulk motion. At each shock crossing particles start to interact via
head-on collisions and then systematically gain energy. On average (over a
Fermi cycle, e.g., up-down-up stream) CRs gain 〈∆E/E〉 ∝ (v/U). This pro-
cess is of particular interest because beside being more efficient it also produces
power-law solutions that only depend on one parameter: the shock compres-
sion ratio (at least in the linear stage). Shocks are ubiquitous in the ISM and
near protostars, but may be collisional and not expected to accelerate particles.
Conversely, collisionless shocks require both sufficiently low density and high
magnetisation.

3. Magnetic reconnection: There is no unique way to accelerate particles in mag-
netic reconnection, i.e., the process by which the topology of magnetic field lines
is rearranged and magnetic energy is converted into heat, plasma bulk motion
and CRs. Instead, particles can gain kinetic energy via at least seven ways
during such events: in thermal exhausts, in contracting plasmoid, in colliding
plasmoid, by the reconnecting electric field, by Fermi first order acceleration in
converging reconnection flows, by magnetic drifts, and by turbulence generated
by tearing instabilities during the reconnection process. Such processes are ex-
pected to occur in corona above protostellar accretion discs, at the interface
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between the young stellar magnetosphere and its disc or within the protostellar
jet.

In the following we focus on DSA as the primary mechanism that can efficiently
accelerate thermal particles and transform them into CRs.

6.1 Timescales and emerging fluxes at the shock surface

DSA is a well-studied process that is invoked for supernova remnants as the main
mechanism explaining the acceleration of high-energy CRs. Unlike supernova rem-
nants, the gas associated with protostars is not fully ionised and the friction be-
tween ions and neutral particles can strongly quench DSA. However, if neutrals
and ions are coupled, namely if they move coherently, then the waves generated
by ions are weakly damped and particles can be efficiently accelerated (O’C Drury
et al., 1996; Padovani et al., 2016).

The maximum energy reached by a thermal particle crossing a shock surface
can be obtained by comparing a series of timescales. In particular, the acceleration
must take place before particles lose energy due to collisions with neutrals, diffuse
towards the protostar or in the transverse direction, and the shock disappears. In
this section we summarise the basic equations to compute the timescales. For a
detailed review of the methods, we refer the reader to O’C Drury et al. (1996) and
Padovani et al. (2015, 2016).

The acceleration timescale, tacc, is given by

tacc = 2.9(γ − 1)
r[1 + r(kd/ku)σ]

(r − 1)kσu
U−2

5 B−1
−5 yr , (57)

where U5 and B−5 are the upstream flow velocity in the shock reference frame in
units of 100 km s−1 and the upstream magnetic field strength in units of 10 µG, re-
spectively. Furthermore, ku,d is the upstream and downstream diffusion coefficient
that is normalised to the Bohm coefficient

ku =

(
κB

κu

)σ
=

(
γβ2mpc

3

3eBκu

)σ
(58)

where e is the elementary charge, γ is the Lorentz factor, β = γ−1
√
γ2 − 1, mp

is the proton mass, and c is the light speed. For a perpendicular shock ku = rkd
and σ = 1, while for a parallel6 shock ku = kd and σ = −1. Here, r is the shock
compression ratio defined by

r =
(γad + 1)M2

s

(γad − 1)M2
s + 2

, (59)

where Ms = U/cs is the sonic Mach number,

cs = 9.1[γad(1 + x)T4]0.5 km s−1 (60)

is the sound speed, x = ni/(nn +ni) is the ionisation fraction, T4 is the upstream
temperature in units of 104 K, and γad is the adiabatic index.

6 A parallel and perpendicular shock is when the shock normal is parallel and perpendicular,
respectively, to the ambient magnetic field.
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The general equation for the collisional energy loss timescale is given by

tloss = 10
γ − 1

β
n−1

6 L−16 yr , (61)

where n6 is the volume density in units of 106 cm−3 and L−16 is the energy loss
function in units of 10−16 eV cm2 (see Sect. 3.2). We can evaluate the mean loss
timescale by averaging it over the particle’s up- and downstream residence times
(Parizot et al., 2006)

〈tloss〉 =

(
t−1
loss,u + rt−1

loss,d

1 + r

)−1

. (62)

The up- and downstream loss timescales differ in the density (downstream is a
factor r higher) and in the Coulomb component of the energy loss function, which
depends on temperature7 (Mannheim and Schlickeiser, 1994).

The upstream diffusion timescale, tdiff,u, is obtained by assuming that the dif-
fusion length in the upstream medium must be a fraction ε < 1 of the distance
between the central source and the shock, R, which is κu/U = εR. The corre-
sponding timescale is given by

tdiff,u = 22.9ε
kσu
γβ2

B−5R
2
2 yr , (63)

where R2 is the shock radius in unit of 100 AU. In the case of jet shocks, parti-
cles may also escape in the downstream medium in the transverse direction. The
corresponding timescale8, tesc,d = R2

⊥/(4κd), can be rewritten as

tdiff,d = 5.7
C

γβ2
B−5R

2
⊥,2 yr , (64)

where C = r2 or 1 for a perpendicular or a parallel shock, respectively, and R⊥,2
is the transverse jet size in units of 100 AU.

Finally, the dynamical timescale, tdyn, is computed as a function of the shock
radius and velocity,

tdyn = 4.7R2U
−1
2 yr . (65)

In order to effectively accelerate the thermal particles, the flow has to be super-
Alfvénic and supersonic, that is U > max(vA, cs), where the Alfvén speed is defined
by

vA = 2.2× 10−2n−0.5
6 B−5 km s−1 . (66)

Once this condition is satisfied, the maximum energy reached by a thermal proton,
Emax,p, imposes

tacc = min(tloss, tdiff,u, tdiff,d, tdyn) . (67)

The distribution per unit volume and energy of the shock-accelerated protons
is given by

Np(E) = 4πp2f(p)
dp

dE
, (68)

7 The relation between up- and downstream temperatures is given by the classic Rankine-
Hugoniot condition.

8 The factor of 4 in the denominator accounts for the fact that the downstream diffusion in
the transverse direction is in two dimensions.
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where f(p) is the momentum distribution at the shock surface. In the so-called
test-particle regime, the latter is described by a power-law momentum function

f(p) = f0

(
p

pinj

)−q
, (69)

with q = 3r/(r − 1). The normalisation constant, f0, is given by

f0 =
3

4π

nP̃

I

(
U

c

)2

(mpc)
q−3p−qinj , (70)

where

I =

∫ p̃max

p̃inj

p 4−q√
p 2 + 1

dp , (71)

P̃ is the fraction of the ram pressure, nmpU
2, which is transferred to the accel-

erated thermal protons (Berezhko and Ellison, 1999), and p̃k = pk/(mpc) is the
normalised momentum. Subscripts k = inj,max refer to the injection momentum
of a proton able to cross the shock that begins accelerating and the maximum
momentum reached by an accelerated proton related to Emax,p, respectively.

The process of electron injection at a shock surface is poorly understood. How-
ever, the distribution per unit volume and energy of the shock-accelerated elec-
trons, Ne, can be estimated following the approach by Berezhko and Ksenofontov
(2000) who find that at relativistic energies the energy distributions of electrons
and protons are related by

Ne
Np

=

(
me

mp

)(q−3)/2

. (72)

For the case of electrons one also has to consider the synchrotron timescale, given
by

tsyn = 2.7× 1011 γ − 1

γ2
B−2
−5 yr , (73)

to be compared with the acceleration timescale (Eq. 57).At energies larger than
E∗, where the condition tsyn(E∗) < tdyn is fulfilled, the slope of the electron
distribution, s, is modified from Ne(E) ∝ Es to Ne(E) ∝ Es−1 (Blumenthal and
Gould, 1970). Finally, the local flux of shock-accelerated CRs is related to the
distribution per unit volume and energy by

jk =
βkc

4π
Nk , (74)

where k = p, e.
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6.2 Jets and protostars

Shocks located along protostellar jets at the position of the knots and on the
surface of a protostar produced by infalling material have been investigated as
possible acceleration sites of CRs (Padovani et al., 2015, 2016). Figure 11 outlines
the configuration of a protostar used for the modelling. Shocks in accretion flows
are assumed to be stationary, while shocks inside jets move more slowly than the
flow so that the upstream region is close to the protostar. The reverse bow shock
(also known as Mach disc) and the bow shock, when observed, usually move slowly
or are stationary (Caratti o Garatti et al., 2009). After passing through the jet
shock, the gas flow spreads out until it yields a bow shock and a reverse bow shock.
In the intershock region, known as the working surface, the pressure gradient forces
perpendicular to the jet are so high that the gas is ejected radially and propagates
into the surrounding region, called the hot spot region (e.g. Stahler and Palla,
2005), through the bow wings.

Table 2 lists the range of the main parameters that determine the timescales
described in Sect. 6.1 estimated from observations (e.g. Raga et al., 2002; Nisini
et al., 2005; Hartigan and Morse, 2007; Raga et al., 2011; Agra-Amboage et al.,
2011; Lefloch et al., 2012; Gómez-Ruiz et al., 2012; Frank et al., 2014; Maurri
et al., 2014) or from numerical simulations (e.g. Masunaga and Inutsuka, 2000;
Tes, ileanu et al., 2009, 2012). Ionisation fractions (Strelnitskii, 1984) and shock
velocities (Ceccarelli et al., 2000) in collapsing envelopes are so small that the
CR acceleration is quenched; the magnetic field strength is also high enough to
produce a sub-Alfvénic shock. This means that accretion flows are not likely CR
acceleration sites. Conversely, shocks along the jets and on the protostellar surface
can accelerate enough CRs to explain observations (Padovani et al., 2016).

We note that the range for the flow velocity in the shock reference frame
in Table 2 refers to low-mass protostellar jets while, for high-mass sources, U can
reach values up to∼ 1000 km s−1. In the latter case the locally accelerated particles
can reach up to ∼ 1 − 10 TeV energies; their γ emission could be observed with
the next generation of ground-based telescopes such as the Cherenkov Telescope
Array (CTA).

Table 2 Ranges of values of the parameters described in the text: upstream flow velocity
in the shock reference frame (U), temperature (T ), total hydrogen density (nH), ionisation
fraction (x), and magnetic field strength (B).

site∗ U T nH x B
[km s−1] [K] [cm−3] [G]

E 1− 10 50− 100 107 − 108 . 10−6 10−3 − 10−1

J 40− 160 104 − 106 103 − 107 0.01− 0.9 5× 10−5 − 10−3

P 260 9.4× 105 1.9× 1012 0.01− 0.9 1− 103

∗E = envelope; J = jet; P = protostellar surface.
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Fig. 11 Sketch of the protostar configuration. Accretion flow, jet, and shock velocities (vacc,
vjet, and vsh, respectively) are in the observer reference frame. Shock and transverse radii are
labelled Rsh and R⊥, respectively. Bow shock, reverse bow shock, bow wings, and working
surface are labelled BS, rBS, BW, and ws, respectively. The shaded areas show the regions
where CR acceleration takes place and where turbulence is damped and particle propagation
occurs. The dot-filled region corresponds to the hot spot region. Figure from Padovani et al.
(2016).

6.3 Observational arguments for the luminosity and spectrum of stellar CRs

To estimate the ionising effect of SCRs in protoplanetary discs originating from
the central young star, a luminosity and spectrum for the SCRs must be adopted.
The only available direct observations of SCRs from a star are from the Sun. Based
on purely energetic arguments it is likely that the luminosity of SCRs from young
stars is much larger than for the Sun.

There have been estimates of the expected luminosity and SCR spectrum for a
young star using scaling law arguments relating to the Sun and X-ray observations
of young stars (Feigelson et al., 2002). These estimates do not consider the exact
acceleration mechanism but generally assume that the SCRs originate from stellar
flares. Other specific locations for accelerating particles in the accretion and jet
shocks are discussed in Sect. 6. The idea is to take the observed relationship
between X-ray luminosity and proton fluence for the Sun to estimate the proton
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fluence for a young stellar object (YSO) using the known X-ray luminosity of
YSOs.

Feigelson et al. (2002) estimated that proton fluences produced by YSOs will
be 105 times greater than observed from the most powerful solar flares. This factor
of 105 combines a number of different factors. First, Chandra X-ray observations
of low-mass stars in the Orion Nebula Cluster (ONC) show increased X-ray lu-
minosities in comparison to extreme solar events, which contributes a factor of
∼ 30. The ONC stellar flares also occur approximately ∼ 300 times more fre-
quently than solar flares. This gives a total increase of 104 resulting from stellar
X-ray flare emission. Finally, a factor of 10 represents the increased proton flux
compared to the X-ray flux. This scaling has been used in Rab et al. (2017) for
instance where the slope of the stellar CR spectrum is assumed to be the same as
for the Sun. A similar argument for the SCR luminosity is presented in Rodgers-
Lee et al. (2017), instead assuming a relationship between the power in the stellar
wind and the power in the SCRs. Note that, while the flux of solar CRs is not
constant, Feigelson et al. (2002) argue that the flux of YSO CRs can be considered
to be constant due to overlapping magnetic flare events.

The last important detail of this scaling argument is the high-energy cut-off
for the stellar CRs. It seems likely that a YSO will be able to accelerate particles
to higher energies than the Sun. As discussed in Rodgers-Lee et al. (2017), the
break in the solar spectrum at ∼20 MeV to a steeper power law has been seen
to shift up to an order of magnitude higher in energy during solar flare events
(Ackermann et al., 2014; Ajello et al., 2014). This is perhaps indicative of the type
of behaviour expected from YSOs. The location of this high-energy cut-off in the
stellar CRs spectrum is of interest because MeV protons have a very large energy
loss rate per grammage meaning that they will lose their energy faster relative to
GeV protons, which are minimally ionising. Additionally, if diffusive transport is
assumed for CRs, from quasi-linear theory GeV protons will have larger diffusion
coefficients than MeV protons meaning that GeV protons will spend less time in
the very dense inner regions of protoplanetary discs. Therefore, the presence of
GeV protons would mean it is much more feasible for stellar CRs to contribute
ionisation further out in the disc.

6.4 Propagation models of stellar cosmic rays in protoplanetary discs

To date, a number of groups have estimated the influence of stellar energy particles
in protoplanetary discs (Rab et al., 2017; Rodgers-Lee et al., 2017; Fraschetti et al.,
2018; Rodgers-Lee et al., 2019). The main ingredients of these models, which have
been discussed in previous sections in detail, are the following: the properties of the
SCRs (power and assumed spectrum), the loss rate of the SCRs, the propagation
of the SCRs (ballistic, free streaming or diffusive transport) and the assumed
properties of the protoplanetary disc itself. Modelling the influence of CRs in
protoplanetary discs began with Turner and Drake (2009) who studied Galactic
and stellar CRs with energies above 0.1 GeV and considered ballistic transport
without any potential modulation by the T-Tauriosphere at these energies. More
recently the idea that Galactic CRs would be significantly modulated by the stellar
wind and its entrained magnetic field at ∼GeV energies led to the idea that instead
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stellar CRs might contribute significantly to the ionisation rate in protoplanetary
discs.

Rab et al. (2017) used a scaled up solar-like energy spectrum for the stellar
CRs, following Feigelson et al. (2002), composed of two power-law components,
which result in a sharp cut-off in the spectrum at energies above 20 MeV. They
consider ballistic transport, i.e., ignore the effect of any possible magnetic fields,
using CSDA for the energy losses of the CRs. Rodgers-Lee et al. (2017) also fo-
cused on the influence of ∼GeV stellar CRs in diffusive transport, which includes
the influence of turbulent magnetic fields, with a constant energy loss rate for the
CRs. Fraschetti et al. (2018) performed test particle simulations of stellar CRs
propagating in the wind of a T Tauri star including catastrophic energy losses
for the CRs, meaning that once particles crossed the plane of the geometrically
thin disc they lost all their energy. These modelling approaches all have different
strengths and weaknesses. Rab et al. (2017) very importantly focus on the chemical
signatures of stellar CRs, which is vital for direct comparisons with observations
and also treat the energy losses of the stellar CRs the most accurately. On the
other hand, it seems unlikely that stellar CRs travel ballistically in protoplane-
tary discs. Here, the diffusive transport treatment and test particle simulations
of Rodgers-Lee et al. (2017) and Fraschetti et al. (2018), which include the influ-
ence of magnetic fields, seem more reasonable. Overall, the stellar CRs did not
penetrate far into the disc in any of these models for different reasons. A more
consolidated approach considering similar systems is necessary to understand the
different results obtained by these models.

It is non-trivial to compare these models, not simply because of the important
differences mentioned above in the assumed properties, transport and energy losses
of the stellar CRs, but because the stellar and disc properties considered are also
different. Rodgers-Lee et al. (2019), using the diffusive approximation, present
a parameter study that varies the disc surface density profile and the total disc
mass using ranges constrained by ALMA dust observations of large samples of discs
(Tazzari et al., 2017; Pascucci et al., 2016). For discs around solar-mass stars with a
range of disc masses and surface density profiles, they find that stellar CRs produce
larger ionisation rates than those expected from unmodulated Galactic CRs at ∼
70 au close to the disc midplane. The 1/r profile expected in the absence of energy
losses is recovered for many combinations of disc parameters, namely, for lower-
mass discs combined with shallower surface density profiles. This indicates that
such discs are not dense enough to significantly attenuate stellar CRs in the limit
of diffusive transport. In future work, it is important to investigate whether discs
likely to exhibit high ionisation rates at large radii are observable with ALMA.

6.5 Cosmic-ray feedback from embedded protostellar clusters

Enhanced CR fluxes may also arise locally from sources embedded within the
cloud as a result of CRs produced by young forming stars. Models estimate that
proto-clusters with > 103 accreting members can produce a local CR flux that
exceeds the typical Galactic value (Gaches and Offner, 2018). This CR feedback
dissociates CO and warms the nearby molecular gas, raising the temperatures
10s of K (Gaches et al., 2019a). Massive clouds forming 106 M� star clusters,
such as the progenitors of globular clusters, may experience local CR fluxes that
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yield ionisation rates of ζ > 10−14 s−1 . Such high values are comparable to the
observed CR ionisation rates inferred for extreme regions such as the Galactic
centre. However, in the Galactic centre, the CRs responsible for ionising the diffuse
gas are likely produced predominantly by supernovae (SNe) and other high energy
events (see Sect. 7.3).

CR feedback from forming star clusters thus shapes carbon and nitrogen chem-
istry from the inside out. Astrochemistry models suggest that CR feedback de-
creases XCO with increasing ionisation rate (Gaches et al., 2019b). As expected,
the abundances of C and C+ are also enhanced. The abundance of the high-
density tracer NH3 declines, while the abundance of HCO+ increases (Gaches
et al., 2019a). These results underscore that accounting for both external and
internal CR ionisation is important for accurately modelling the chemistry and
temperatures of active star-forming regions.

6.6 Hii regions

Hii regions are usually dominated by thermal emission (e.g., Wood and Church-
well, 1989; Kurtz, 2005; Sánchez-Monge et al., 2008, 2011; Hoare et al., 2012;
Purcell et al., 2013; Wang et al., 2018; Yang et al., 2019). However, observations
with facilities such as the Very Large Array (VLA) or the Giant Metrewave Ra-
dio Telescope (GMRT) disclosed the presence of non-thermal emission in a small
number of sources. Usually this emission appears as spots surrounded by thermal
emission (e.g., Nandakumar et al., 2016; Veena et al., 2016), contiguous to ther-
mal emission as in cometary Hii regions (e.g., Mücke et al., 2002), or sometimes
it appears isolated (Meng et al., 2019). As for the synchrotron emission observed
in jet knots, non-thermal emission observed in Hii regions cannot have interstellar
origin. In fact, the interstellar CR electron flux based on the most recent Voyager
observations (Cummings et al., 2016; Stone et al., 2019) is too low to explain the
observed flux density. The same conclusion holds for the flux of secondary elec-
trons created through ionisation processes by interstellar CRs, since Hii regions
are often embedded within molecular clouds.

A possible explanation for the origin of these relativistic electrons is local ac-
celeration inside the Hii region itself through DSA, as proposed by Padovani et al.
(2019). This assumes that shocks are located at the position where non-thermal
emission is detected. This model has been successfully applied to an expanding
Hii region close to the Galactic centre, Sgr B2(DS), recently observed with the
VLA (Meng et al., 2019).

7 Low-energy cosmic rays at different Galactic scales

7.1 Intermediate Galaxy (100 pc scales)

Here we define intermediate scales as the typical scales where CR are injected in
the ISM, i.e., of order 100 pc, which is similar to the size of a SN remnant at the end
of its lifetime or the sizes of superbubbles produced by massive star clusters. This
scale is also comparable to the Galactic disc height. It is not immediately obvious
that CRs should have any dynamical impact at these scales. Indeed, consider a



48 Marco Padovani et al.

simple calculation comparing the typical turbulence energy cascade at a scale L,
τc = L/cs, where cs is the local sound speed and the CR (1D) diffusion time over
the scale, L, with diffusion coefficient D, i.e., τdiff = L2/2D. CRs will leak out if
τdiff < τc, namely when (Commerçon et al., 2019)

D >
L

2
cs ≈ 1.5× 1023

(
L

pc

)( cs
km s−1

)
cm2 s−1 . (75)

If CRs diffuse with a diffusion coefficient typical of that inferred from direct CR
measurements, i.e., D ∼ 1028 cm2 s−1, then no dynamical effects are expected at
intermediate scales.

7.2 Galaxy (kpc scales)

7.2.1 Dynamical impact of CRs

One key aspect of CRs on scales of kiloparsecs is their dynamical impact via a
global CR pressure gradient and the ability to impact the dynamical evolution
of galaxies via outflows. Consequently, on galactic scales we are primarily inter-
ested in the CR component that carries most of the energy, which are protons at
a few GeV. The integrated energy in CRs is approximately εCR ∼ 0.5 eV cm−3

and thus comparable to the magnetic energy in the ISM, εmag ∼ 0.25 eV cm−3

for a magnetic field strength of 3µG (Haverkorn, 2015; Beck, 2015). This approx-
imate energy equipartition makes CRs a potentially relevant energy reservoir and
suggests that there is mutual interaction between CRs and the magnetic field.
Treating CRs as test particles is therefore not justified. The typical gyroradii or
scattering lengths of GeV protons with the magnetic field are significantly smaller
than the scales under consideration, which allows for a fluid treatment of CRs.
This high-energy fluid is then dynamically coupled to the MHD equation in a two-
fluid approach with an effective adiabatic index and a total pressure that includes
the CR contributions (Hanasz and Lesch, 2003; Pfrommer et al., 2017).

GeV protons are primarily produced in SN remnants (Ackermann et al., 2013),
which are among the strongest and most abundant shocks in the ISM. SNe in
our galaxies are not uniformly distributed (Miller and Scalo, 1979; Heiles, 1987;
Tammann et al., 1994). In our Galaxy, 20% of the SN are type Ia, which explode
not only in the vicinity of star-forming regions but also high above the Galactic
disk. Their distribution can be described by a Gaussian with a scale height of
∼ 300 pc. The remaining 80% are core collapse SNe, connected to massive stars
above ∼ 8 M�. The clustered formation of stars combined with the relatively
short lives of massive stars results in clustered SNe. Approximately 60% of core
collapse SNe explode close to their birth places, following a vertical Gaussian
distribution with a scale height of only ∼ 100 pc. The remaining 40% are walk-
away or runaway stars that escape the star cluster prior to explosion. The resulting
vertical scale height is then comparable to the one of the type Ia SNe, i.e., 300 pc.
The majority of the CRs are thus produced close to the disk with an effective
scale height of ∼ 150 pc. The explosion sites extend approximately to a height of
1 kpc. Consequently, on scales at ∼ 100 pc, as discussed in the previous section,
the CR distribution is relatively smooth due to the fast diffusion of CRs as well as
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the distributed injection. In contrast, on kpc scales above the disk, the enhanced
injection close to the disk and the resulting CR pressure gradient must be taken
into account.

7.2.2 CR clocks and Galactic CR scale height

Under the assumption that the ISM in a galaxy has approximately uniform metal-
licity and that all particles in the ISM are equally likely to be accelerated to
high-energies, we should expect a very similar composition for the CRs and the
thermal gas. However, we notice an overabundance of light elements like Li, Be
and B, which must be produced during CR transport through the medium (Aloisio
and Blasi, 2013; Stone et al., 2013; Aguilar et al., 2015a,b, 2016a,b). Spallation
is the most likely process to produce these secondary particles. A very common
method to estimate the ratio of primary to secondary particles is the B/C abun-
dance ratio. This ratio depends on the particle energy, but to zeroth order we
observe approximately B/C = 0.3.

To trigger spallation we need to know the grammage of CRs, which is the
amount of material the CRs statistically pass through before colliding with a
thermal gas particle,

χ =

∫
ρ(l)dl. (76)

We can relate the grammage to the effective cross section for spallation of carbon
to boron σC→B in an average ISM particle mass m as

χ
σC→B

m
≈ B

C
∼ 0.3, (77)

which yields a value of χ ∼ 10 g cm−2. At a solar radius the gas surface density
is Σ ∼ 10 M� pc−2 = 2 × 10−3 g cm−2, i.e., the CR must cross the disc ∼ 103

times before interacting with the ISM. The associated lifetime of the CRs, which
is effectively the travel or residence time in the Galaxy, is given by

tres = χ
h

vΣ
∼ 106 yr, (78)

assuming a gas scale height of h ∼ 100 pc and the speed of light for the CR velocity,
v = c.

During this residence time the CRs travel a linear distance of l = tresc ∼
500 kpc, which is much longer than galactic scales, which suggests the CRs must
be confined to the galaxy. Unstable secondary CRs provide a valuable tool to es-
timate the escape time. The best measured unstable isotope is 10Be, which is also
the longest lived. Its decay time is tdecay = 1.39 Myr, which is comparable to the
residence time. The cross sections for the spallation of carbon into stable (9Be) and
unstable (10Be) are similar, so σC→10Be ≈ σC→9Be. Consequently, an initial abun-
dance ratio of (10Be/9Be) of order unity declines over time by tdecay(10Be)/tesc.
The observed ratio yields an escape time of 10–20 Myr, i.e., an order of magnitude
larger than the residence time of CRs.

Assuming for simplicity a simple diffusive propagation model, the transport
equation along the vertical dimension reads

∂N
∂t

= Q0(p)δ(z) +
∂

∂z

[
D
∂N
∂z

]
(79)
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for a CR density per unit energy, N , a CR source function, Q0 and diffusion coef-
ficient, D. The Dirac-δ distribution indicates the injection of CRs in the midplane
of the galactic disc. Assuming steady state, Eq. (79) reduces to

Q0(p)δ(z) = D
∂2N
∂z2

. (80)

For z > 0,

∂N
∂z

= const.⇔ N (z) = N0

(
1− z

H

)
, (81)

where H is the size of the halo, which is poorly confined to approximately 5 kpc.
A total grammage of χ = ρtescc is reached by moving though the average density
of the total volume (disc plus halo), ρ = µmpnh/H. Here, h = 100 pc is the
scale height of the gaseous galactic disc, µ = 1.4 is the mean molecular weight,
n = 1 cm−3 is the average number density of the ISM. The resulting estimated
diffusion coefficient is

D =
H2

tesc
=
µmpnhHc

χ

∼ 3× 1028

(
H

5 kpc

)(
χ

10 g cm−2

)−1

cm2 s−1 (82)

Despite their simplicity, the derived estimates provide valuable features of
Galactic CRs, which remain valid even under more complex assumptions. One
result is that GeV CRs are distributed relatively smoothly in the ISM. Local
changes in the CR energy density are smaller than the changes in the gas struc-
tures like the thermal and magnetic energy density. As a result, molecular clouds
are located in an almost uniform sea of GeV CRs. Due to frequent scattering, the
CR distribution is locally isotropic.

7.2.3 Pressure gradient and dynamical impact

Frequent SNe create a relatively smooth distribution of GeV CRs in the ISM on
scales of 0.1–1 kpc. The resulting small CR pressure gradients provide a rela-
tively small force acting on the ISM compared to locally strongly varying thermal
pressure gradients or gravitational forces in star-forming regions. As a result, the
dynamical impact of CRs is most effective in the diffuse ISM and acts over longer
timescales compared to the short dynamical time in the ISM (see also the previous
section). In contrast to SN shocks, CRs provide an effective background force in
the vertical direction that counteracts the gravitational attraction of the disk. Hy-
drodynamical simulations of the ISM including thermal and CR feedback confirm
this simple picture of driving outflows. Including CRs increases the total amount
of outflowing gas by a factor of a few up to an order of magnitude (Girichidis
2016, 2018, Kim & Ostriker 2018, Mao & Ostriker 2018). The outflows are overall
smoother and colder compared to their thermally driven counterpart.
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7.2.4 Galactic outflows

On even larger scales, namely for full galaxies, CRs appear to be dynamically
important for driving galactic outflows. Idealised simulations using anisotropic
diffusion and an isothermal equation of state show that CRs alone are able to
drive outflows with mass-loading factors of order unity (Hanasz et al., 2013). The
efficiency of the outflows depend on the diffusion coefficient as well as the SN
energy fraction that is converted into CRs. Salem and Bryan (2014) investigate
this aspect in isolated disk galaxies. Indirectly, CRs also influence the dynamics by
changing the magnetic strength and morphology in the disk (Pakmor et al., 2016).
Anisotropic diffusion results in stronger magnetic fields, which in turn reduces the
formation of dense molecular clouds and star formation (Girichidis et al., 2016,
2018). The details of CR-driven outflows like the mass and energy loading as well as
the resulting heating in the ISM depend on the details of the transport (Zweibel,
2013, 2017; Ruszkowski et al., 2017; Farber et al., 2018). Currently developed
models therefore couple CRs to the thermal gas as well as the magnetic fields in
a more consistent way (Jiang and Oh, 2018; Thomas and Pfrommer, 2019) and
investigate the CR interactions with spectrally resolved methods (Girichidis et al.,
2019).

7.3 The Central Molecular Zone

The CMZ is a region about 250 pc in radius near the centre of the Galaxy where
a large amount of molecular gas resides (Morris and Serabyn, 1996; Bally et al.,
2010). This material faces a variety of extreme conditions, including high turbu-
lence, pressure, temperature, CR flux and ionising radiation flux, compared to gas
elsewhere in the Galactic disc (Ao et al., 2013; Ginsburg et al., 2016; Henshaw
et al., 2016; Schmiedeke et al., 2016; Krieger et al., 2017). Intriguingly, the ob-
served star-formation rate is at least a factor of 10 below that predicted given
the amount of dense gas available (Longmore et al., 2013; Kruijssen et al., 2014;
Barnes et al., 2017; Kauffmann et al., 2017). The CMZ can serve as a template for
Galactic nuclei in general and potentially for the conditions prevalent during the
era of prolific star formation at redshifts of about 2–3 (Kruijssen and Longmore,
2013). At a distance of 8 kpc (Gravity Collaboration et al., 2019), the CMZ is
the nearest such region that we can study, so understanding star formation there
has a unique potential to improve our understanding of star formation in similar
regions throughout the Universe.

As for the Galactic disc, molecular abundances (e.g., H+
3 , OH+, H2O+, and

H3O+) have been used to infer CR ionisation rates within the CMZ. Observations
of H+

3 absorption toward several different sight lines in the CMZ indicate ζH2
∼

10−14 s−1 across most of the region (Oka et al., 2019). This is consistent with
previous studies using H+

3 (Goto et al., 2013) and oxygen bearing ions (Indriolo
et al., 2015) and with results from more detailed chemical modelling (Le Petit
et al., 2016). All of these results indicate ionisation rates much higher than found
in the Galactic disc, again implying spatial variations in the underlying particle
spectrum.

Another constraint on the CR ionisation rate in the CMZ can be inferred from
the temperatures of molecular clouds. Ionisation of H2 by CRs liberates electrons
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with about 30 eV of kinetic energy on average (Cravens and Dalgarno, 1978),
which then heat the gas through collisions. This means that any given ionisation
rate sets a floor gas temperature due to CR-induced heating. By inferring gas
temperatures in molecular clouds throughout the CMZ from molecular emission
line observations, Ginsburg et al. (2016) placed an upper limit of ζH2

< 10−14 s−1

on the ionisation rate in the Galactic centre based on the floor gas temperature.
Even with such a high ionisation rate, it is thought that turbulence, rather than
CR ionisation, dominates gas heating in the CMZ. Still, at high ionisation rates CR
heating will affect the gas temperature and thus the initial conditions in molecular
clouds from which stars form (e.g. Clark et al., 2013).

Recent radio observations with the MeerKAT telescope show outflow bubbles
that suggest a recent (< few Myr) energetic event in the CMZ (Heywood et al.,
2019), plausibly a burst of star formation (e.g. Krumholz et al., 2017), although
feedback from the central supermassive black hole cannot be ruled out. Irrespective
of its origin, it is possible that this event contributed to the high CR ionisation
rate, especially given its large energy budget of ∼ 7 × 1052 ergs (Heywood et al.,
2019). These CRs may themselves be responsible for the Galactic wind emanating
from the CMZ, in the process explaining the origin of the energetic non-thermal
filaments throughout the CMZ, as well as their perpendicular orientation relative
to the disc plane (Yusef-Zadeh and Wardle, 2019).

7.4 Low-energy cosmic rays in superbubbles

Clustering of young massive stars in star-forming regions has a profound effect
on the structure and evolution of the ISM on 100 pc scales with a possibility of
the break out of the thin HI Galactic disc in the form of chimneys (Mac Low
and McCray, 1988; Tomisaka and Ikeuchi, 1986; Kim et al., 2017; El-Badry et al.,
2019). The massive star-forming regions are structured as they are observationally
represented by compact clusters of young massive stars as well as by highly sub-
structured OB associations with lower stellar density than in the compact clusters
(see, e.g., Krumholz et al., 2019; Ward et al., 2019). The winds of massive stars
and their subsequent SNe create large-scale superbubbles and supershells in the
ISM through their great momentum and energy release (see, e.g., Heiles, 1979;
Mac Low and McCray, 1988; El-Badry et al., 2019). Such structures distribute the
chemical elements freshly produced by massive stars and accelerate CRs. These
components together with radiation and magnetic fields are essential components
of stellar feedback inside star-forming molecular clouds (e.g. Fierlinger et al., 2016).
Moreover, this stellar feedback may drive Galactic winds at kpc scales (e.g. Field-
ing et al., 2017). The high mechanical power released by the winds of massive
early type stars and SNe in young stellar clusters or OB associations can exceed
1038 erg s−1 over many million years. This mechanical luminosity blows out super-
bubbles of different sizes surrounded by massive supershells, which in some cases
may produce sequential star formation in galaxies. The power of winds and SNe
should produce mechanical work on the surrounding cold ISM and provide gas
and dust heating through advection and thermal conduction. On the other hand,
Rosen et al. (2014) studied the mechanical energy partition in some compact stel-
lar clusters and found that a relatively small fraction of the injected energy goes
into these channels. They suggested that turbulent mixing at the hot-cold inter-
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faces removes the kinetic energy injected by the winds of clustered massive stars.
A similar issue was discussed by Cooper et al. (2004) for the superbubble DEM
L192 located in the Large Magellanic Cloud. They found that a significant fraction
of the mechanical power is not accounted for by the observed constituents.

CRs can be accelerated in superbubbles (see for a review Binns et al., 2007;
Bykov, 2014; Lingenfelter, 2018). The efficiency of the kinetic power transfer to
CRs in the models with particle acceleration by multiple shocks can exceed 20%
(Bykov, 2001). Therefore, CR pressure and the escaped CR energy fluxes should be
accounted for in the energy balance of superbubbles (Butt and Bykov, 2008). Mod-
els of low-energy CRs accelerated in superbubbles by shocks and MHD turbulence
predict time variable CR spectra at different evolutionary stages. The hydrogen
in large-scale supershells surrounding the superbubbles is ionised by both the soft
X-ray photons produced by the hot gas inside the superbubble and the low-energy
CRs, which can penetrate deep into the shell depending on the CR transport in the
shell. Fig. 12 illustrates a model for the hydrogen ionisation rate by CRs in the HI
supershell of mass 105 M�, thickness 30 pc and number density of 10 cm−3. The
red curve in the figure shows the ionisation rate of the HI shell by CRs accelerated
in the superbubble derived for the model of the diffusive propagation of CRs in the
shell with the diffusion coefficient D ∝ p0.33 , which corresponds to a Kolmogorov
spectrum of magnetic fluctuations. For large turbulent advection rms velocities in
the subparsec scale or in the case of multiple weak shocks in the supershell (e.g.
Bykov and Toptygin, 1987) the CR diffusion can be energy independent. This re-
sults in lower ionisation rates deep inside the HI shell, as illustrated by the blue
curve in Fig. 12.

7.5 Extragalactic studies

Observations of the molecules used to infer CR ionisation rates are difficult even
within the Galaxy, so these techniques have only been applied to a small sample
of other galaxies. OH+ and H2O+ were observed with Herschel toward the nuclei
of NGC 4418, Arp 220, and Mrk 231, suggesting ionisation rates on the order
of about 10−13–10−12 s−1 (González-Alfonso et al., 2013, 2018). Like our own
Galactic centre, these regions have rather high ionisation rates. OH+ and H2O+

have also been observed in absorption toward the discs of a small sample of nearby
galaxies, such as NGC 253, M82, NGC 4945, CenA, where much lower ionisation
rates – on the order of 10−16 s−1 – were inferred (van der Tak et al., 2016). These
values are more in line with those determined for the Galactic disc and provide
further evidence for different ionisation rates and particle fluxes in Galactic nuclei
compared to discs.

Recently, ALMA has provided the opportunity to observe OH+ and H2O+

in galaxies at higher redshift where the rotational transitions out of the ground
states are shifted to frequencies where the Earth’s atmosphere is transparent. Both
molecules have been detected in a foreground absorber at z = 0.89 toward the
lensed quasar PKS 1830−211. The absorber is thought to be Milky-Way-like, and
the two lensed images of the quasar provide two different sight lines through the
disc of this galaxy, in which ionisation rates of about 10−15 s−1 and 10−14 s−1 are
inferred (Muller et al., 2016). Oxygen-bearing ions are now also being detected in
lensed submillimetre bright galaxies at z > 2 by ALMA, and while high ionisation
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Fig. 12 Hydrogen ionisation rate by low-energy CRs in an HI supershell surrounding a su-
perbubble. The CRs are accelerated in the superbubble and propagate diffusively into the
supershell. The red curve shows the ionisation rate for the energy-dependent CR diffusion co-
efficient, while the blue curve shows the result for the energy independent turbulent-advection
and diffusion regime.

rates have been estimated in these objects, the uncertainties in those analyses are
rather large (Indriolo et al., 2018).

8 Summary and outlook

In this review it has been shown that low-energy CRs represent a key element
in several physical and chemical processes of the ISM, having a strong impact
from the large scales of molecular clouds to the small scales of protostellar sys-
tems. During the last ten years, growing attention has been given to the study of
the interaction of CRs with the ISM, and a significant progress has been made
in understanding their transport regimes at different depths of a cloud and their
interaction with magnetic fields. These studies demonstrated that the assumption
of a constant CR ionisation rate, based on the fundamental studies of L. Spitzer
in the ’50s and used for many decades, is inaccurate. Indeed, CR ionisation rates
span over at least 4–5 orders of magnitude from diffuse clouds (ζ ∼ 10−15 s−1)
to circumstellar disc midplanes (ζ . 10−19 s−1). This is an important warning
for modelers of astrochemical codes and non-ideal MHD simulations of collaps-
ing clouds and MRI in circumstellar discs. The use of a constant ζ can produce
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unrealistic values of chemical abundances and heavily affect magnetic decoupling
and hence the fragmentation of molecular clouds. Besides, one must also consider
the effect of the presence of local CR sources in single protostars and protostellar
clusters that can locally enhance the CR flux, exceeding the typical Galactic value,
with important feedback on the ionisation degree of the local medium, on the tem-
perature, and ultimately on its chemical composition and dynamical evolution.

The study of low-energy CRs has opened a new line of research, allowing a
strong synergy between theoretical models and observations. For instance, theory
predicts that at the shock surface of high-mass protostellar jets should be possible
to accelerate CRs up to tens of TeV from which should arise a spatially limited,
but non-negligible, γ-ray emission. While current instruments such as H.E.S.S.
and Fermi can hardly detect this localised emission because of their low resolu-
tion, it will be interesting to understand if the Cherenkov Telescope Array (CTA)
will be able to distinguish it from the background Galactic γ-ray emission. This
detection, due to the local production of CR protons, that should be localised at
the same spatial position of the synchrotron emission caused by locally accelerated
CR electrons, would represent a double proof of the possibility of accelerating CRs
in protostellar systems. We also note that thanks to future instruments such as
the Square Kilometre Array (SKA) with its huge field of view, high sensitivity,
resolution, and survey speed, the detection of synchrotron sources would represent
the rule rather than the exception. SKA precursors such as ASKAP, MeerKAT,
E-LOFAR, will be of great importance for the first characterisation of synchrotron
emission at different scales.

A new and growing frontier of astrophysics research explores the impact of
CRs on exoplanetary atmospheres and habitability. CRs of both Galactic and
stellar origin likely play a crucial role in the chemistry of planetary atmospheres
and the development and characteristics of life. Exoplanet searches such as the
MEarth project have focused specifically on finding exoplanets around M-dwarf
stars, which are considered prime candidates to host rocky planets (Nutzman and
Charbonneau, 2008). However, such stars experience strong stellar activity, and
any planets within their relatively close-in habitable zones (< 0.2 au) will be
bombarded by stellar CRs (Grießmeier et al., 2005). The planet magnetosphere
regulates the flux of CRs reaching the top of the planetary atmosphere (Atri
et al., 2013; Grießmeier et al., 2015). Close-in planets, such as those in the M-
dwarf habitable zone, however, are likely to be tidally locked to their host star,
which leads to a smaller magnetic moment and weaker magnetosphere (Grießmeier
et al., 2005, 2016). CRs drive chemical reactions in the planet atmosphere that
may interfere with the detection of bio-signatures (chemical markers produced by
biological organisms), for example, by enhancing the abundance of methane and
reducing the presence of ozone (Grießmeier et al., 2016; Tabataba-Vakili et al.,
2016; Scheucher et al., 2018). The planet atmospheric density, even more than the
magnetosphere, dictates the particle and radiation flux at the surface (Atri et al.,
2013). CR interactions in the atmosphere produce electromagnetic radiation as
well as high-energy secondary particles, which are harmful for DNA-based life on
the surface (Dar et al., 1998). Models suggest that close-in, rocky planets with
Earth-like atmospheres are sufficiently shielded that CR induced reduction of the
ozone has a minor effect on the biological radiation dose at the surface (Grießmeier
et al., 2016). In contrast, the surfaces of planets with atmospheres 10% of that
of Earth may receive 200 times higher radiation doses, which is lethal to most
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Earth-like life (Atri et al., 2013). Future facilities such as ELT/HIRES, JWST,
and ARIEL will help to disentangle the products of CR-driven chemistry from
biological signatures and assessing the impact of high-CR environments on the
prevalence of life in the Universe.
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distance measurement to the Galactic center black hole with 0.3% uncertainty.
A&A625:L10

Grenier IA, Black JH, Strong AW (2015) The Nine Lives of Cosmic Rays in Galax-
ies. ARA&A53:199–246

Gressel O, Nelson RP, Turner NJ (2012) Dead zones as safe havens for planetesi-
mals: influence of disc mass and external magnetic field. MNRAS422:1140–1159

Grießmeier JM, Stadelmann A, Motschmann U, et al (2005) Cosmic Ray Im-
pact on Extrasolar Earth-Like Planets in Close-in Habitable Zones. Astrobiology
5(5):587–603

Grießmeier JM, Tabataba-Vakili F, Stadelmann A, Grenfell JL, Atri D (2015)
Galactic cosmic rays on extrasolar Earth-like planets. I. Cosmic ray flux.
A&A581:A44

Grießmeier JM, Tabataba-Vakili F, Stadelmann A, Grenfell JL, Atri D (2016)
Galactic cosmic rays on extrasolar Earth-like planets. II. Atmospheric implica-
tions. A&A587:A159

Hanasz M, Lesch H (2003) Incorporation of cosmic ray transport into the
ZEUS MHD code. Application for studies of Parker instability in the ISM.
A&A412:331–339

Hanasz M, Lesch H, Naab T, et al (2013) Cosmic Rays Can Drive Strong Outflows
from Gas-rich High-redshift Disk Galaxies. ApJ777:L38

Hartigan P, Morse J (2007) Collimation, Proper Motions, and Physical Condi-
tions in the HH 30 Jet from Hubble Space Telescope Slitless Spectroscopy.
ApJ660(1):426–440

Haverkorn M (2015) Magnetic Fields in the Milky Way. In: Lazarian A, de Gouveia
Dal Pino EM, Melioli C (eds) Magnetic Fields in Diffuse Media, Astrophysics
and Space Science Library, vol 407, p 483

Hayakawa S (1969) Cosmic ray physics. Nuclear and astrophysical aspects
Heiles C (1979) H I shells and supershells. ApJ229:533–537
Heiles C (1987) Supernovae versus models of the interstellar medium and the

gaseous halo. ApJ315:555–566
Henshaw JD, Longmore SN, Kruijssen JMD, et al (2016) Molecular gas kinematics

within the central 250 pc of the Milky Way. MNRAS457:2675–2702
Heywood I, Camilo F, Cotton WD, et al (2019) Inflation of 430-parsec bipolar radio

bubbles in the Galactic Centre by an energetic event. Nature573(7773):235–237
Hoare MG, Purcell CR, Churchwell EB, et al (2012) The Coordinated Radio and

Infrared Survey for High-Mass Star Formation (The CORNISH Survey). I. Sur-
vey Design. PASP124:939

Hollenbach DJ, Tielens AGGM (1999) Photodissociation regions in the interstellar
medium of galaxies. Reviews of Modern Physics 71(1):173–230

Hull CLH, Plambeck RL, Kwon W, et al (2014) TADPOL: A 1.3 mm Survey of
Dust Polarization in Star-forming Cores and Regions. ApJS213(1):13

Hull CLH, Girart JM, Tychoniec  L, et al (2017) ALMA Observations of Dust
Polarization and Molecular Line Emission from the Class 0 Protostellar Source



62 Marco Padovani et al.

Serpens SMM1. ApJ847(2):92
Hull CLH, Yang H, Li ZY, et al (2018) ALMA Observations of Polarization from

Dust Scattering in the IM Lup Protoplanetary Disk. ApJ860(1):82
Indriolo N, McCall BJ (2012) Investigating the Cosmic-Ray Ionization Rate in the

Galactic Diffuse Interstellar Medium through Observations of H+
3 . ApJ 745:91

Indriolo N, Geballe TR, Oka T, McCall BJ (2007) H+
3 in Diffuse Interstellar

Clouds: A Tracer for the Cosmic-Ray Ionization Rate. ApJ 671:1736–1747
Indriolo N, Neufeld DA, Gerin M, et al (2015) Herschel Survey of Galactic OH+,

H2O+, and H3O+: Probing the Molecular Hydrogen Fraction and Cosmic-Ray
Ionization Rate. ApJ800:40

Indriolo N, Bergin EA, Falgarone E, et al (2018) Constraints on the Cosmic-Ray
Ionization Rate in the z∼2.3 Lensed Galaxies SMM J2135−0102 and SDP 17b
from Observations of OH+ and H2O+. ApJ 865:127

Ivlev AV, Padovani M, Galli D, Caselli P (2015) Interstellar Dust Charging in
Dense Molecular Clouds: Cosmic Ray Effects. ApJ812(2):135

Ivlev AV, Dogiel VA, Chernyshov DO, et al (2018) Penetration of Cosmic Rays
into Dense Molecular Clouds: Role of Diffuse Envelopes. ApJ855:23

Jiang YF, Oh SP (2018) A New Numerical Scheme for Cosmic-Ray Transport.
ApJ854:5

Joos M, Hennebelle P, Ciardi A (2012) Protostellar disk formation and transport
of angular momentum during magnetized core collapse. A&A543:A128

Kaplan SA, Pikel’ner SB (1970) Matter in space - The interstellar medium.
Kauffmann J, Pillai T, Zhang Q, et al (2017) The Galactic Center Molecular Cloud

Survey. I. A steep linewidth-size relation and suppression of star formation.
A&A603:A89

Keto E, Caselli P (2008) The Different Structures of the Two Classes of Starless
Cores. ApJ683(1):238–247

Kim CG, Ostriker EC, Raileanu R (2017) Superbubbles in the Multiphase ISM
and the Loading of Galactic Winds. ApJ834(1):25

Krakau S, Schlickeiser R (2015) Pion Production Momentum Loss of Cosmic Ray
Hadrons. ApJ802:114

Krieger N, Ott J, Beuther H, et al (2017) The Survey of Water and Ammonia in the
Galactic Center (SWAG): Molecular Cloud Evolution in the Central Molecular
Zone. ApJ850:77

Kruijssen JMD, Longmore SN (2013) Comparing molecular gas across cosmic time-
scales: the Milky Way as both a typical spiral galaxy and a high-redshift galaxy
analogue. MNRAS435:2598–2603

Kruijssen JMD, Longmore SN, Elmegreen BG, et al (2014) What controls star
formation in the central 500 pc of the Galaxy? MNRAS440:3370–3391

Krumholz MR (2012) Star Formation in Atomic Gas. ApJ759(1):9
Krumholz MR, Kruijssen JMD, Crocker RM (2017) A dynamical model for gas

flows, star formation and nuclear winds in galactic centres. MNRAS466:1213–
1233

Krumholz MR, McKee CF, Bland -Hawthorn J (2019) Star Clusters Across Cosmic
Time. ARA&A57:227–303

Kulsrud R, Pearce WP (1969) The Effect of Wave-Particle Interactions on the
Propagation of Cosmic Rays. ApJ156:445

Kurtz S (2005) Hypercompact HII regions. In: Cesaroni R, Felli M, Churchwell
E, Walmsley M (eds) Massive Star Birth: A Crossroads of Astrophysics, IAU



Impact of low-energy cosmic rays on star formation 63

Symposium, vol 227, pp 111–119
Lagage PO, Cesarsky CJ (1983) Cosmic-ray shock acceleration in the presence of

self-excited waves. A&A118(2):223–228
Le Petit F, Ruaud M, Bron E, et al (2016) Physical conditions in the central

molecular zone inferred by H+
3 . A&A585:A105

Lee JWY, Hull CLH, Offner SSR (2017) Synthetic Observations of Magnetic Fields
in Protostellar Cores. ApJ834(2):201

Lefloch B, Cabrit S, Busquet G, et al (2012) The CHESS Survey of the L1157-B1
Shock Region: CO Spectral Signatures of Jet-driven Bow Shocks. ApJ757(2):L25

Lerche I (1967) Unstable Magnetosonic Waves in a Relativistic Plasma.
ApJ147:689

Li D, Goldsmith PF (2003) H I Narrow Self-Absorption in Dark Clouds.
ApJ585(2):823–839

Li ZY, Krasnopolsky R, Shang H (2013) Does Magnetic-field-Rotation Misalign-
ment Solve the Magnetic Braking Catastrophe in Protostellar Disk Formation?
ApJ774:82

Lingenfelter RE (2018) Cosmic rays from supernova remnants and superbubbles.
Advances in Space Research 62(10):2750–2763

Longmore SN, Bally J, Testi L, et al (2013) Variations in the Galactic star forma-
tion rate and density thresholds for star formation. MNRAS429:987–1000

Mac Low MM, McCray R (1988) Superbubbles in Disk Galaxies. ApJ324:776
Mannheim K, Schlickeiser R (1994) Interactions of cosmic ray nuclei. A&A286:983–

996
Marcowith A, Bret A, Bykov A, et al (2016) The microphysics of collisionless shock

waves. Reports on Progress in Physics 79:046901
Masunaga H, Inutsuka Si (2000) A Radiation Hydrodynamic Model for Pro-

tostellar Collapse. II. The Second Collapse and the Birth of a Protostar.
ApJ531(1):350–365

Maurri L, Bacciotti F, Podio L, et al (2014) Physical properties of the jet from
DG Tauri on sub-arcsecond scales with HST/STIS. A&A565:A110

McCutcheon WH, Shuter WLH, Booth RS (1978) Observations of the 21 -cm line
in dark clouds. MNRAS185:755–770
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Öberg KI, Linnartz H, Visser R, van Dishoeck EF (2009b) Photodesorption of
Ices. II. H2O and D2O. ApJ693(2):1209–1218
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