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

Other reviews

® Grenier et al. (2015) - The nine lives
of cosmic rays in galaxies

e Gabici (2022) - Low-energy cosmic
rays: regulators of the dense
interstellar medium

e Owen et al. (2023) - Cosmic-ray
processes in galactic ecosystems
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[ ) The interstellar medium is immersed in a bath of cosmic rays: energetic charged particles with a non-
| _—— thermal velocity distribution that exist in rough equipartition with the thermal and magnetic energies.
| Observations have shown that cosmic rays follow power-law distributions in energy from 1 GeV to
M HD 10 EeV with a turnover around 1 GeV. Cosmic rays are thought to have a wide range of effects on the
l interstellar medium and galaxies, such as ionization and heating of gas, pressure which aids in lifting
gas out of galaxies, producing turbulence through instabilities in magneto-hydrodynamic turbulence.
GUU“NG In this chapter, we will focus on the first of these and refer the reader to the many excellent reviews
of the later effects (e.g., Strong et al., 2007; Zweibel, 2013; Grenier et al., 2015; Schlickeiser, 2015).
GHEM |S'[RY We also refer the reader to Schlickeiser (2002) and Longair (2011) for more thorough monographs on
N\ cosmic-ray transport and high-energy phenomenon.
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< > HEA"NG Emission processes diagnostics of cosmic-ray astrochemistry, with key current and proposed/future telescopes
denoted at their respective wavelength regimes.

FIGURE 8.1
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SOME KEY ASPECTS IN GALACTIC STAR FORMATION

mechanisms driving
the cloud collapse

synchrotron emission in molecular clouds
at different scales

energetic phenomenai

formation of starless cores, protostars,
circumstellar discs

formation of planetesimals and planets

link with origin of life

basic process
for grain growth

origin of observed
chemical complexity
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Padovani+ (2022)
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COSMIC-RAY SIGNATURES

how can we reassemble the cosmic-ray spectrum from observationse

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

using different observational fechniques

keV MeV GeV TeV PeV



COSMIC-RAY SIGNATURES

T NN yprecursors

Chandra+

[ Y ~ — K
...bi'@lln 200 MeV — 40 GeV

spallation " fprecursors
secondary-electron ALMA 2 30 MeV .
excitation/dissociation NOEMA+ _ > 280 MeV

~ | — 100 MeV
secondary-electron
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COSMIC RAYS: CHARGED PARTICLES OUT OF THE THERMAL DISTRIBUTION

Maxwell-Boltzmann distribution

c nyx E exp|—E/(kgT)]

protons M 3
electrons \ / 2Wl(ﬂ'kB T)

bare nuclei

particles

il = energy X area X time X solid angle



COSMIC RAYS: CHARGED PARTICLES OUT OF THE THERMAL DISTRIBUTION

M = Maxwell-Boltzmann distribution
\/Zm(yszT)3
— 10
N PROTOSTELLAR JET
n(Hz2) = 500 cm-3 Tm 5
COPH 2 — 10+ - S OPH
T =50 K =
s 0 TMC-1
n(Hz) = 104 cm3 =
IMC-1T =z = 107 % —D
T — 10 K Z
= —10
n(Hz) = 104 cm-3 2
JEI r — 0.5
T — 104 K -8 -6 -4 -2 0 D 4



COSMIC RAY: CHARGED PARTICLE OUT OF THE THERMAL DISTRIBUTION
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August, 25th 2012

Voyager 1 crossed the heliopause
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August, 25th 2012

Voyager 1 crossed the heliopause
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AUGUST, 25TH 2012: VOYAGER 1 CROSSED THE HELIOPAUSE

Voyager 1 Charged Particles
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November, 5th 2018

Voyager 2 crossed the heliopause

p 3

168 6 AU*

/ The bo N oﬁ“‘?ﬁ“l*@ts the Solar
‘Launched 5 September 1977. ' " i

- . Current distance from Sun:
~ 18.2 billion kilometres.

BOW SHOCK? —
A shock wave of ionized gas.
Latest observations suggest the
Solar System is not movirig. -
through the interstellar medium * -
fast enough to create one. -

TERMINATION SHOCK

VOYAGER 2
Launched 20 August 1977.
Current distance from Sun:
149 billion kilometres.

INTERSTELLAR
SPACE *OCT, 16™H 2025




WHAT VOYAGER SPACECRAFTS
ARE TELLING US

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

number of Hyionisation per unit time

key-brick parameter

wm-® astrochemical models
= ¥ (interpretation of the observed abundances);

py \ -~
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(study of the collapse of a molecular cloud,

é’ = 4r j(E)Gion(E) dE protostar and circumstellar disc formation...);



COSMIC RAYS THE DAWN OF CHEMISTRY

+ C.N.C <@ polyatomlc lons

electromc
recombination

g neutral-neutral

. reactions CH. NH. OH
NO.CN. ( H20, NH3, H,CO
" amino acids \4/__’_\/

@N A nucleotideg hydrolysis of HCN oligomers




COSMIC-RAY IUNISATION TRACERS

,, dense clouds

. HCO* DCO* | circumstellar discs
| - | |
" diffuse clouds B ’ | | HCO" ,N,H* |
' , Guélin+ (1977), Caselli+ (1998) |
OH 5 HD 5 NH || Maret & Bergin (2007), Cabedo+ (2023) | OH2D+
Black & Dalgarno (1977) | Pineda+ (2024) ~ Ceccarelli+(2004)
Hartquist+ (1978 n n n 4 | | Cleeves+(2014) |
anpshoecks8lack19%6) | | N H*, HCO*, N,D¥, DCO
| |
+ | | Redaelli+(2021) ,
Hf,OH*,H,0* || = . |
 Geballe+ (1999), | | sulfur chemistry ~ protostellar jets (ShOCkS)
' McCall+ (2003), - Fuente+ (2016) 1 HCO™T N H+ |
. [ | |
'~ Indriolo+ (2009,2012,2015), || POt OH2D+ S (2014) 2

- Neufeld+ (2010), Gerin+ (2010)

| | Rivilla+ (2022b) Bovino+ (2020) { Ceccarelli+ (2014)
'{ AI‘H+ | Sabatini+ (2023) || Rab+(2017)
Neufeld & Wolfire (2017) | Redaelli+ (2024) |
h | 22 | HC;N,HC;sN
| CO, OH, CH, HCO™ | | sialy(2020) i Fontani+ (2017)
| | | Padovani+ (2022) | |
| UZ3b R | | Bialy, Belli, Padovani (2022) } \ C— C3H2

B|a|y+ (2025) | Favre+ (201 8)




ESTIMATES OF £ FROM OBSERVATIONS

10—14

Sabatini+ 2023

HM SFRs

oH,D™
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KERNEL DENSITY ESTIMATE OF THE AVAILABLE C VALUES

Sabatini et al. (2023) 100%

1020 1021 1022 1023 1024 1025



COSMIC-RAY PROPAGATION INSIDE A MOLECULAR CLOUD

J(Ey, N = 0) = j(Ey) — J(E,N)

Continuous Slowing-Down Approximation

1. straight-line propagation;

AN =4 =5
1 dE dE
L(E) = =
n dx dN
N = JE dE dE _ dEy B N)dE = jS(Ey) dE,
r L(E) L(E) L(Ep)

dE I(E
](E, N) =jIS(EO)_ =jIS(EO) ( ())

dE, L(E) — (V) [](E, N)o(E) dE



ENERGY LOSS FUNCTION PROTON + h2

10— 14L

10—17

Padovani+ (2024)




ENERGY LOSS FUNCTION ELECTRON + H;
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ESTIMATES OF C COMPARING MODELS AND OBSERVATIONS

low-mass dense cores  high-mass SF regions,

circumstellar discs, and

| massive hot cores |
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COSMIC-RAY FLUX BASED ON VOYAGER DAIA

Voyager 1 ' ' ' Voyager 1

protons | electrons
>4 6 8 1 74 6 8
log1g [E/eV] logig [E/eV]




ESTIMATES OF C COMPARING MODELS AND OBSERVATIONS

IOE-maSS d se cores — high-mass SF regions,

circumstellar discs, and

| massive hot cores |

diffuse regions

Pt




PARAMETERISATION OF THE COSMIC-RAY SPECTRUM

‘Lo O Voyager 1 :'_
. WD Voyager 2 1}

AMS-02

\ O Voyager 1
‘\ Voyager 2
“‘ A Fermi-LAT -
Ry Pamela
R AMS-02

—11
1-12

]-13

04

S(E)=C——— ¢
Jk( ) (E+EO)IB

Species k C Ey [MeV] a —
e 2.1x10'8 710 —1.3 3.2
p (model .¥) 2.4x10" 650 0.1 2.7
p (model 7#) 2.4x10" 650 —0.8 2.7

Most of the parameter space is dominated by
the ionisation of CR protons and by the
excitation of secondary electrons. For this
reason we consider a single parameterisation
for primary CR electrons.



ESTIMATES OF C COMPARING MODELS AND OBSERVATIONS
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ESTIMATES OF C COMPARING MODELS AND OBSERVATIONS

10_18 10120 : 1(1)21 - 10122 - 1624 .

PM+ (2023)

10—18

PM+ (2022)




LIMITATIONS OF CURRENT METHODS T0 ESTIMATE

diffuse clouds
absorption line studies of HY, OH*, H,O" and ArH™

dense clouds

HCO™*, DCO™, CO, oH,D* and more and more complex
species

downsides

need to have an early-type star in the
background;

{ obtained from this method is proportional
to n(H,);
uncertainties in the local x, that in turn

depends on details of the IS UV attenuation
in the cloud;

downsides

require comprehensive and updated
reaction networks;

main source of uncertainty comes from the
formation and destruction rates of some
species;

poorly constrained amount of carbon and
oxygen depletion on dust grains;



A NEW METHOD TO ESTIMATE  IN MOLECULAR DENSE CLOUDS

First introduced by Bialy (2020), refined in PM+ (2022), and applied in Bialy+ (2022)

electronic PM+ (2022)
excited

K
states e+H,—>H, +¢

lower degree of
H, formation @——————— unce rtainty

W: neither chemical networks

nor abundances of other

secondary species are involved

'\/\/\)

most efficient

~~ ~~
- T
N =
2l
=) Bl
| |
= -
e’ N’

mechanism

(1 —0)0(2)
(1 -0)Q(2)

v=0, J=0
CR pumping UV + CR pumping



electronic

excited
states

H, formation

pumping

Transition

(1-0)O(2)

(I-0)Q(2)
(1-0)S(0)
(1-0)0(4)

i
. (1 — 0)S(0) .

I (1-0)0(2)
- (1 -0)Q(2)

UV + CR pumping

Upper level (v, J)

(1,0)
(1,2)
(1,2)
(1,2)

Lower level (v', J")

(0,2)
(0,2)
(0,0)
(0,4)

(1-0)04) .

PM+ (2022)

2

A [pm]

2.63
2.41
2.22
3.00

A NEW METHOD TO ESTIMATE  IN MOLECULAR DENSE CLOUDS

N
dir _ El/il
Iul WO

A 0

a, =A,/2,A, : probability to decay to state / given state u is excited

(N)e %N /)xHZ(N ) AN’

Z:fzxc,z/t

E ; : transition energy
7, = o,N : optical depth for dust extinction
0, ~ 4.5 x 107% cm? per H nucleus (averaged over 2-3 uym)

Xy, = ny,/(ny + 2nyy ) : molecular hydrogen fraction
CeXC,M(NHz) = 2nt jk(E’ NHz)GeXC,u(E) dE

¢ = 1 for primary CRs and £ = 2 for secondary electrons



A NEW METHOD TO ESTIMATE  IN MOLECULAR DENSE CLOUDS

~ Optical Ak dust extinction

(1-0)S(0) line at 2.22 pm
Magellan Infrared Spectrograph (MMIRS), mounted on the Multiple Mirror Telescope (MMT)

Each field of view is 40' x 40' — the 7' slitis shown in red

WY
<
~J

.
:,:u
n
’ffl
=
3
£ 10°
~

104° 104° 10
Padovani+(2022) ) Belli & PM (2022) Ny, [em™*

e LC
AP

Bialy, Belli & PM (2022)

Baines et al. (2017); Skrutskie et al. (2006)




THE JWST REVOLUTION

X-shooter NIRSpec
@VLT @JWST
transitions (1-0)5(0) (1-0)5(0) - (1-0)Q(2) ((11 (())))c;((g))_- ((11 -c())))cc)l((j))
slit size /' 11"x0.4"  3.4'x0.27"
obs. time (3o) 3 h (upper limits) 8 h 1.25 h

adding up the signal of e.g. 50 shutters (each shutter has a size of ~ 0.53"x0.27")

it is possible to obtain a few independent estimates of I, and then of .

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




THE JWST REVOLUTION

CR-excited
pattern

2.22 2.407 2.413 242 263 2.80 3.00
A (um)

UV-excited
pattern

2.12 222 2407 2413 242 263 2.80 3.00
A (um)

C = (1.7:t 0.1) X 10_1G S_] I Observations

xuy = 1.89 £ 0.04 Model:

I UV contribution
I CR contribution

1-0 O(4)
1-0 S(1) 1-0 Q(1)

erg Cim - S

1-0 Q(3)

1
—

-2
2.1 2.2 : 2.4 2.5 2.6 2.7 2.413 2.424 2.627 2.803

Bia|y+ (2025), subm. Wavelength (:U'In) Wavelength (pm)



UV H LUMINESCENCE
IN MOLECULAR CLOUDS
INDUCED BY COSMIC RAYS

electronic

excited
states

continuum

ANND

ground

state UV + CR pumping

Probability

[

750
Gredel+1987

1250

Wavelength A (A)
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UV Hy LUMINESCENCE IN MOLECULAR CLOUDS INDUCED BY COSMIC RAYS

400 450 500 550 600 650 700

1019
10—20

g

-
1 HH \\H\\ H\H\MNHMWHhY‘

100

Padovani+ (2024)

Photorates (dissociation and ionisation) kph(N) — kphZ:Hz(N)
J (N)Gph(y) arameterisation as a function o
kfh(N):4nJ S Cdu prrameterisation ss a finclion oF
hI/ interstellar CR spectrum;

H, ortho-to-para ratio;

Gsph from the Leiden Obgervatory Database dust composition (Ry: slope of extinction at visible wavelenths);
ISRF



UV Hy LUMINESCENCE IN MOLECULAR CLOUDS INDUCED BY COSMIC RAYS

Ry =3.1
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https://github.com/marcopadovani/UVfluorescence




ESTIMATES OF C COMPARING MODELS AND OBSERVATIONS

this 1s not
the end of the tale...

1020 10T 1022 102 10%
.ZVH2 [Cm_z]




ESTIMATES OF C COMPARING MODELS AND OBSERVATIONS

Values of ¢ above the
a=—12 model cannot be
explained by GCRs

an additional local
CR source 1s needed

10271022 1058 10%
.ZVH2 [Cm_z]




COSMIC-RAY IONISATION RATE INSIDE A MOLECULAR CLOUD

Padovani+(2017)

(—1016-1015 g1

other sources of
cosmic rays needed

SLR/LLR decay l

diffuse clouds starless protostars protostars
dense cores (quiescent phase) (active phase)




COSMIC-RAY ACCELERATION SITES

Looking for shocks infon: > accretion flows:

> protostellar surface;

" jet.

First-order Fermi acceleration
(or Diffusive Shock Acceleration)

propagation region E

(diffusion/loss processes) '

upstream downstream

\
Melrose (2009)




COSMIC-RAY ACCELERATION SITES
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PROTOSTELLAR JETS AS PARTICLE ACCELERATORS

DG Tau Ainsworth+ (2014)

Uy, =200 km s

a4

observations
o=—0.89+0.07

Bow shock
Padovani+ (2016)



PROTOSTELLAR JETS AS PARTICLE ACCELERATORS

Other examples of synchrotron emission in protostellar jets = acceleration of local cosmic-ray electrons

o

re-acceleration of

interstellar CR electrons

Uy, =200 km s

observations
o=—0.89+0.07

10°
Padovani+ (2016)




PROTOSTELLAR JETS AS PARTICLE ACCELERATORS

HH 80-81 HH 80-81

Seicleidell liarecr
s 9 S0 10 O € 7 64
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Rodriguez-Kamenetzky+ (2016)

For a recent review, see Anglada+ (2018)



PROTOSTELLAR JETS AS PARTICLE ACCELERATORS

- 3] N [

am)
N
(3]
I
1
|

o b

o
(3]
i
7

o Thermal

Non-thermal

v

e
[$)]
. . BN
f I\
\

F
\
\

\

|
(-
N

Spectral Index Intensity (mJy/be

lﬂ_ - :
T
ir:& =

Xapu| |pJyoadsg

—
.
R = "

—1 0

3¢ 0.5

™

ge

=

© 0.0

-

(&)

@

Q

c’)-0.5

-1.0
-5 0 5 10 15

Rodriguez-Kamenetzky+ (2017) Distance to Central Source (arcsec)

Carrasco-Gonzalez+ (201 3)
Rodriguez-Kamenetzky+ (2017)

For a recent review, see Anglada+ (2018)



LOCALLY ACCELERATED
COSMIC RAYS
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LOCALLY ACCELERATED -
COSMIC RAYS Che T

. - i | | o O
5{5 . .‘ | Sgr B2 (DS)
fit to observations
Meng+ (2019) 9
model N
Padovani+ (201 9) E<—[ VLA 6 GHz Meng+ (2019)

Xmod — — 0.76 Xmod — — 0.58 Omod — — 1.01 Xmod — — 0.50 Xmod — — 0.57
Qohs = — 0.76 =0.12 Qobs = — 0.61 =0.09 Qops = — 1.24 023 Oohs = — 0.38=0.13 Qops = — 0.08 £0.21

§) 8 10 12 8 1012 4 §) 8 1012 4 §) 3 1012 4 §) 8 10 12
v [GHz] Padovani+ (2019)




COSMIC-RAY ACCELERATION SITES
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COSMIC-RAY ACCELERATION IN HIl REGIONS

Chandra observations of the HIl complex G5.89-0.39 and
TeV y-ray source HESS J1800-2408B

v

VLA 90 cm - background red map

v

Mopra NH3(1,1) - yellow contours
HESS >0.4 TeV - white contours
Chandra FOV - green boxes

v

v

10 out of 75 X-ray sources observed by Chandra could provide sufficient
energy to account for a part of the GeV to TeV y-ray emission in the source
HESS J1800-240B. However, future arc-minute angular resolution y-ray

imaging will be needed to disentangle the potential y-ray components
powered by G5.89-0.39 from those powered by the W28 SNR.

Hampton+ (2016)
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in-situ CR acceleration already proposed
by Gusdorf, Marcowith et al. (2015)



EFFECT OF STELLAR PARTICLES ON CIRCUMSTELLAR DISC CHEMISTRY

origin of the emission of HCO+(6-5) and N,H+(6-5)
ISM CR + X-rays ISM CR + SPs

200

Rab+ (in prep.) r [au] obtained with ProDiMo code



STELLAR PARTICLES : A NEW RESEARCH FIELD

Effect of stellar CRs from TT stars on PPDs

Effect of Stellar CRs from M-dwarfs on Earth-like exoplanetary atmospheres
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»
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Contrast Planet/Star
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10
1071°

10 12 14 rm ~0.07au rout~100au
Tabataba-Vakili+ (2016) wavelength/um
Rodgers-Lee+ (2017)
Stellar CRs propagating in TT winds

E,i, =10 GeV, 6° = 0.1
Z (R.)

Fraschetti+ (2018)
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