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A B S T R A C T 

Cosmic rays are the only agent capable of ionizing the interior of dense molecular clouds and, thus, they are believed to play 

an essential role in determining the physical and chemical evolution of star-forming regions. In this work, we aim to study 

cosmic-ray induced ionization rates in starburst environments using non-thermal emissions of cosmic rays from starburst nuclei. 
To this end, we first revisit cosmic-ray models, which could explain data of non-thermal emissions from radio to X-ray and 

gamma-ray from nuclei of three prototypical starburst galaxies NGC 253, M82, and Arp 220. These models are then applied to 

predict ionization rates in starburst environments, which gi ves v alues around 10 

−14 s −1 . Such a high value of the ionization rate, 
which is 2 to 3 orders of magnitude higher than the typical values found in the Milky Way, is probably due to relatively high 

rates of supernova explosions occurring within the nuclei of these starburst galaxies. We also discuss in more detail the case of 
NGC 253, where our predicted ionization rate is found to be, in most cases, a few times smaller than the values inferred from 

molecular line observations of clouds in the starburst nucleus. The general framework provided in this work illustrates how the 
use of non-thermal emission data could help to provide more insights into ionization rates or, more generally, cosmic-ray impact 
in starburst environments. 

Key words: cosmic rays – galaxies: starburst. 

1

S  

r  

(  

i  

s  

r  

S  

a  

b  

f  

f  

(  

K  

i  

2  

t  

�

(

t  

r  

o  

r  

t  

i  

t  

2  

t  

1  

a  

h  

2  

R  

C
 

i  

(  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/531/2/2930/7630232 by guest on 15 July 2024
 I N T RO D U C T I O N  

tarburst galaxies are galaxies with high star formation rates typically
anging from 10 to 10 3 times higher than that of the Milky Way
Gao & Solomon 2004 ). The intense star-forming activity also results
n a high rate of supernova explosions and, as massive stars and
upernova remnants (SNRs) are commonly believed to be cosmic-
ay sources (Strong, Moskalenko & Ptuskin 2007 ; Grenier, Black &
trong 2015 ; Gabici et al. 2019 ; Cristofari 2021 ), starburst galaxies
re expected to be filled with cosmic rays (CRs). The connection
etween CRs and the star forming activity in starburst galaxies is
urther supported by tight correlations between the inferred star
ormation rate and the non-thermal luminosity, ascribed to CRs
see e.g. Lacki, Thompson & Quataert 2010 ; Ajello et al. 2020 ;
ornecki et al. 2020 , 2022 , and references therein). Of particular

nterest are the starburst nuclei (SBNi, see e.g. Westmoquette et al.
009 ) which have sizes of about a few hundred parsecs but within
hese small re gion e xhibit rates of superno va e xplosions comparable
 E-mail: vhmphan@obspm.fr (VHMP); enrico.peretti.science@gmail.com 
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c  
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o  

Published by Oxford University Press on behalf of Royal Astronomical Socie
Commons Attribution License ( http:// creativecommons.org/ licenses/ by/ 4.0/ ), whi
o or even higher than that of the entire Milky Way. It is for this
eason that SBNi are considered ideal laboratories to study CR impact
n star-forming regions. In these environments, the density of gas,
adiation and magnetic field are inferred to be at least 10 2 times larger
han the average interstellar medium (ISM) of the Milky Way. This
mplies that most of the injected non-thermal particles are expected
o lose their energy before being able to escape (Yoast-Hull et al.
013 ; Peretti et al. 2019 ). Such a calorimetric behaviour for CRs,
ogether with the enhanced star formation rate inferred at redshift
–4 (Madau & Dickinson 2014 ) suggested that starbursts could be
n ideal source class to substantially contribute to the diffuse flux of
igh-energy gamma-rays and neutrinos (Tamborra, Ando & Murase
014 ; Bechtol et al. 2017 ; Peretti et al. 2020 ; Ambrosone et al. 2021 ;
oth et al. 2021 ; Owen, Kong & Lee 2022 ; Peretti et al. 2022 ;
ondorelli et al. 2023 ). 
It has long been suggested that CRs can play an essential role

n setting the chemistry and even dynamics of star-forming regions
P ado vani et al. 2020 ; Gabici 2022 ). This is because these particles
ould penetrate deep inside dense molecular clouds, where X-rays
nd UV photons cannot penetrate, to ionize the interior of these
bjects (e.g. P ado vani, Galli & Glassgold 2009 ; Ivlev et al. 2018 ;
© 2024 The Author(s). 
ty. This is an Open Access article distributed under the terms of the Creative 
ch permits unrestricted reuse, distribution, and reproduction in any medium, 

provided the original work is properly cited. 

https://orcid.org/0000-0002-5611-095X
http://orcid.org/0000-0003-0543-0467
mailto:vhmphan@obspm.fr
mailto:enrico.peretti.science@gmail.com
http://creativecommons.org/licenses/by/4.0/


Ionization rates in starburst nuclei 2931 

P  

C  

t
T
m  

s  

T
q

 

t  

i
w  

ζ  

u  

a  

s
v  

t
d  

a
t
t
i  

l
r
e
h
i
s  

t  

M  

(  

d
e  

s  

m
w
c
a  

m
b  

s
I  

w  

b
i
s
o  

t  

e  

t
m
c
m  

p
m

 

H
b  

T
i  

p

p  

o  

j
s
v  

T
t
o  

m
p  

t  

1  

A  

B  

H
t  

t  

p
r
o
r
a  

w  

t  

t
t  

w  

S
 

T  

t  

A
2
M  

b
e  

A  

t
o
i
(  

g
s
s
f  

v
h  

b  

2  

c  

2  

u
o
r  

u  

s
 

i
p
e  

p  

t

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/531/2/2930/7630232 by guest on 15 July 2024
han, Morlino & Gabici 2018 ; Owen et al. 2021 ). In other words,
Rs control the ionization rate which is a key parameter in regulating

he abundances of different chemical species in molecular clouds. 
he ionization rate also determines the coupling between gas and 
agnetic fields, which is of critical importance for the process of

tar formation (Krumholz & Federrath 2019 ; Girichidis et al. 2020 ).
hus, the impact of CRs on star-forming regions can be partially 
uantified using the cosmic-ray ionization rate. 
In fact, there are a few different variants for the definition of

he ionization rate (Neufeld & Wolfire 2017 ). Here, we refer to the
onization rate as the production rate of H 

+ 

2 per hydrogen molecule, 
hich will be denoted as ζ (H 2 ). The observational determination of
(H 2 ) in the interstellar medium is a long-standing problem. It is
sually solved by identifying a set of species whose abundance or
bundance ratio is sensitive to it. As such, the method is intrinsically
ubject to various limitations. First, from the observational point of 
ie w, a suf ficient number of lines and an appropriate radiative transfer
reatment must be implemented in order to infer reliable column 
ensities. Second, the model that is used to predict abundances or
bundance ratios must contain all the chemical pathways rele v ant 
o the destruction and formation of the observed species, and all 
he excitation mechanisms (shocks, energetic photons in particular 
onizing UV ones, and CRs) rele v ant to the observ ed re gions. Last
imitation, identifying which species is tracing which mechanism 

equires the computing of large grids of models purposefully cov- 
ring all input parameters. Within this frame work, v arious species 
ave been found to allow for the determination of the cosmic-ray 
onization state in various environments within the limits of carefully 
pelt-out assumptions. Se veral re vie ws focus on the determination of
he ionization rate in the dense and diffuse medium, like Indriolo &

cCall ( 2013 ), Neufeld & Wolfire ( 2017 ), and Barger & Garrod
 2020 ). In quiescent and dense regions completely shielded from
issociating UV radiation, where all hydrogen is in molecules, Guelin 
t al. ( 1977 ) and Wootten, Snell & Glassgold ( 1979 ) analytically
howed that the DCO 

+ to HCO 

+ abundance ratio can be used to
easure the ionization rate in steady-state conditions. Their result 
as somehow confirmed by the use of a more complex chemical 

ode with the same assumptions and applied to then-state-of-the- 
rt observations by Caselli et al. ( 1998 ). In the diffuse molecular
edium with electron abundance between 10 −7 and 10 −2 , H 

+ 

3 has 
een e xtensiv ely used to measure the ionization rate, based on a
implistic description of its chemistry (e.g. McCall et al. 2003 , 
ndriolo et al. 2007 , Indriolo & McCall 2012 ). In fact, the modelling
orks of Le Petit, Roueff & Herbst ( 2004 ) mitigated the conclusions
y highlighting that constraining the ionization rate cannot be done 
ndependently from other species. In other words, they showed that 
elf-consistent models should be used to reproduce the abundances 
f both H 

+ 

3 and a number of atomic and molecular species in order
o ef fecti v ely pro vide a measure of the ionization rate. Le Petit
t al. ( 2016 ) then detailed all the dependences of the H 

+ 

3 abundance
o parameters of such self-consistent models and used them to 
easure the ionization rate in the central molecular zone, adding 

omplementary constraints on hydride abundances. Comprehensive 
odelling was also the path chosen by Neufeld & Wolfire ( 2017 ) to

rovide constraints on the ionization rate in diffuse (both atomic and 
olecular) clouds of the Galactic disc. 
In the NGC253 starburst galaxy, Holdship et al. ( 2022 ) (hereafter

22 ) used ALMA observations to constrain the ionization rate to 
etween 10 −14 and 8 × 10 −13 s −1 , using rather strong assumptions.
heir observations were performed at 1 . s 6 angular resolution, that 

s about 30 pc spatial resolution, for which they used a ‘single-
oint model’ with no photo-processes included. They ruled out the 
ossibility that shocks or UV radiation could play a role in the heating
r in the modelling of the column densities of SO and H 3 O 

+ . Their
ustification for the shock process omission was that parametric, non- 
elf-consistent shock models with high pre-shock density predicted 
alues of the abundance ratio that they did not find in the observations.
heir observed abundance ratio was obtained from the non-local 

hermodynamic equilibrium code RADEX modelling of three lines 
f H 3 O 

+ and 37 lines of SO (see van der Tak et al. 2007 , for
ore details on RADEX). For both species, collisions with other 

articles than H 2 were not considered, and for H 3 O 

+ , the three
ransitions they used have the upper energy level between 79.5 and
69.1 K only, possibly biasing the results towards a hot component.
dditionnally, Behrens et al. ( 2022 ) (from here on referred to as
22 ) used HNC and HCN observations from the same data set as
22 to constrain the ionization rate to within the range from 10 −13 

o 10 −12 s −1 . They used the same kind of chemical and radiative
ransfer modelling as H22 , also neglecting UV radiation and shock
rocesses. Given all these assumptions, related to the observations, 
adiative transfer, and physico-chemical modelling, plus additional 
nes discussed in these two articles, we consider these ionization 
ate data as indications rather than definitive values. These results 
re, ho we v er, encouraging as the y point to high values of ζ (H 2 ),
hich are qualitativ ely e xpected giv en the high supernova rate in

he SBN of NGC 253. The relatively large difference in results of
hese similar analyses calls for a different approach to determine 
he ionization rate in these complex environments. In this paper, we
ill discuss a rather different approach to predict ionization rates in
BNi, which relies on non-thermal emissions from these objects. 
Many SBNi are bright gamma-ray sources both in the GeV and

eV energy range and some of them are also detected with X-ray
elescopes (Acero et al. 2009 ; VERITAS Collaboration et al. 2009 ;
ckermann et al. 2012 ; Fleischhack & VERITAS Collaboration 
015 ). Several prototypical starburst galaxies, for example NGC 253, 
82, or Arp 220, have been observed by both satellite and ground-

ased gamma-ray telescopes revealing their gamma-ray spectrum 

xtending from a few hundred MeVs to about 10 TeV (see e.g.
jello et al. 2020 ; Tibaldo, Gaggero & Martin 2021 , and references

herein). The gamma-ray emission is likely dominated by the decay 
f neutral pions produced in interactions between CR protons and 
nterstellar gas in SBNi, independent on the transport conditions 
Peretti et al. 2019 ; Krumholz et al. 2020 ). This means that the
amma-ray spectrum could be employed to extract the CR proton 
pectrum within these SBNi. In addition, CR electrons in these 
ystems can also induce detectable emissions in the range extending 
rom radio (with frequency around 1 GHz) to X-ray (around 1 keV)
ia synchrotron radiation. Observations in the X-ray domain could, 
o we ver, be contaminated by unresolved sources such as X-ray
inaries (Strickland & Heckman 2007 ; Wik et al. 2014 ; Paggi et al.
017 ), and part of the radio emissions can also come CR electrons
onfined in a larger halo surrounding the SBN (Yoast-Hull et al.
013 ). Nevertheless, the radio and X-ray spectrum can be used as an
pper limit to constrain the CR electron spectrum. The combination 
f these non-thermal emissions from radio to X-ray and gamma- 
ay provides a powerful tool to study CRs in starburst galaxies and,
ltimately, allows us to quantify the impact of these particles in the
tar-forming activity of these systems. 

The paper will be structured as follows. In Section 2 , we will
ntroduce the transport model for CRs in SBNi which essentially 
rovides the CR spectra used to study non-thermal emissions and also 
 v aluate the ionization rates. The rele v ant radiati ve and ionization
rocesses are introduced in Section 3 . We then perform a fit of the
ransport model to non-thermal emission data from the nuclei of 
MNRAS 531, 2930–2941 (2024) 
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GC 253, M82, and Arp 220 to derive the CR spectra in these
ystems, which can be employed to predict ionization rates ζ (H 2 ) for
olecular clouds of different column densities. Our predicted values

f ζ (H 2 ) for NGC 253 seem to be, in most cases, a few times smaller
han the values recently inferred by H22 and B22 using molecular
ine observations (see Section 4 ). We also discuss in Section 5, the
otential implications of this discrepancy. 

 COSM IC-RAY  TRANSPORT  IN  STARBURST  

U C L E I  

e will follow the approach presented in Peretti et al. ( 2019 ) and
dopt the following transport equation to describe the differential
umber density f i ( E ) for CRs of species i = p (protons) or e (electrons)
ith kinetic energy E in SBNi 

f i ( E) 

τadv ( E) 
+ 

f i ( E) 

τdiff ,i ( E) 
− ∂ 

∂ E 

[ b i ( E) f i ( E) ] = Q i ( E) , (1) 

here Q i ( E ) is the injection spectrum of CRs from SNRs (or as
econdary and tertiary products from CR interactions with the ISM
f SBNi), b i ( E ) is the energy loss rate due to interactions of CRs with
BNi’s materials, τ adv and τ diff, i ( E ) are, respectively, time-scales for

he escape of CRs from the SBNi due to advection and diffusion. 
The advection time-scale is simply τ adv = R / u w , where R is the

adius of the SBNi and u w is the speed of galactic winds in SBNi.
he diffusion time-scale could be estimated as τ diff, i ( E ) = R 

2 / D i ( E ),
here D i is the dif fusion coef ficient of CRs in SBNi. Here, we adopt
odel A from Peretti et al. ( 2019 ), which assumes the dif fusi ve
otion of particles to be induced by magnetic turbulence following
 Kolmogorov power spectrum and the diffusion coefficient scales
s 

 i ( E ) = 

L 0 v i 

2 ηB 

(
r L ,i ( E ) 

L 0 

)1 / 3 

, (2) 

here L 0 = 1 pc is the injection scale of turbulence, ηB = δB 

2 / B 

2 =
 is the ratio between the variance of turbulent magnetic fields δB 

2 

nd the ordered field strength squared B 

2 , v i is the speed of CRs of
pecies i with kinetic energy E , and r L, i ( E ) is the Larmor radius of
Rs of species i with kinetic energy E . A complete list of energy loss
rocesses for both protons and electrons can be found in Schlickeiser
 2002 ) (see also Evoli et al. 2017 , and Peretti et al. 2019 ). We note
hat the energy loss rates depend on many parameters characterizing
he ISM of SBNi including magnetic field strength B , ISM density
 ISM 

, electron density n e , electron temperature T e , and interstellar
adiation field (see equation ( 14 ) below). 

Concerning the injection spectrum, we consider CR protons
njected only from SNRs and their injection spectrum could be

odelled as a power law in momentum p 

 p ( E) = Q SNR , p ( E) 

= 

R SNR ξCR , p E SNR 

V � m 

2 
p c 

3 v p 

(
p 

m p c 

)2 −α

exp 

(
− p 

p max , p 

)
, (3) 

here R SNR is the rate of supernova explosions within the SBNi,
CR, p is the fraction of supernova explosion kinetic energy con-
erted into CR kinetic energy (also referred to as the acceleration
fficiency), E SNR � 10 51 erg is the typical kinetic energy of su-
erno va e xplosions, p max, p � 10 17 eV/c is the cut-off momentum
or CR protons accelerated from SNRs, m p is proton mass, c
s the speed of light, V = 4 πR 

3 /3 is the volume of the SBNi,
nd � = 

∫ ∞ 

x min 
x 2 −α exp 

( − x 
x max 

)(√ 

x 2 + 1 − 1 
)

d x. Note that the
ormalization factor � ensures that a fraction ξCR, p of supernova ex-
NRAS 531, 2930–2941 (2024) 
losion kinetic energy is converted into CR kinetic energy, meaning ∫ ∞ 

0 
E Q SNR , p ( E ) d E = 

R SNR ξCR , p E SNR 

V 

. (4) 

hroughout this work, we will assume ξCR, p = 0.1, which is, roughly
peaking, around the typical value adopted for Galactic SNRs in
odels attempting to fit CR spectra in the local ISM (see, e.g. Evoli,
loisio & Blasi 2019 ; Cristofari 2021 ; Mertsch, Vittino & Sarkar
021 ; Phan et al. 2021 ). 
For CR electrons, three different types of injection are taken into

ccount 

 e ( E) = Q SNR , e ( E) + Q sec ( E) + Q ter ( E) , (5) 

here Q SNR, e ( E ) is the injection spectrum of CR electrons from
NRs, Q sec ( E ) is the injection spectrum of secondary electrons
and positrons) from the decay of π± produced in proton-proton
nteractions, and Q ter ( E ) is the injection spectrum of tertiary electrons
and positrons) created in interactions between CR-induced gamma-
ays and low-energy photons in the ISM of SBNi. In the following, we
ssume also a power-law injection spectrum for CR electrons from
NRs Q SNR, e ( E ) ∝ ξCR, e p 2 − αexp ( −p / p max, e ) with ξCR, e = 0.01 and
 max, e � 10 13 eV/c. For secondary electrons, we adopt the approach
resented in Kelner, Aharonian & Bugayov ( 2006 ) to model the
njection spectrum of secondary electrons as follows 

 sec ( E) = 2 
∫ ∞ 

E 

cn ISM 

K π

σpp 

(
E π

K π

)
f p 

(
E π

K π

)
˜ f e 

(
E 

E π

)
d E π

E π

, 

(6) 

here K π � 0.17 is the fraction of kinetic energy transferred from
he parent proton to the single pion, σ pp ( E ) is the total inelastic cross-
ection for interactions between CR protons with kinetic energy E
nd protons in the ISM of SBNi (Kafexhiu et al. 2014 ), and ˜ f e ( E/E π )
s defined as in Kelner et al. ( 2006 ) (see also Appendix B of Peretti
t al. 2019 ). Concerning tertiary electrons, the injection spectrum is
Aharonian, Bergstr ̈om & Dermer 2013 ; Peretti et al. 2019 ) 

 ter ( E) = 

c 

R 

f nth ( E γ = E)[1 − exp ( −τγ γ ( E γ = E))] , (7) 

here f nth ( E γ ) is the differential number density of non-thermal
hotons induced by CRs and τ γ γ ( E γ ) is the opacity of gamma-rays
ue to interactions with low-energy photons in the ISM of SBNi,
hich could be estimated as follows 

 nth ( E γ ) � 

R 

c 

{∫ ∞ 

0 
d Ef p ( E ) εPPI ( E , E γ ) 

+ 

∫ ∞ 

0 
d Ef e ( E ) 

[
εBRE ( E , E γ ) + εICS ( E, E γ ) 

+ εSYN ( E, E γ ) 
]}

(8) 

γ γ ( E γ ) = 

∫ 

d E ph f ISRF ( E ph ) σγγ ( E γ , E ph ) R. (9) 

ere, we have introduced the volume emissivities for four main
rocesses for non-thermal emissions induced by CRs εPPI , εBRE ,
ICS , and εSYN , which are, respectively, proton–proton interactions,
remsstrahlung radiation, inverse Compton scattering, and syn-
hrotron radiation. These processes will be discussed in more detail
n the next section. In principle, the source spectrum of tertiary
lectrons should depend on bremsstrahlung radiation and inverse
ompton scattering induced by CR electrons themselves, which
akes the problem non-linear. We shall see later that the observed

amma-ray spectrum of SBNi might be dominated by the hadronic
amma-ray component and, thus, one can neglect the non-linearity
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n the CR transport equation for electrons by considering tertiary 
lectrons coming from hadronic gamma-rays only. As for the opacity 
f gamma-rays in SBNi, we have also introduced the gamma–gamma 
nteraction cross-section σγγ ( E γ , E ph ) (Aharonian et al. 2013 ) and the
ifferential number density of interstellar photons f ISRF ( E ph ), which 
hall be introduced in more details in the next section (see equation
 14 )). 

Having discussed all the rele v ant ingredients, we could essentially 
roceed to the solution of the transport equation applicable for both 
R protons and electrons 

 i ( E) = 

1 

b i ( E) 

∫ E max 

E 

d E 

′ Q i ( E 

′ ) 

× exp 

[ 

−
∫ E ′ 

E 

d E 

′′ 

b i ( E 

′′ ) 

(
1 

τadv 
+ 

1 

τdiff, i ( E 

′′ ) 

)] 

. (10) 

ote that the CR differential number density could be related to the
R spectra or CR flux as follows j i ( E ) = f i ( E ) v i /(4 π ). 

 N O N - T H E R M A L  EMISSIONS  A N D  

ONIZA  T I O N  R A  TES  IN  STARBURST  N U C L E I  

.1 Cosmic-ray induced gamma-rays and X-rays 

s mentioned in the previous section, we will focus mostly on CR
nduced gamma-rays from the decay of π0 in proton–proton inter- 
ctions, bremsstrahlung radiation, and inverse Compton scattering. 
n the following, we shall briefly discuss the volume emissivities for
hese processes (interested readers could find some more details in 
eretti et al. 2019 ). 
Concerning π0 decay, we shall follow the approach as presented 

n Kelner et al. ( 2006 ) but adopt the differential cross-section for
roton–proton interactions d σpp / d E γ and the nuclear enhancement 
actor ε n (to correct for gamma-rays induced by CR nuclei) from
afexhiu et al. ( 2014 ). The volume emissivity could be modelled as

ollows 

PPI ( E, E γ ) = n ISM 

v p ε n ( E) 
d σpp ( E, E γ ) 

d E γ

. (11) 

ote that the differential cross-section will be non-zero only for CR
rotons with kinetic energy satisfying E ≤ E γ + m 

2 
πc 4 / (4 E γ ). 

As for bremsstrahlung radiation, the volume emissivity could be 
stimated following Schlickeiser ( 2002 ) 

BRE ( E, E γ ) = n ISM 

c 
σBRE ( E, E γ ) 

E γ

, (12) 

here the cross-section for bremsstrahlung radiation σ BRE ( E , E γ )
see Chapter 4 of Schlickeiser 2002 or Baring et al. 1999 for more
etails). 
Another important process for gamma-rays induced by CR elec- 

rons is inverse Compton scattering where low-energy photons in the 
SM are scattered by CR electrons and are boosted to higher energy.

odelling this process, thus, requires some knowledge of the low- 
nergy interstellar photons especially in the far infrared to optical 
nergy range. We shall follow Peretti et al. ( 2019 ) and consider the
nterstellar radiation field made up mostly of four components: far- 
nfrared (FIR), mid-infrared (MIR), near-infrared (NIR), and optical 
OPT). The differential number density of each component could be 
odelled as follows 

 rad ( E ph ) = 

U rad ( k B T rad ) −2 

�(4 + σ ) ζ (4 + σ ) 

(
e 

E ph 
k B T rad − 1 

) (
E ph 

k B T rad 

)2 + σ

, (13) 
here rad = FIR, MIR, NIR, or OPT, U rad is the energy density of the
espective component, T rad is the effective photon temperature of the 
espective component, �( x ) and ζ ( x ) are respectively the Gamma and
iemann zeta functions, σ is a spectral index that shall be set to be
= 0 for OPT and σ � 1.3 for the rest. In fact, the differential number

ensity would become that of blackbody radiation for the case where
= 0. Note also that we have used the notation E γ to indicate the

hoton energy for both the thermal and non-thermal photons in all
nergy domains (from radio to gamma-ray). The differential number 
ensity of interstellar photons is then written as follows: 

 ISRF ( E ph ) = 

∑ 

rad 

f rad ( E ph ) , (14) 

here the sum is performed o v er all the components of the interstellar
adiation field as mentioned abo v e. The volume emissivity of inverse
ompton scattering is then (Blumenthal & Gould 1970 ) 

ICS ( E, E γ ) = 

∫ ∞ 

0 
d E ph f ISRF ( E ph ) c 

σICS ( E, E γ ) 

E ph 
, 

� 

∑ 

rad 

U rad 

( k B T rad ) 2 
cσICS ( E, E γ ) . (15) 

here σ ICS ( E , E γ ) is the cross section for the inverse Compton
cattering (see Chapter 4 of Schlickeiser 2002 for more details). 
t is worth mentioning also that this process also has a threshold
nergy meaning that the emissivity is non-zero only for CR electrons

ith kinetic energy E � E γ

[ 
1 + 

√ 

1 + m 

2 
e c 

4 / ( E γ k B T rad ) 
] 
. 

In starburst galaxies, non-thermal radio and X-ray emissions can 
lso come from synchrotron radiation induced by CR electrons. 
he volume emissivity of synchrotron radiation could be written 
s (Zirakashvili & Aharonian 2007 ) 

SYN ( E, E γ ) = 

√ 

3 e 3 (1 + ηB ) B 

2 

m e c 2 hE γ

R 

(
E γ

E γ, c 

)
, (16) 

here B is the field strength of the magnetic field in the starburst
ucleus, h is the Planck constant, R( x) = 1 . 81 e −x / 

√ 

x −2 / 3 + 1 . 33 ,

nd E γ, c � 

3 hE 2 e 
2 m 

2 
e c 

4 v e 

e 
√ 

1 + ηB B 

2 πm e c 
. 

The flux of photons (for both thermal and non-thermal emissions) 
rom these galaxies is then given as 

( E γ ) � 

1 

3 

[
f nth ( E γ ) + f ISRF ( E γ ) 

]
c 

(
R 

d gal 

)2 

× 1 − exp 
[−τff ( E γ ) − τγ γ ( E γ ) 

]
τff ( E γ ) + τγ γ ( E γ ) 

exp 
[−τEBL ( E γ ) 

]
(17) 

here f nth ( E γ ) and f ISRF ( E γ ) are, respectively, defined in equations
 8 ) and ( 14 ), d gal is the distance between the galaxy of interest and the

ilky Way, τ ff ( E γ ) is the opacity due to free–free absorption rele v ant
n the radio domain (see Appendix A ), and τ γ γ ( E γ ) and τEBL ( z SBN ,
 γ ) are the opacities due to interactions of high-energy photons,

espectively, with ISRF of the SBN and with the extragalactic 
ackground light rele v ant in the gamma-ray domain. We have defined 
γ γ ( E γ ) in equation ( 9 ) and adopt the analytic form of τEBL ( E γ ) as
resented in Appendix C of Peretti et al. ( 2019 ). Note that the factor
/3 is due to the ef fecti ve spherical shape assumed for the SBNi. The
hernal and non-thermal flux shall be fitted later with observational 
ata to obtain the source and transport parameters of CRs in SBNi. 

.2 Cosmic-ray induced ionization rates 

nce the parameters determining CR spectra in SBNi have been 
tted using gamma-ray and X-ray data, we could proceed to predict
MNRAS 531, 2930–2941 (2024) 
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he ionization rate in molecular clouds that are embedded within
hese systems. We note, ho we ver, that the CR-induced ionization rate
hould actually vary for clouds with different column densities. Self-
onsistent predictions of this quantity require a model to describe
he transport of CRs into molecular clouds. In fact, CR transport

ight be ballistic (gyrating along magnetic field lines, P ado vani
t al. 2009 ) or diffusive (e x ecuting random walks along magnetic
eld lines, Morlino & Gabici 2015 ; Ivlev et al. 2018 ; Phan et al.
018 ; Owen et al. 2021 ) depending on the geometry of magnetic
elds threading the clouds. In particular, the appropriate model for

he transport of CRs into a cloud can be chosen by comparing the
loud’s size L cl to the magnetic field coherence length in the ISM
 c (see Phan et al. 2023 for more extended discussion on different
odels). The dif fusi ve or ballistic model should be preferred for L cl 

l c or L cl � l c , respectively. 
In SBNi, the value of l c is, in fact, not very well kno wn. Ho we ver, if

e assume that the large-scale magnetic turbulence in these systems
re also generated by supernova explosions similar to that in the
ilky Way (Berezinskii et al. 1990 ; Blasi 2013 ; Evoli et al. 2018 ),

hen the value of l c should be comparable to the typical sizes of SNRs.
e could take as a rough estimate for l c the size of an SNR at the

nd of the Sedov–Taylor phase which, for a typical density of around
00 cm 

−3 in SBNi, is about 6 pc (assuming a typical ejecta mass of
round 1 M 	). Such a coherence length should be comparable to size
f clouds in the SBNi of interest. It is for this reason that we shall
dopt the ballistic model where the transport of CRs inside clouds
s one-dimensional and the average CR spectra in a cloud of size L cl 

ould be estimated as follows 

 i, cl ( E) = 

∫ L cl 

0 

d x 

2 L cl 

×
[

f i ( E 01 ) b i, cl ( E 01 ) 

b i, cl ( E) 
+ 

f i ( E 02 ) b i, cl ( E 02 ) 

b i, cl ( E) 

]
, (18) 

here f i ( E ) is the differential number density for CRs of species i ( i =
 or e, respectively for protons and electrons) in the ISM of SBNi as
btained from equation ( 1 ), b i , cl ( E ) � n cl b i ( E )/ n ISM 

is the energy loss
ate of CRs inside clouds ( n cl is the gas density inside the cloud),
 01 = E 0 ( x , E ) and E 02 = E 0 ( L cl − x , E ), where the function E 0

depending on the species of CRs considered) is the initial energy of
Rs as they enter the cloud and is obtained by solving the following
quation 

 = 

∫ E 0 

E 

v i d E 

b i ( E) 
. (19) 

n fact, it can be shown that the average differential number density
s defined in equation ( 18 ) depends only on the total column density
f the cloud which, for dense molecular clouds, is n cl L cl � 2 N (H 2 ).
hus, given the CR flux in the ISM of SBNi, we could predict the

onization rate inside clouds as a function of the H 2 column density
 (H 2 ). 
The H 2 ionization rate induced by CR protons and electrons could

e obtained as in P ado vani et al. ( 2009 ) (see also Chabot 2016 ; Phan
t al. 2018 ; Recchia et al. 2019 ): 

i ( H 2 ) = 

∫ ∞ 

I (H 2 ) 
f i, cl ( E) v i [1 + φi ( E )] σ i 

ion ( E ) d E , (20) 

here σ i 
ion is the ionization cross-section of CR species i , φi ( E ) are

he average secondary ionization per primary ionization computed as
n Krause, Morlino & Gabici ( 2015 ) (see also P ado vani et al. 2009 ;
vlev et al. 2021 ), and I (H 2 ) = 15.603 eV is the ionization potential
f H 2 . It should be noticed that, following Krause et al. ( 2015 ), the
wo ionization cross-sections are considered in the computation with
NRAS 531, 2930–2941 (2024) 
ully relativistic corrections. The total CR-induced ionization rate is
hen 

(H 2 ) � 1 . 5 ζp (H 2 ) + ζe (H 2 ) . (21) 

It is worth mentioning also that we will ignore the ionization rate
nduced by X-rays. In fact, X-rays with energy from ∼1 to 10 keV
rom synchrotron radiation and inverse Compton scattering of CR
lectrons in nuclei of starburst galaxies could also contribute to the
onization rate but we have checked that ζ X-ray (H 2 ) � 10 −17 s −1 for
louds with N (H 2 ) � 10 23 cm 

−2 . 
Having discussed all the rele v ant radiati ve processes in the

revious subsection, we could now apply them to derive the CR
pectra in several prototypical nearby SBNi, namely NGC 253, M82,
nd Arp 220 by fitting non-thermal emission data from these objects.
his should then allow us to predict ionization rates within these
BNi using the ballistic model. 

 I MPLI CATI ONS  F O R  K N OW N  STARBURST  

UCLEI  

.1 Starburst nucleus of NGC 253 

GC 253 is a spiral galaxy located at a distance of d gal � 3.8 Mpc
Rekola et al. 2005 ; Dalcanton et al. 2009 ) making it one of the closest
bjects to be classified as a starburst galaxy in the southern sky. This
tarburst galaxy is believed to have a star formation rate (SFR) of
bout 5 M 	 yr −1 , which is a few times higher than that of the Milky
ay. About 70 per cent of the star-forming acti vity occurs, ho we ver,

n the starburst nucleus region (Melo et al. 2002 ). As a consequence,
he SBN of NGC 253, which is of size R � 100 pc , has a relatively
igh supernova rate with R SNR � 0 . 03 yr −1 comparable to that of
he entire Milky Way (Engelbracht et al. 1998 ). 

Interestingly, the nucleus of NGC 253 has been observed in
amma-rays both in the GeV and TeV energy ranges with Fermi-LAT
nd H.E.S.S. telescopes (Abdo et al. 2010 ; H. E. S. S. Collaboration
t al. 2018 , see also Abramowski et al. 2012 ). There exist also upper
imits in the energy range around 10 keV by the X-ray telescope
uSTAR (Wik et al. 2014 ). Recently, several molecular clouds in

he central region of this SBN have also been targeted to study
onization rates by the ALCHEMI Collaboration using chemical
urv e ys performed with ALMA data ( B22 , H22 ). We shall now
stimate the ionization rates in the SBN of NGC 253 using non-
hermal emissions and compare them to the ones derived from
olecular line observations. 
All the parameters rele v ant for modelling both thermal and non-

hermal emissions from the SBN are presented in T able 1 . W e
av e fix ed the distance, the SBN size, and the galactic wind speed
s in Peretti et al. ( 2019 ), which are also moti v ated from several
ndependent observations. The remaining parameters are fitted to
ata and upper limits from radio to gamma-ray and the results are
hown in Fig. 1 . The parameter choice leads to the expected flux being
ominated by gamma-rays from π0 decay abo v e about 100 MeV.
amma-rays and X-rays from bremsstrahlung, inverse Compton

cattering, and synchrotron radiation induced by CR electrons, on
he other hand, contribute significantly to the flux below about
00 MeV with the expected flux consistent with the upper limit set
y NuSTAR . Interestingly, the choice of the galactic wind speed and
he dif fusion coef ficient as in equation ( 2 ) mean that the transport of
Rs in this system is likely dominated by energy loss (calorimetric

ystem) given a typical ISM density n ISM 

� 100 cm 

−3 . In this
ase, the solution of the transport equation (see equation ( 10 ))
implifies to j ( E) ∼ Q ( E) E/b( E) ∼ ξCR , p R SNR E 

2 −α/ ( n ISM 

R 

3 ) for
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Table 1. Parameters for both non-thermal and thermal emissions from the SBNi of NGC 253, M82, and Arp 220. We have fixed the distance d gal , the SBN 

size R , and the galactic wind speed u w as in Peretti et al. ( 2019 ) as moti v ated by independent observations. The other parameters are fitted using data from 

radio to gamma-ray observations (see the comments for more details on parameters and their corresponding most constraining data). 

Parameters Description Comments NGC 253 M82 Arp 220 

d gal (Mpc) Distance to the Milky Way Parameters being fixed as moti v ated by independent 
observations or previous works 

3.8 3.9 77.0 

z SBN Redshift of the SBN – 8.8 × 10 −4 9 × 10 −4 1.76 × 10 −2 

R (pc) Radius of the SBN – 150 220 250 
u w (km s −1 ) Speed of galactic wind – 300 600 500 

R SNR (yr −1 ) Supernova rate in the SBN Fitted parameters mostly constrained by gamma-ray 
data 

0.03 0.05 2.25 

α Index of the CR injection spectrum – 4.3 4.25 4.45 
n ISM 

(cm 

−3 ) ISM density in the SBN – 170 155 3290 

B ( μG) Magnetic field strength Fitted parameters mostly constrained by radio data 120 150 500 
n e (cm 

−3 ) Density of thermal electrons in the SBN – 30 22.75 87.5 
T e (K) Temperature of thermal electrons in the SBN – 8000 7000 3000 

U FIR (eV cm 

−3 ) Energy density of FIR photons Fitted parameters constrained by data from far-infrared 
to optical 

979.0 455.0 15660.5 

k B T FIR (meV) Temperature of FIR photons – 3.5 3.0 3.5 
U MIR (eV cm 

−3 ) Energy density of MIR photons – 293.5 318.5 4698.0 
k B T MIR (meV) Temperature of MIR photons – 8.75 7.5 7.0 
U NIR (eV cm 

−3 ) Energy density of NIR photons – 293.5 227.5 62.5 
k B T NIR (meV) Temperature of NIR photons – 29.75 24.0 29.75 
U OPT (eV cm 

−3 ) Energy density of OPT photons – 1468.0 273.0 783.0 
k B T OPT (meV) Temperature of OPT photons – 332.5 330.0 350.0 

Figure 1. Non-thermal emissions from the SBN of NGC 253 from hard 
X-ray to TeV gamma-ray domains from π0 decay (dashed red line), inverse 
Compton scattering (dotted magenta line), bremsstrahlung radiation (dash–
dotted green line), and synchrotron radiation (solid blue line). The flux is fitted 
to gamma-ray data from Fermi-LAT and H.E.S.S. (H. E. S. S. Collaboration 
et al. 2018 ) and upper limits from NuSTAR (Wik et al. 2014 ). 
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 � 300 GeV. If we notice also that the hadronic gamma-ray flux at
nergy E γ is also, roughly speaking proportional to the CR proton 
pectrum at E � 10 E γ , the SBN gas mass and the inverse of distance
quared, we can show that ξCR , p R SNR E 

2 −αd −2 
gal ∼ φ( E γ = E/ 10)

see e.g. Abramowski et al. 2012 for similar discussions). Such a 
elation means that, given fixed values of ξCR, p and d , the index
f the CR injection spectrum α and the supernova rate R SNR can be
onstrained, respectively, by the spectral index and the normalization 
f the high-energy gamma-ray spectrum. More importantly, the exact 
hape of the predicted gamma-ray spectrum around GeV energy is 
etermined by the values of the ISM density n ISM 

. For NGC 253, we
ave found that α = 4.3, R SNR = 0 . 03 yr −1 , and n ISM 

= 170 cm 

−3 .
he value of R SNR = 0 . 03 yr −1 is, in fact, consistent with values
erived from Engelbracht et al. ( 1998 ) using spectroscopic data. We
ote, ho we ver, that uncertainties on gamma-ray data mean that this
alue can be uncertain within a factor of two. Also, the gas mass
f the SBN derived from n ISM 

and R is about 7 × 10 7 M 	, which
s within the uncertainty range indicated by other estimates using 
olecular line observations (Bradford et al. 2003 ). 
We present also the fit results in the frequency range from radio to

ptical in Fig. A1 of Appendix A with data from various observations
etrieved from the NASA/IPAC Extragalactic Database . 1 It is clear 
hat synchrotron radiation becomes rele v ant in the frequency range
elo w a fe w tens GHz. Here, the magnetic field has been fitted to
 = 120 μG, which is comparable to the magnetic field obtained
y assuming equipartition of energy density between CRs and 
agnetic field and, thus, quite conserv ati ve as a lower limit for the

alues of B . The fitted magnetic field strength also ensure that the
ynchrotron radiation from secondary CR electrons (fixed by the CR 

rotons and the ISM density) do not surpass upper limits derived by
illiams & Bower ( 2010 ) using data from the Allen Telescope Array

round 1 GHz. In addition, we have chosen the electron acceleration 
fficiency ξCR, e = 0.01 as commonly adopted in studying Galactic 
Rs and this lead to a subdominant contribution of primary CR
lectrons in the radio domain compatible with the available upper 
imits. The tight constraints in the GHz domain, in fact, leave little
oom for increasing the value of ξCR, e much abo v e the Galactic value.

The corresponding CR spectra derived from these fit parameters 
re also shown in Fig. 2 with CR data from the local ISM o v erlaid
or comparison. It is clear that the CR spectra in the SBN of NGC
53 are many orders of magnitude larger than that in the local ISM,
MNRAS 531, 2930–2941 (2024) 
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M

Figure 2. Spectra of CR protons (upper panel) and electrons (lower panel) in 
the SBN of NGC 253 were obtained using the source and transport parameters 
adopted for the fit of non-thermal emissions. Data of CR spectra observed in 
the local ISM is also presented for comparison. For CR electrons, we present 
different components, including primary electrons from SNRs (orange line), 
secondary electrons from decays of π± (green line), and tertiary electrons 
from interactions between CR-induced gamma-rays and interstellar radiation 
(blue line). Local CR data are from (Cummings et al. 2016 ) and Aguilar et al. 
( 2014 , 2015 ). 
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Figure 3. Upper: Cosmic-ray induced ionization rate expected in the SBN 

of NGC 253 (solid red line), M82 (dotted blue line), and Arp220 (dashed 
black line). Inferred values of the ionization rates for a few molecular 
clouds in the central region of NGC 253 from H22 (green squares) and 
B22 (orange squares) are also o v erlaid for comparison. Lower: Cosmic-ray 
induced ionization rate expected for NGC 253 is shown again together with the 
1 σ and 2 σ contours of the ionization rate inferred for a particular molecular 
cloud in the SBN, referred to as GMC 6 in the analyses of both H22 and B22 . 
Seperate contributions of CR protons (dotted red line) and electrons (dashed 
red line) to the total ionization rate in the SBN of NGC 253 are also presented. 
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specially in the MeV to GeV energy range. Thus, we expect the CR-
nduced ionization rate to be also much larger than typical Galactic
alues. 

Using parameters obtained in the fit of non-thermal emissions,
e could now predict the CR-induced ionization rate in the SBN of
GC 253. In this case, the ionization rate could reach about ζ (H 2 ) �
 . 5 × 10 −14 s −1 for clouds with column density N (H 2 ) = 10 23 cm 

−3 .
he ionization rate for clouds of different column densities is shown

n Fig. 3 together with the inferred values of ionization rates in several
iant molecular clouds from H22 and B22 . Separate contributions of
R protons and electrons to the total ionization rate in the SBN of
GC 253 are also shown in the lower panel of Fig. 3 . Interestingly,

he contributions from CR protons are al w ays dominant o v er that
f electrons. This result seems rather conserv ati ve gi ven the tight
onstraints of CR electrons in the radio domain. It is clear that
he predicted ionization rate is lower than the values inferred from
bservations of molecular lines. The differences in most cases are,
NRAS 531, 2930–2941 (2024) 
o we ver, only a factor of a few to roughly one order of magnitude
elow the data points, except for two extreme cases from B22 , where
he ionization rates reach a value of a few 10 −12 s −1 . There might
e many potential explanations for such a discrepancy, which will
e elaborated in Section 5 . At this point, we would like, ho we ver,
o provide a short discussion on ionization rate data derived using
hemical modelling for molecular line observations in comparison
o our predicted ionization rate. 

Indeed, the cosmic ray ionization rates obtained by these studies
re actually derived by fitting, or more precisely performing Bayesian
nference for, a chemical model with a small number of parameters,
ncluding also ζ (H 2 ) and N (H 2 ), to molecular line observations. This
ives, in the end, a posterior distribution of all the parameters which,
ltimately, allows us to quantify the values of ζ (H 2 ) and N (H 2 )
ogether with their uncertainties. This procedure is adopted for both
22 and B22 and, in f act, the tw o analyses are performed for the
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ame set of molecular clouds but study emissions from different 
olecules: H22 focuses on H 3 O 

+ and SO and B22 examines HCN
nd HNC. In other words, each green data point in the upper panel
f Fig. 3 has a corresponding yellow data point, and yet their values
re different by a factor of a few to roughly one order of magnitude
n most cases. This could mean that the quoted error bars from
hese data points might not fully reflect the uncertainties in chemical 
odelling adopted to derive the ionization rates. This is likely due 

o uncertainties intrinsic to: the observations (performed o v er clouds 
f almost 30 pc typical size, and sometimes possibly biased towards 
arm regions which is the case for H 3 O 

+ , for which the lower-
ying transitions are basically excluded from the analysis because 
atisfying fits cannnot be found), the radiative transfer of the species 
with partial collisional processes implemented, neglecting collisions 
ith electrons for instance), and decisions on chemical modelling 

using a single point model for each cloud, excluding some reactions 
ith unknown rates, approximating the sulfur depletion, and using 

quilibrium values) as well as on physical modelling (excluding the 
reatment of shocks or UV photons). In order to better illustrate these
ncertainties, we provide in the lower panel of Fig. 3 an example
here our predictions of the ionization rates are o v erlaid with the 1 σ

nd 2 σ contours for a particular molecular cloud, referred to as GMC
 by both H22 and B22 (see table A1 of B22 for the sky coordinate
f this cloud). For the case of H22 , our predicted ionization rates are
ctually within the 2 σ contour for this clouds if N (H 2 ) ∼×10 23 cm 

−2 .
e have also checked that, roughly speaking, this is also true for all

he data points from H22 . Regarding the case of B22 , the comparison
s more complicated as there are, in fact, multiple regions of the plane
(H 2 )–N (H 2 ), where the chemical model gives good fit to molecular

ine data. 2 There are also regions of the posterior gi ving lo wer v alues
or ζ (H 2 ) and N (H 2 ), which are less likely but compatible with our
redictions for clouds with low-column densities. 
Nev ertheless, we hav e illustrated that the ionization rate estimated 

rom non-thermal emissions can be in most cases within a factor of a
e w dif ferent than that deri ved by molecular line observ ations. Thus,
t can be used in complementarity to molecular line observations 
o provide more precise values for ionization rates, which might be 
seful for chemical modelling of complex star-forming regions. 

.2 Starburst nuclei of M82 and Arp 220 

e can also apply the framework presented abo v e to study the ioniza-
ion rate in SBNi of M82 and Arp 220. These two starburst galaxies
re also relatively nearby with high SFRs (and correspondingly 
igh supernova rates) such that they are also visible by gamma- 
ay telescopes in the GeV and TeV energy ranges and by the X-ray
elescope Chandra in the keV energy range. We will again model 
he underlying CR spectra, which could account for the non-thermal 
missions, and employ these spectra to predict ionization rates in the 
BNi. 
Concerning M82, this is a nearby starburst galaxy (about 3.9 Mpc 

rom the Milky Way, Sakai & Madore 1999 ), and it is very well known
or hosting a galactic superwind with a wind speed reaching several 
undred kilometers per second (Strickland & Heckman 2009 ). This 
alaxy also has an active compact starburst nucleus (of size R �
50 pc, V ̈olk, Aharonian & Breitschwerdt 1996 ), which is believed
o form due to its interactions with the nearby spiral galaxy M81
Yun, Ho & Lo 1994 ). The SBN has been inferred to have an SFR,
 The multimodal behaviour of the posterior distribution exists for several 
louds studied by B22 but not all of them. 

f  

f  

n  

t

hich is about 10 times higher than that of the Milky Way, and
he corresponding supernova rate in this compact starburst region is 
 SNR � 0 . 1–0.3 yr −1 (Kronberg, Biermann & Schwab 1985 ; Fenech

t al. 2008 ). 
Since the distance, size, and supernova rate of this SBN are very

imilar to that of NGC 253, the nucleus of M82 is also expected to be a
right gamma-ray and X-ray source. In fact, it has also been observed
n the GeV energy range by Fermi-LAT (Acero et al. 2015 ) and in
he TeV energy range by VERIT AS (VERIT AS Collaboration et al.
009 ). Observations with several telescopes, including Chandra , 
MM–Newton , and NuSTAR also reveal a very high flux of hard
-ray around 10 keV from the M82 SBN (Strickland & Heckman
007 ; Ranalli et al. 2008 ; Bachetti et al. 2014 ). Ho we ver, it has been
rgued by Peretti et al. ( 2019 ) that there might e xist unresolv ed X-
ay sources in the SBN and, thus, the observed X-ray flux should
e treated as an upper limit for the expected flux of non-thermal
missions induced by CRs. 

The resulting fit of the non-thermal emissions is presented in 
ig. 4 , with the fit parameters as reported in T able 1 . W e could
lso see that gamma-rays of energy abo v e about 100 MeV are mostly
nduced by CR protons. Below about 100 MeV, leptonic processes, 
amely bremsstrahlung radiation, inverse Compton scattering, and 
ynchrotron radiation, start to dominate the non-thermal emissions. 
s before, we adopt these fit parameters to predict the ionization

ate for the SBN of M82 (see Fig. 3 ) which could reach ζ (H 2 ) �
.9 × 10 −15 s −1 for clouds with N (H 2 ) = 10 23 cm 

−2 . The ionization
ate in this case is about 2 times lower than that of NGC 253 even
hough the nucleus of M82 has a higher supernova rate. This is
ecause the radius of the SBN of M82 is slightly larger, and it
lso has a larger wind speed, which results in particles escaping the
ucleus more quickly via advection. 
Another interesting system to be considered is the galaxy Arp 220,

hich is located at a distance of d gal � 77 Mpc (Scoville et al. 1998 ).
n fact, this galaxy is a merger of two galaxies and, thus, it has two
ense nuclei which are about a few hundred parsecs apart from each
ther. We shall follow Peretti et al. ( 2019 ) and treat the Arp 220 SBN
pproximately as one nucleus with an ef fecti ve size R � 165 pc.
nterestingly, the nucleus of this galaxy has been observed at a few
ifferent wavelengths in the radio domain and the spectral analysis 
f several detected sources allow us to infer the supernova rate of
 SNR � 2–6 yr −1 . We fit the non-thermal spectrum of the Arp 220

ucleus to X-ray data from Chandr a (P aggi et al. 2017 ) and gamma-
ay data from Fermi-LAT and VERITAS (Fleischhack & VERITAS 

ollaboration 2015 ; Peng et al. 2016 ). The results are shown in Fig. 4 .
he underlying CR spectra leads to the CR-induced ionization rate of
bout ζ (H 2 ) � 2.5 × 10 −14 s −1 for clouds with N (H 2 ) = 10 23 cm 

−2 .
he ionization rate versus column density is shown in Fig. 3 . 
We summarize the ionization rate for clouds of column density 
 (H 2 ) = 10 23 cm 

−2 for all these prototypical SBNi in Table 2 .
he ionization rates from CR protons and electrons are also shown
eparately. It is interesting to note also that the contribution from
R protons is al w ays slightly more dominant than that of electrons,
specially at large column densities (see also the lower panel of Fig. 3
or the case of NGC 253). Another point worth mentioning is that our
redicted ionization rates for the three SBNi considered only differ 
lightly. These similarities, in fact, come from similarities in the 
tted CR proton spectra. For the discussion of these similarities, 

et’s parametrize for this discussion the CR proton spectrum as 
ollows: j p ( E) = j p , 300 GeV g ( E) /g ( E = 300 GeV ), where g ( E ) is a
unction describing the shape of the spectrum and j p , 300 GeV is the
ormalization fixed at E = 300 GeV. We should first notice that
he CR transport is mostly dominated by energy loss (calorimetric 
MNRAS 531, 2930–2941 (2024) 
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M

Figure 4. Upper panel: Non-thermal emissions from the SBN of M82 from 

hard X-ray to TeV gamma-ray domains from π0 decay (dashed red line), 
inverse Compton scattering (dotted magenta line), bremsstrahlung radiation 
(dash–dotted green line), and synchrotron radiation (solid blue line). The 
flux is fitted to gamma-ray data from Fermi-LAT and VERIT AS (VERIT AS 
Collaboration et al. 2009 ; Acero et al. 2015 ) and upper limits from Chandra 
(Strickland & Heckman 2007 ). Lower panel: Same as the upper panel, but for 
Arp 220. Gamma-ray data from Fermi-LAT and VERITAS (Fleischhack & 

VERITAS Collaboration 2015 ; Peng et al. 2016 ) and upper limits from 

Chandr a (P aggi et al. 2017 ) are also o v erlaid. 
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ystems) and, thus, the form of g ( E ) is determined mostly by the
njection spectral index of SNRs α (see equation ( 3 )), which has
ather similar values (between 4.2 and 4.4) as constrained by the
amma-ray spectral index. More importantly, since the gamma-
ay fluxes are expected to be dominated by hadronic gamma rays,
he normalization of the CR spectra should be, roughly speaking,
roportional to the gamma-ray flux, distance squared, and the inverse
NRAS 531, 2930–2941 (2024) 

Table 2. Cosmic-ray induced ionization rates in SBN of NGC 253, M82, and A
and total ionization rates are presented. 

Ionization rate for N (H 2 ) = 10 23 cm 

−3 Description 

ζ p (H 2 ) (s −1 ) Ionization rate from protons 
ζ e (H 2 ) (s −1 ) Ionization rate from electrons 
ζ (H 2 ) = 1.5 ζ p (H 2 ) + ζ e (H 2 ) (s −1 ) Total ionization rate 
f the total gas mass of the SBN (as also mentioned in the previous
ubsection). In fact, it can be shown that j p , 300 GeV ∼ φγ ( E γ =
0 GeV ) d 2 gal /M gas ∼ φγ ( E γ = 30 GeV ) d 2 gal / ( n ISM 

R 

3 ). As the values
f φγ ( E γ = 30 GeV ) d 2 gal / ( n ISM 

R 

3 ) are only different by a factor of
 few for the three SBNi, the differences in the ionization rates are
lso expected to be of this order. 

 DI SCUSSI ONS  A N D  C O N C L U S I O N S  

e have performed fits for the non-thermal emissions to derive the
R spectra in the nuclei of some prototypical starburst galaxies,
amely NGC 253, M82, and Arp 220. These spectra are then
mplemented in the ballistic model (see Section 3.2 and also P ado vani
t al. 2009 ) to describe the penetration of CRs into dense molecular
louds, which allows us to predict the ionization rate for clouds
f different column densities. Our predicted ionization rate varies
round 10 −14 s −1 for all the prototypical SBNi considered, and the
alues can decrease slightly with increasing column density. 

In the case of NGC 253, our predicted ionization rate ζ (H 2 ) is
ompared to inferred values from molecular line observations by
22 and B22 . In most cases, the inferred ionization rates are a few

imes to about an order of magnitude higher than our predicted values.
uch a discrepancy can be due to 
(i) Differences in the regions probed by the observations : One

mportant difference between our analysis and the ones from H22 and
22 is the size o v er which the modelling is performed. The inference
f ionization rates by H22 and B22 focused in various molecular
louds of size comparable to the ALMA telescope synthetized beam
f 1 . s 6, which is roughly 30 pc. Our study, on the other hand, is based
n observing constraints coming mostly from gamma-ray telescopes
ith large point-spread functions, typically of a few arcminutes

relati vely lo w spatial resolution compared to radio observations
f molecular line emissions). This requires us to assume a uniform
R density o v er the entire SBN in our modelling, which should
e a good approximation given the high supernova rate within the
ystem. Variations of CR density on small scales, ho we ver, might
xist on scales comparable to remnant size Phan et al. ( 2021 , 2023 ),
hich should lead to corresponding variations on ionization rates.
odelling such variations might require a better description of not

nly CR transport but also of the large-scale ISM within these SBNi
rele v ant for energy loss processes of CRs) and will be examined in
ur future works. 
(ii) Uncertainties in chemical modelling of line observations : The

wo analyses, H22 and B22 , examine the same set of clouds using
ifferent line emissions; H22 studies H 3 O 

+ and SO and B22 focuses
n HCN and HNC. The results, ho we ver, contain v alues of ionization
ates different by up to an order of magnitude, which could mean that
he uncertainties in these inferred values are not fully reflected by
he errors on ionization rates. In this scenario, it would be interesting
o perform a combined analysis taking into account not only line
mission data but also non-thermal emission data. Such an analysis
ight help to reduce the uncertainties on the inferred ionization rates.
rp 220. Contribution to ionization rate from cosmic-ray protons, electrons, 

NGC 253 M82 Arp 220 

8.1 × 10 −15 3.6 × 10 −15 1.4 × 10 −14 

2.8 × 10 −15 1.5 × 10 −15 4.0 × 10 −15 

1.5 × 10 −14 6.9 × 10 −15 2.5 × 10 −14 
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(iii) Uncertainties in gas mass and supernova rate : As mentioned 
n Section 4 , the normalization CR proton spectrum as constrained 
y gamma-ray data should be, roughly speaking, proportional to 
he gamma-ray flux and the inverse of the SBN gas mass, i.e.
 p , 300 GeV ∼ φγ ( E γ = 30 GeV ) /M gas . In this work, the SBN size and
he fitted ISM density correspond to M gas � 7 × 10 7 M 	, which is
ctually within the range of the gas mass estimated independently 
rom molecular line observations (between 2.5 × 10 7 and 4 × 10 8 M 	
s presented, respectively, by Harrison, Henkel & Russell 1999 
nd Houghton et al. 1997 , see also the discussion by Bradford
t al. 2003 ). Ho we ver, the uncertainty on the gas mass estimate
ight also mean that its value is actually a few times smaller

han expected (see, e.g. Mauersberger et al. 1996 ), which should 
ccordingly require a larger density of CR protons in order to fit the
amma-ray data and, as a result, lead to predicted ionization rates
eing higher. This can help to impro v e the agreement between our
redictions and the measurements from H22 and B22 . Similarly, the 
ncertainty on the gamma-ray flux, which can be translated into the 
ncertainty on the fitted value of the supernova rate (see discussions
n Section 4 ), can also be a source of the discrepancy. Indeed, there
s also the possibility that the SBN gas mass is close to the higher
nd of its uncertainty range and the supernova rate is lower than
xpected, which could further increase the difference between our 
redictions and measurements. More precise estimates of these quan- 
ities are, therefore, essential to impro v e our understanding of this
iscrepancy. 
(iv) Local sources of MeV CRs : For the SBNi considered, the non-

hermal emissions in the GeV and TeV energies, where data are most
onstraining, are contributed mostly from the decay of π0 created 
n proton–proton interactions. The production of π0 , ho we ver, has a
hreshold E th � 280 MeV meaning that these gamma-ray data could 
ot probe CR protons with E � E th . In other words, there might exist
 class of sources accelerating mostly CRs in the energy range of
round a few hundred MeVs, e.g. wind termination shocks of stars
Scherer et al. 2008 ), protostellar jets embedded within molecular 
louds (P ado vani et al. 2015 , 2016 ; Gaches & Of fner 2018 ), or e ven
 II regions (Meng et al. 2019 ; P ado vani et al. 2019 ), which contribute

o the ionization rate in these systems but could not be observed with
eV and TeV gamma-ray telescopes. We note also that if these 
eV sources exist in SBNi and they are sufficiently abundant, they 
ight contribute to the gamma-ray emissions in the MeV energy 

ange, particularly rele v ant for future missions like eASTROGRAM 

r AMEGO (de Angelis et al. 2018 ; McEnery et al. 2019 ). 
Further investigations are required to understand the discrepancies 

etween our predicted ionization rates and the values inferred from 

olecular observations. The difference by a factor of a few in most
ases, ho we ver, mean that our predictions for ionization rates in SBNi
an be potentially very useful for future chemical and dynamical 
tudies of these rather complex star-forming regions. 
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PPENDI X  A :  EMISSIONS  IN  T H E  R A D I O ,  
NFRARED  A N D  O P T I C A L  D O M A I N  

e present in this appendix comparisons between the fitted spectra
f thermal and non-thermal emissions and data from various obser-
 ations retrie v ed from the NASA/IPAC Extr agalactic Database in the
omain from radio to optical frequency for the three SBNi of NGC
53, M82, and Arp 220. 
Note that we have taken into account the free–free absorption in

he radio domain. The opacity for this process can be e v aluated as
ollows (see Chapter 5 of Rybicki & Lightman 1986 ): 
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Figure A1. Fitted spectra in the domain from radio to optical frequency 
for the three starburst nuclei of NGC 253, M82, and Arp 220 o v erlaid with 
data from various observations retrieved from the NASA/IPAC Extragalactic 
Database . 
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