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A B S T R A C T 

Low-metallicity environments are subject to inefficient cooling. They also have low dust-to-gas ratios and therefore less efficient 
photoelectric (PE) heating than in solar-neighbourhood conditions, where PE heating is one of the most important heating 

processes in the warm neutral interstellar medium (ISM). We perform magnetohydrodynamic simulations of stratified ISM 

patches with a gas metallicity of 0.02 Z � as part of the SILCC project. The simulations include non-equilibrium chemistry, 
heating, and cooling of the low-temperature ISM as well as anisotropic cosmic-ray (CR) transport, and stellar tracks. We include 
stellar feedback in the form of far -ultra violet and ionizing (FUV and extreme ultraviolet, EUV) radiation, massive star winds, 
supernovae, and CR injection. From the local CR energy density, we compute a CR heating rate that is variable in space and 

time. In this way, we can compare the relative impact of PE and CR heating on the metal-poor ISM and find that CR heating 

can dominate o v er PE heating. Models with a uniform CR ionization rate of ζ = 3 × 10 

−17 s −1 suppress or severely delay star 
formation, since they provide a larger amount of energy to the ISM due to CR heating. Models with a variable CR ionization 

rate form stars predominantly in pristine regions with low PE heating and CR ionization rates where the metal-poor gas is able 
to cool efficiently. Because of the low metallicity, the amount of formed stars in all runs is not enough to trigger outflows of gas 
from the mid-plane. 

Key words: ISM: abundances – cosmic rays – ISM: jets and outflows – ISM: kinematics and dynamics – ISM: structure –
galaxies: ISM. 
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 I N T RO D U C T I O N  

osmic rays (CR) are highly ener getic char ged particles, mainly
rotons and electrons, but also heavier nuclei, that can travel within
he interstellar medium (ISM) and influence both its dynamics and
hemistry. At lower energies, below 200 MeV, electrons dominate
he composition, whereas at higher energies protons dominate (Cum-

ings et al. 2016 ). Early studies (Baade & Zwicky 1934 ; Ginzburg &
yrovatskii 1964 ) suggest that supernova (SN) remnants in the Milky
ay are the main contributors in accelerating GeV–TeV Galactic
Rs via dif fusi ve shock acceleration (Krymskii 1977 ; Axford et al.
978 ; Blandford & Ostriker 1978 ; Bell 1978a , b ). At lower energies
ther acceleration mechanisms are important, in particular, shocks in
he ISM (see e.g. a re vie w from P ado vani et al. 2020 ; Hanasz et al.
021 ; Ruszkowski & Pfrommer 2023 ; Meyer 2024 ). The CR energy
pectrum spans more than ten orders of magnitude, and around 32
rders of magnitude in flux (Swordy 2001 ). The main contribution to
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he energy density of CRs is provided by protons with energies of a
ew GeV, whereas for higher energies the energy spectrum declines
s a broken power law (e.g. Ruszkowski & Pfrommer 2023 ). The
nergy density of CRs measured at Earth was estimated by Webber
 1998 ) to be around 1.8 eV cm 

−3 , which is comparable to the thermal,
inetic, and magnetic energy densities measured in the Milky Way
Boulares & Cox 1990 ; Cox 2005 ). This approximate equipartition
uggests that CRs are important for the dynamics and evolution of
he ISM, and, possibly, also for the regulation of star formation. 

CRs travel through the ISM via advection with the gas, anisotropic
iffusion, and streaming along the magnetic field. Due to their
educed cooling efficienc y, the y are capable of retaining a substantial
nergy density o v er e xtended periods. Ho we ver, due to their rapid
if fusion, local v ariations in CR energy density are rapidly smoothed
ut. The CR pressure gradient is typically much smaller than the
hermal pressure gradient. Consequently, SNe are able to locally
hape the structure of the ISM, whereas the effect of CRs is visible
nly on larger temporal and spatial scales (Girichidis et al. 2018a ;
athjen et al. 2023 ). Ho we ver, the CR pressure gradient is able

o slowly lift the gas from the disc (Girichidis et al. 2016b , 2018a ;
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athjen et al. 2023 ), supporting galactic outflo ws e ven during periods
f low star formation activity (Hanasz et al. 2013 ; Rathjen et al. 2023 ).
Ho we ver, lo w-energy CRs up to 1 GeV play a key role in the

hemistry of the ISM because they are responsible for the ioniza- 
ion and heating of the gas (Field, Goldsmith & Habing 1969 ),
ubstantially impacting its e volution. In particular, lo w-energy CRs 
re able to penetrate deeply into dense clouds, to a depth where
he ultraviolet (UV) radiation emitted by stars is hindered by dust
bsorption. Consequently, they are an important source of heating 
nd ionization for the cold and dense gas (see e.g. Caselli et al. 1998 ;
ergin & Tafalla 2007 ; P ado vani et al. 2020 ). The CR ionization rate
f atomic hydrogen was estimated by Spitzer & Tomasko ( 1968 ) to
e 6.8 ×10 −18 s −1 in the proximity of Earth, where solar modulation
ffects the measurement of the low-energy ( < 1 GeV) CR spectrum.
n fact, the interaction of low-energy CRs with the magnetized solar
ind causes their deflection, preventing them from reaching the 
icinity of Earth. On the other hand, more energetic CRs (few GeV
t least) can reach Earth without being affected. The low-energy 
R energy spectrum has been measured without the effects of solar
odulation by the probes Voyager 1 (Cummings et al. 2016 ) and
oyager 2 (Stone et al. 2019 ) once the y hav e passed the heliopause,
fter which the low-energy CRs are out of range to interact with the
urbulent, magnetized solar wind. In more recent times, values of 
he CR ionization rate in the range 10 −18 –10 −16 s −1 (Sabatini et al.
020 ; Sabatini, Bovino & Redaelli 2023 ; Socci et al. 2024 ) and up to
0 −14 . 5 s −1 (Pineda et al. 2024 ) have been measured for the molecular
ydrogen in star-forming regions, and in the range 10 −16 –10 −14 s −1 

or nearby protostars (Ceccarelli et al. 2014 ; Fontani et al. 2017 ;
avre et al. 2018 ; Cabedoet al. 2023 ). This variation, both in space
nd time is expected to lead to a locally changing CR heating rate. 

The role of CR heating, due to the interaction of low-energy 
Rs with the ISM, is of primary importance in low-metallicity 
nvironments, and will be analysed in detail in this work. At a
emperature belo w fe w 10 6 K, the cooling of the ISM is dominated by

etals. In metal-poor environments, the ISM therefore cools much 
ess efficiently. These environments therefore tend to be warmer 
han environments in solar-metallicity conditions (Brugaletta et al., in 
reparation). It is therefore even more important to carefully consider 
he heating mechanisms that play a role in such environments. 
revious works of the SILCC collaboration (Walch et al. 2015 ; 
irichidis et al. 2016a , 2018b Gatto et al. 2017 ; Peters et al. 2017 ;
athjen et al. 2021 , 2023 ) have analysed the solar-metallicity ISM
mploying a constant value for the interstellar radiation field (ISRF) 
trength, parameterised using G 0 in Habing units (Habing 1968 ). 
nly lately (Rathjen et al. 2024 ), they have adopted an on-the-fly

alculation of the far -ultra violet (FUV) ISRF, which is dependent 
n the present stellar population. Since the PE heating rate scales 
inearly with the dust-to-gas ratio, it becomes comparable to the 
R heating rate in low-metallicity gas (see Section 2.4 ). The latter
epends linearly on the CR ionization rate ζ , which has been assumed 
o be constant in the previous SILCC studies except for a control run
n Girichidis et al. ( 2018a ). In this paper, we introduce a no v el method
hat scales the CR ionization rate from the spatially and temporally 
ariable CR energy density that is already computed within our code. 
o test this implementation, we adopt a metallicity of 0.02 Z �, for
hich we expect to observe a strong impact. Such low metallicities 

re measured in some local dwarf galaxies, for example, the blue 
ompact dwarf galaxy I Zw 18 (Zwicky 1966 ; French 1980 ), but are
lso seen in the early phases of the Universe (Heintz et al. 2023 ;
anzella et al. 2023 ; Curti et al. 2024 ). 
This paper is organized as follows. In Section 2 , the numerical
ethods and the simulation setup are explained, including a descrip- 
ion of the new treatment to compute the CR ionization rate from the
nergy density of CRs that is already computed in our code. In Section
.1, a qualitative description of the behaviour of our simulations is
rovided. Section 3 illustrates the results of our work, followed by a
iscussion (Section 4 ) and our summary and conclusions (Section 5 ).

 N U M E R I C A L  M E T H O D S  A N D  SI MULATIO N  

ETUP  

n our simulations, we employ the same setup as the SILCC
ramework (Walch et al. 2015 ; Girichidis et al. 2016a , b Gatto
t al. 2017 ; Peters et al. 2017 ; Rathjen et al. 2021 , 2023 , 2024 ).
e model the evolution of the gas in as stratified disc by solving

he ideal magnetohydrodynamic (MHD) equations with the three- 
imensional, adaptive mesh refinement code FLASH version 4.6 
Fryx ell et al. 2000 ; Dube y, Reid & Fisher 2008 ; Dube y et al. 2009 ).

Our computational domain is an elongated box of size 500 pc
500 pc ×± 4 kpc. Near the mid-plane, we adopt a resolution

 x∼ 3.9 pc, whereas for | z| > 1 kpc the resolution can reach up
o 7.8 pc. In the beginning of each run, the spatial distribution of
he gas along the z-direction follows a Gaussian centred in the mid-
lane with a scale height of 30 pc, whereas in the x –y plane the gas
istribution is uniform. The gas surface density, � gas , is set to be
0 M � pc −2 for consistency with previous SILCC works. However, 
his value could be an upper limit for low-mass dwarf galaxies
Jaiswal & Omar 2020 ), or too low to describe the central regions
f compact blue dwarf galaxies like I Zw 18 (Lelli et al. 2012 ). We
ave periodic boundary conditions in the x- and y-directions, and 
utflow conditions in the z-direction. This means that the gas is able
o exit the simulation box in the z-direction but it is not able to fall
ack in. To a v oid a sudden gravitational collapse and, consequently,
 starburst in the very beginning of the simulation, we mix the gas
ia turbulence driving. Kinetic energy is injected for the first 20 Myr
t large scales corresponding to the size of the box (500 pc), such that
he mass-weighted root mean square velocity of the gas is initially
qual to 10 km s −1 . 

Using a tree-based method (W ̈unsch et al. 2018 ), we consider
our different contributions to gravity: (i) the gas self-gravity; (ii) 
he gravity due to the presence of sink particles which represent
tar clusters (Dinnbier & Walch 2020 , see below); (iii) an external
ravitational potential to mimic the presence of an old stellar 
opulation; (iv) a constant dark matter potential. A more in-depth 
reatment of gravitational effects can be found in Walch et al. ( 2015 )
nd Gatto et al. ( 2017 ). 

All runs have a magnetic field initially oriented along the x-axis
hich changes in the vertical direction as 

 x ( z) = B x, 0 

√ 

ρ( z) /ρ( z = 0) , (1) 

here B x, 0 = 6 μG and ρ( z) is the density at a height z from the
id-plane. 
To model the star formation due to gravitational collapse happen- 

ng in high-density regions, we include collisionless and accreting 
tar -cluster -sink particles (Bate, Bonnell & Price 1995 ; Federrath
t al. 2010 ; Gatto et al. 2017 ; Dinnbier & Walch 2020 ). A sink particle
s created in a cell when specific criteria are met. These include a
hreshold density ρthr = 2 × 10 −21 g cm 

−3 , and the gas must be
n a converging flow, Jeans-unstable, and in a gravitational potential 
inimum. The sink particles are responsible for the injection of 
omentum and thermal energy in the ISM in the form of radiation,

tellar winds, SN explosions, and the injection of CRs that are
ccelerated in SN shocks. One massive star is formed inside a
luster for every 120 M � of gas accreted on to that cluster. The
MNRAS 537, 482–499 (2025) 
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nitial mass of the ne w massi ve star is sampled from an IMF with
 Salpeter-like slope (Salpeter 1955 ) in the range 9–120 M �. We
ssume that the remaining amount of gas forms lower mass stars
nside the cluster, which are not considered individually. We follow
he time-evolution of massive stars by means of the BOOST models
Brott et al. 2011 ; Sz ́ecsi et al. 2022 ), considering their wind velocity,
olometric luminosity, mass-loss rate and ef fecti ve temperatures. At
he end of their life, all massive stars are assumed to explode as Type
I SNe, injecting thermal energy or momentum depending on whether
he Sedov–Taylor phase is resolved (Gatto et al. 2015 ). In fact, if the
adius at the end of the Sedov–Taylor phase is resolved with at least
hree cells, thermal energy of 10 51 erg is injected at the explosion site.
his region is defined as the volume of the sphere centred on the SN
nd with three-cells radius ( ∼ 11.7 pc in physical space). Ho we ver,
f the ambient density is too high to resolve the radius at the end of
he Sedov–Taylor phase ( n crit = 3.3 cm 

−3 , see Rathjen et al. 2021 ),
he expected momentum that the gas would have if the SN explosion
ere resolved is injected instead (see Walch et al. 2015 ). In both

ases, the mass of the progenitor is added to the mass of the gas that
as present in the injection region before the explosion. 
Feedback from radiation originating in stellar sources plays an

mportant role in our simulations, influencing the chemistry of the
SM and, in the case of ionizing photons, creating H II regions. To
reat the interaction of extreme ultraviolet (EUV) photons with the
SM, we include the radiative transfer module TREERAY (W ̈unsch
t al. 2021 ), which uses the On-The-Spot approximation (Osterbrock
988 ). All photons with an energy higher than 13.6 eV are able to
onize atomic hydrogen and are treated with TREERAY/ONTHESPOT .

e compute the fraction of ionizing photons assuming each star to
e a blackbody whose spectrum can be computed by means of the
tar’s ef fecti ve temperature, taken from the stellar models. At every
ime-step, ionizing photons emitted by all stars in a sink particle are
njected in the cell where the sink is located. The TREERAY module
ses the octal-tree already employed in the gravity solver (W ̈unsch
t al. 2018 ) to propagate the radiation in the computational domain
sing a backwards radiative transfer method. For every cell in the
omputational domain, TREERAY creates a HEALPIX sphere (G ́orski
t al. 2005 ) with (in this case) 48 rays cast from the centre of each
arget cell and oriented normal to the surface of the HEALPIX sphere.
he radiation transport equation is solved along each ray for each cell.
Important in our simulations is the implementation of heating and

ooling processes, computed on-the-fly using a chemical network
Nelson & Langer 1997 , Glo v er & Mac Low 2007a , b ) based on
he calculation of non-equilibrium abundances of seven chemical
pecies, namely H, H 

+ , H 2 , CO, C 

+ , O, and free electrons. We assume
hat all the H 2 is formed on the surface of dust grains, following the
rescription from Hollenbach & McKee ( 1989 ), since this channel
ominates o v er the H 2 formation via the H 

− ion, even at the low
etallicities considered in this study (Glo v er 2003 ). It also dominates
 v er the three-body channel, which becomes important for high gas
ensities ( n> 10 8 cm 

−3 , Palla, Salpeter & Stahler 1983 ) and much
ower metallicities ( Z< 10 −6 Z �, Omukai et al. 2005 ) than those
reated here. H 2 is mainly destroyed because of photodissociation
y the ISRF, ho we ver, also cosmic-ray ionization and collisional
issociation in the hot gas are taken into account. In our treatment,
e compute the photodissociation rate of H 2 following 

 pd = R pd , H 2 , thin f dust, H 2 f shield , H 2 , (2) 

here 

 pd , H 2 , thin = 3 . 3 × 10 −11 
∑ 

i 

( G cluster, i R 

−2 
i ) s −1 , (3) 
NRAS 537, 482–499 (2025) 
s the photodissociation rate of H 2 in the optically thin gas
Draine & Bertoldi 1996 ), and G cluster, i R 

−2 
i is the geometrically

ttenuated ISRF of clusters. The factor f dust, H 2 = exp(–4.18 ×
 V , 3D ), whose exponent is taken from Heays, Bosman & van
ishoeck ( 2017 ), with the local visual extinction A V , 3D determined
y TREERAY/OPTICALDEPTH (W ̈unsch et al. 2018 ), accounts for
he effects of dust extinction encountered by the radiation that
hotodissociates H 2 molecules. The visual extinction is computed
s (Bohlin, Savage & Drake 1978 ) 

 V , 3D = N H , tot / (1 . 87 × 10 21 cm 

−2 ) × Z, (4) 

ith the local 3D-averaged column density N H , tot obtained from
REERAY/OPTICALDEPTH (W ̈unsch et al. 2018 ), and Z the metallic-

ty. The factor f shield , H 2 accounts for the effects of H 2 self-shielding.
egarding heating processes, we include, among others, PE heating
y dust grains and heating due to CRs. We describe them in
ore detail in Section 2.3 . Concerning the cooling of the gas with

emperatures higher than 10 4 K, we assume collisional ionization
quilibrium for helium and metals, and employ the tabulated cooling
ates from Gnat & Ferland ( 2012 ). In this regime, the Lyman- α
ooling is computed using the non-equilibrium abundance of atomic
ydrogen that is already computed in our chemistry network. We do
ot include chemical enrichment due to stellar feedback. 

.1 The ADAPTIVEG0 module 

e utilize an updated and self-consistent approach to modelling the
UV radiation field ( E γ = 6–13.6 eV), as introduced in Rathjen et al.
 2024 ). Departing from a static ISRF solely subject to local dust
ttenuation (using TREERAY/OPTICALDEPTH , see below), we now
ncorporate the intensity of the FUV radiation field from all formed
tar clusters individually. We first compute the FUV luminosity
or each star cluster i, G cluster, i , given its mass and age, using
TARBURST99 single-stellar population synthesis models (Leitherer
t al. 1999 ). Then, we apply a geometrical attenuation and sum o v er
ll clusters to obtain G 0 for each cell: 

 0 = 

∑ 

i 

G cluster, i × R 

−2 
i . (5) 

ere, R i is the distance from the considered cell to the ith cluster.
ext, we apply a minimum floor G bg = 0.0948 to the calculated G 0 

s done in Rathjen et al. ( 2024 ). This background value is computed
or a cosmic UV background from Haardt & Madau ( 2012 ) plus
he contribution of a static low-mass stellar population with a stellar
urface density of � � = 30 M � pc −2 . 

Finally, as for the runs with constant G 0 , we apply the local
xtinction by dust attenuation to obtain an ef fecti ve ISRF at each
ell, G eff : 

 eff = G 0 × exp ( −2 . 5 A V , 3D ) . (6) 

.2 Cosmic rays 

e include CRs in the form of a separate relativistic fluid within an
dv ection–diffusion approximation. Therefore, we solv e modified
HD equations, for example, including an additional CR energy

ource term Q cr (Girichidis et al. 2016b , 2018a ). The equations read

∂ ρ

∂ t 
+ ∇ · ( ρv ) = 0 , (7) 

∂ ρv 

∂ t 
+ ∇ ·

(
ρv v T − B B 

T 

4 π

)
+ ∇P tot = ρg + q̇ sn , (8) 
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∂ e 

∂ t 
+ ∇ ·

[
( e + P tot ) v − B ( B · v ) 

4 π

]
= ρv · g + ∇ · ( K ∇e cr ) + u̇ chem 

+ u̇ sn + Q cr , (9) 

∂ B 

∂ t 
− ∇ × ( v × B ) = 0 , (10) 

∂ e cr 

∂ t 
+ ∇ × ( e cr v ) = −P cr ∇ · v + ∇ · ( K ∇e cr ) + Q cr , (11) 

here ρ is the density, v is the velocity of the gas, B is the magnetic
eld, P tot = P thermal + P kinetic + P cr is the total pressure, g is the
ravitational acceleration, q̇ sn is the momentum input of unresolved 

Ne, e = 

ρv 2 

2 + e thermal + e cr + 

B 2 

8 π is the total energy density, K is
he CR diffusion tensor, u̇ chem 

is the change in thermal energy due to
eating and cooling processes, u̇ sn is the thermal energy input from 

esolved SNe, Q cr = Q cr, injection + 
 hadronic . The term Q cr accounts
or the injection of 10 50 erg of energy per SN explosion in form of
Rs (see e.g. Hillas 2005 ; Ackermann et al. 2013 ), and the cooling
f CRs via hadronic and adiabatic losses (see e.g. Pfrommer et al.
017 ; Girichidis et al. 2020 ). For the latter, we follow Pfrommer et al.
 2017 ) assuming 

 hadronic = −7 . 44 × 10 −16 ×
( n e 

cm 

−3 

)
×

(
e cr 

erg cm 

−3 

)
erg s −1 cm 

−3 . (12) 

For the diffusion tensor, we adopt two constant components for 
he diffusion coefficient, K ‖ = 10 28 cm 

2 s −1 and K ⊥ 

= 10 26 cm 

2 s −1 

arallel and perpendicular to the magnetic field lines, respectively 
Strong, Moskalenko & Ptuskin 2007 ; Nava & Gabici 2013 ). CR
iffusion is solved in an operator-split manner. We evolve the 
odified MHD equations on a hydrodynamical time-step, computed 

ia a modified ef fecti ve sound speed using ( P th + cr = P th + P cr ). The
iffusion is solved with an explicit solver in sub-cycling with a local
iffusion time-step for each sub-cycle 

t diff = min 

(
�t hydro , 0 . 5 C CFL 

( �x) 2 

K ‖ + K ⊥ 

)
. (13) 

.3 PE and CR heating rates 

ow-metallicity environments cool less efficiently due to the lack of 
etals, the main coolants of the ISM for temperatures below few 

0 6 K (see e.g Wolfire et al. 1995 ; Bialy & Sternberg 2019 ). There-
ore, the ISM is more sensitive to the different heating processes.
he two most important heating mechanisms in this case are the PE
eating, which is the main heating mechanism in the warm ISM, also
t higher metallicities, and the CR heating. 

In the local ISM, the heating rate for photoelectric (PE) heating 
 pe is given by (Bakes & Tielens 1994 ; Bergin et al. 2004 ) 

 pe = 1 . 3 × 10 −24 εG eff nd [ erg s −1 cm 

−3 ] , (14) 

here n is the number density of hydrogen nuclei, d is the dust-to-gas
ass ratio in per cent, with d = 1 (1 per cent) in solar-neighbourhood

onditions. The PE heating efficiency ε reads (Bakes & Tielens 1994 ; 
olfire et al. 2003 ) 

= 

0 . 049 

1 + ( ψ/ 963) 0 . 73 
+ 

0 . 037( T / 10 4 ) 0 . 7 

1 + ( ψ/ 2500) 
, (15) 

ith 

 = 

G eff T 
0 . 5 

n 
, (16) 
e 
here T is the temperature of the gas, and n e is the electron number
ensity. This expression for the PE heating efficiency was derived for
onditions comparable to those in the local ISM. For simplicity, we
ssume that it also holds in the low-metallicity environment studied in 
his paper. In practice, this is unlikely to be the case: low-metallicity
alaxies are strongly deficient in polycyclic aromatic hydrocarbons 
see e.g. Draine et al. 2007 ; Sandstrom et al. 2012 ), which make a sub-
tantial contribution to the total PE heating rate. It is therefore likely
hat the true PE heating efficiency in the very metal-poor ISM will
e significantly smaller than the v alue gi ven by equation ( 15 ), which
ould render PE heating even less effective than we find in this study.
The CR heating rate we adopt follows Goldsmith & Langer ( 1978 )

ssuming that each ionization deposits 20 eV as heat, and reads 

 cr = 20 ζ ( n H 2 + n H ) [ eV s −1 cm 

−3 ] 

= 3 . 2 × 10 −11 ζ ( n H 2 + n H ) [ erg s −1 cm 

−3 ] , (17) 

here ζ is the CR ionization rate expressed in units of s −1 , n H 2 is the
umber density of H 2 , and n H is the number density of H. 
In previous works (e.g. Rathjen et al. 2021 , 2023 ), both the

arameters G 0 for the PE heating and ζ for the CR heating rates have
een assumed to be constant and in the range G 0 = 1.7–42.7 (with G 0 

 1.7 valid for solar-neighbourhood conditions; Draine 1978 ) and 
n the range ζ = 3 × 10 −17 –3 × 10 −16 s −1 depending on the adopted
as surface density , respectively . In this case, the PE and CR heating
ates were already variable, but assuming constant values of G 0 and
. Therefore, a PE heating similar to that of solar-neighbourhood 
nvironments has been assumed even in the absence of massive stars,
s well as CR heating in the absence of SNe accelerating galactic
Rs. We show that these conditions deeply affect the possibility of

tars forming in the metal-poor ISM (see Section 3 ). 
In Fig. 1 , we show both � pe and � cr divided by the number density

f hydrogen nuclei and the sum n H 2 + n H , respectiv ely. The y are
omputed for different metallicities ranging from 1 Z � down to 
.02 Z �. We compute these values with our chemistry module in
tandalone mode for 1 Gyr, after which the gas has reached chemical
nd thermal equilibrium. The rates were computed assuming a 
onstant G 0 = 1 . 7, optically thin gas with A V , 3D = 0, and four
if ferent constant v alues of ζ . Regarding the PE heating, we note
hat the rate computed for solar metallicity is around two orders of

agnitude higher than the same rate at a metallicity of 0.02 Z �.
his is due to the fact that, for this specific calculation, we are
caling the dust-to-gas ratio linearly with metallicity, meaning that d 
 0.02 per cent at 0.02 Z �. Therefore, at low metallicity, PE heating

lays a less important role in the heating of the gas compared to
olar-neighbourhood conditions. Concerning the CR heating, we see 
hat the rate depends on the value of ζ , and hence is metallicity-
nv ariant. Therefore, e ven without any shielding by dust, PE and CR
eating rates are comparable in the range of densities rele v ant in
ur low-metallicity simulations, meaning that the way we model CR 

eating can strongly affect our results. 

.4 Implementation of a variable cosmic-ray ionization rate 

n this work, we aim at modelling the CR ionization rate, ζ ,
onsistently with the CR energy density, e cr , that is already computed
y our code. As seen in the previous section, for every SN explosion
e inject 10 50 erg of energy in the form of CRs, which are treated in

he fluid approximation. 
To compute ζ from e cr , we consider the local total hydrogen

olumn density, N H , tot , which is an av erage o v er all 48 directions
omputed by TREERAY/OPTICALDEPTH . We use N H , tot instead of the 
MNRAS 537, 482–499 (2025) 
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Figure 1. Ratio of the PE heating rate (PE) with the number density 
of hydrogen nuclei, and ratio of the CR heating rate (CR) with the sum 

( n H 2 + n H ), following equation ( 17 ). Both heating rates are computed 
for a number of different metallicities, ranging from 0.02 to 1 Z �, using 
our chemistry module in standalone mode. The PE heating rate has been 
computed for optically thin conditions assuming G 0 = 1.7, and it varies with 
metallicity as it scales linearly with the dust-to-gas ratio, which is a function 
of metallicity. The CR heating rate has been computed also for a number of 
different CR ionization rates ( ζ ), as it does not depend on metallicity. The 
blue solid line highlights the heating rate with ζ = 3 × 10 −17 s −1 , which 
is the value assumed in previous works of the SILCC collaboration for a gas 
surface density of 10 M � pc −2 . The red solid line marks the PE heating rate 
computed at the metallicity rele v ant for this work, assuming a linear scaling of 
the dust-to-gas ratio with metallicity. We note that in this case the CR heating 
rate is similar, if not more important, than the PE heating rate at high densities. 
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 2 column density, N H 2 , as reported by P ado vani, Galli & Glassgold
 2009 ) and P ado vani et al. ( 2022 ). This is due to the small amount of
 2 at the low metallicity we consider, therefore we would greatly un-
erestimate the CR attenuation if we were using only the H 2 column
ensity. In the following, we will nevertheless apply the prescription
rom P ado vani et al. ( 2009 , 2022 ) obtained for proton impact on the
 2 gas, since no analogous relation for the atomic gas is provided.
ith this choice we speculate our attenuation of ζ to be affected by

n uncertainty of around a factor of 2 (Glassgold & Langer 1974 ),
ompared to the attenuation shown in fig. C1 in P ado vani et al. ( 2022 ).

We define a threshold column density N H , thres = 10 20 cm 

−2 , abo v e
hich we attenuate the value of ζ . The choice of this value is based
n Fig. C.1 from P ado vani et al. 2022 , where the attenuation of
starts for N H 2 = 10 20 cm 

−2 . Since no data are available below
his threshold, we assume no attenuation in this range. We therefore
ompute ζ from e cr as in the following. 

(i) In the more diffuse gas where N H , tot < N H , thres , we scale ζ
inearly with e cr according to 

= 3 × 10 −17 
( e cr 

1 eV cm 

−3 

)
s −1 . (18) 

his is to connect the value 3 × 10 −17 s −1 of the CR ionization
ate used in previous SILCC works with the e cr that is on average
bserved in runs with � gas = 10 M � pc −2 , of around 1 eV cm 

−3 

Rathjen et al. 2021 ). 
(ii) In the denser gas where N H , tot > N H , thres , we multiply the linear

caling given in equation ( 18 ) with an additional attenuation factor,
 att , defined as 

 att = ( N H , tot /N H , thres ) 
−0 . 423 , (19) 
NRAS 537, 482–499 (2025) 
here the exponent −0.423 is given by the prescription for the
pectrum of protons and heavy nuclei in P ado vani et al. ( 2009 ), which
s reasonable for diffuse clouds. This is physically moti v ated by the
dea that a low-energy CR travelling in a very dense medium will
nteract several times with the atoms and molecules of that medium,
osing part of its energy and therefore its capability of ionizing new
toms. We verified that this exponent is well in accordance with the
verage slope, computed in logarithmic scale, that we obtain from
g. C.1 in P ado vani et al. ( 2022 ) considering the two most extreme
odels shown there, their L model and their model with power-law

ndex α = −1.2. 

As initial conditions for our simulations we set e cr , and therefore
, to zero. The CRs rele v ant for the energy computation are those

njected from SN explosions and the only source of CRs would
e those coming from nearby galaxies. Ho we ver, the CRs able to
ravel for such long distances (more than 500 pc, the length of our
ox) are few in number and have a cross-section for collisions
ith the gas which is very small (Padovani et al. 2022 ). Hence,
e assume their contribution to the CR energy density to be
egligible. 

.5 Simulation parameters 

n this work, we run four simulations, as listed in Table 1 , where
e vary our prescription for the PE and CR heating. In one of our

imulations (Z0.02), we assume the presence of a constant ISRF,
hose strength is expressed in units of the Habing field (Habing
968 ), G 0 = 1.7. This value is valid for solar-neighbourhood
onditions (Draine 1978 ), therefore we could expect this value to
e not optimal for very metal-poor environments. In run Z0.02, as
n all our simulations, we attenuate the ISRF according to the local
ust attentuation, which is determined from the local total column
ensity N H , tot (see Walch et al. 2015 ). Overall, the setup of Z0.02 is
he same as in Rathjen et al. 2023 , except for the different metallicity
nd different stellar tracks. 

All the other simulations employ the no v el ADAPTIVEG0 module
rom Rathjen et al. ( 2024 ), described in Section 2.1 , which computes
he value of G eff consistently from the distribution of young star
lusters. Regarding the CR heating, a constant value of the CR
onization rate ζ = 3 × 10 −17 s −1 is assumed for runs Z0.02
nd Z0.02-vG 0 , whereas for the two simulations Z0.02-vG 0 -v ζ
nd Z0.02-vG 0 -v ζ -BS, ζ is computed using the scaling explained
n Section 2.4 . In this way, we aim to explore the impact of the
ariability of the ISRF and/or of ζ on the PE and CR heating rates
nd the resulting properties of the low-metallicity ISM. The only
ifference between the Z0.02-vG 0 -v ζ and Z0.02-vG 0 -v ζ -BS runs is
he scaling of the dust-to-gas ratio with metallicity. In all simulations
ut Z0.02-vG 0 -v ζ -BS, the dust-to-gas ratio is scaled linearly with
he metallicity of the run, assuming d = 1 (1 per cent) at solar

etallicity. Recent observations of low-metallicity galaxies suggest
hat the scaling of the dust-to-gas ratio with metallicity becomes
teeper than linear in low-metallicity regimes (R ́emy-Ruyer et al.
014 ). Therefore, we analyse the impact of a different scaling in the
0.02-vG 0 -v ζ -BS run, where we adopt the power-law scaling from
ialy & Sternberg 2019 , which holds for metallicities lower than 0.2
 �, and reads 

 = Z 

′ 
0 ( Z 

′ /Z 

′ 
0 ) 

α, (20) 

here Z 

′ 
0 = 0.2 and Z 

′ = 0.02 is the metallicity of the gas and α
 3. This results in a value d≈ 10 −4 in percentage. 
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Table 1. List of simulations performed in this work (first column). G 0 (second column) describes the strength of the ISRF 
in Habing units (Habing 1968 ) and ζ (third column) is the CR ionization rate in s −1 . In the fourth column, the scaling of the 
dust-to-gas ratio ( d) with metallicity is specified. In the last column, we give t SF , which is the simulation time at which the 
first star cluster has been formed, if star formation takes place. 

Simulation G 0 ζ (s −1 ) d scaling t SF (Myr) 

Z0.02 1.7 3 × 10 −17 Linear No star formation 
Z0.02-vG 0 Variable 3 × 10 −17 Linear 128.2 
Z0.02-vG 0 -v ζ Variable Variable Linear 44.2 
Z0.02-vG 0 -v ζ -BS Variable Variable Bialy & Sternberg ( 2019 ) 44.5 

Figure 2. Snapshot of the Z0.02-vG 0 -v ζ -BS run at t = 100 Myr (simulation time). The top ro w sho ws the edge-on view and the bottom row the face-on 
view of the following quantities: the column density of the gas � gas , a temperature slice, the column density of H 

+ , H, a slice of the variable G 0 , a slice of the 
amplitude of the magnetic field B, a slice of the energy density of CRs e cr , respectively. In the vertical direction, the box is not shown in its entirety as it is cut 
for clarity reasons at ± 1 kpc. Slices are taken at y = 0 (top row) or z = 0 (bottom row). The opaque circles represent the active star clusters (not in scale with 
the figure), whereas the transparent circles represent the inactive star clusters. 
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 RESULTS  

.1 Global evolution 

e show a representative snapshot of run Z0.02-vG 0 -v ζ -BS in Fig. 2 .
he initial conditions for our simulations are described in detail in 
alch et al. ( 2015 ). In the beginning of every run, the gas is mixed

y the initial turbulence driving, while it is slowly collapsing towards 
he mid-plane because of cooling and gravity. During this phase, the 
as can form dense and cold regions where stars are born. The time
hen the sink formation criteria are fulfilled greatly depends on the 

ndividual run. 
In our simulations, all stars are spawned in clusters and start

heir evolution directly on the main sequence, injecting energy and 
omentum into the ISM because of their radiation, stellar winds and 
W  
Ne. This results in an increase in the ionized hydrogen abundance 
n the regions close to the newly born clusters, becoming more
nd more extended as the clusters accrete, forming more new stars.
uring their life, star clusters can accrete gas as well as lose gas
ecause of stellar winds. 
At the end of their life, all the massive stars explode as Type II

Ne, whose o v erall effect is to heat the gas and to push it in the
ertical direction, making the scale height of the disc thicker. Since
e follow star formation self-consistently, and do not use a fixed

tar formation rate (SFR), more intense periods of star formation are
ollowed by those of lower star-forming activity. As a consequence, 
hen the majority of stars have already exploded and no new stars are
eing formed, the outflo w-dri ving force e x erted on the gas weakens.
herefore, the gas starts to fall back down towards the mid-plane.
hen a certain amount of gas has already reached the original disc,
MNRAS 537, 482–499 (2025) 
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Figure 3. Local and temporal variations of ζ for runs Z0.02-vG 0 -v ζ (top 
panel) and Z0.02-vG 0 -v ζ -BS (bottom panel) in a region of | z| ≤ 250 pc from 

the disc mid-plane and in a 200 Myr interval after the onset of star formation, 
happening at a time t SF (see Table 1 ). The colour map indicates the percentage 
of cells in the computational domain that, at a given time, have a certain value 
of ζ . The solid line indicates the volume-weighted mean value of ζ . From 

this plot, we can see that ζ strongly varies in both space and time. 
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he density is high enough to create new molecular clouds, which, in
urn, form new star clusters (see e.g. Rathjen et al. 2021 ). After stars
re born, the gas is pushed outwards by feedback until the majority
f the stars are not active anymore. Then, it will fall do wn to ward the
id-plane creating new star clusters, restarting the cycle. 

.2 The spatial and temporal variability of ζ

efore analysing how the new prescription for the CR ionization
ate affects the ISM in our simulations, we briefly describe the local
nd temporal variation of ζ , which can be seen in Fig. 3 . Here, we
resent ζ for the runs Z0.02-vG 0 -v ζ (top panel) and Z0.02-vG 0 -
 ζ -BS (bottom panel) in a region | z| ≤ 250 pc. For every snapshot,
e bin the values of ζ into 100 equally spaced bins in logarithmic

cale and we compute the percentage of cells that belong to a certain
in. By repeating the procedure for the entire time evolution of
he simulation, we obtain the time-dependent histogram presented
n Fig. 3 . The several peaks that can be observed correspond to
he injections in CR energy subsequent to SN explosions. In these
ases, the maximum ζ reaches values up to almost 10 −14 s −1 , in
ccordance with the values obtained by Pineda et al. ( 2024 ) for
olecular hydrogen. The CR ionization rate computed for molecular

ydrogen is twice the value of the CR ionization rate computed for
NRAS 537, 482–499 (2025) 
tomic hydrogen. At times later than 50 Myr after the onset of star
ormation, the lower limit for ζ settles to around 10 −18 s −1 . Moreo v er,
he value of ζ typically varies by at least three orders of magnitude,
n a range that is around one or two orders of magnitude lower than
he estimates provided by Padovani et al. ( 2022 ). This is expected, as
e have much lower SFRs than in solar-neighbourhood conditions.
egarding the volume-weighted average of ζ , we notice that around
00 Myr after the onset of star formation, which happens at a time t SF 

see Table 1 ), the average value settles to a value of around 10 −17 s −1 ,
imilar to the value of the CR ionization rate estimated by Spitzer &
omasko ( 1968 ) for atomic hydrogen. Hence, the CR ionization
ate computed using this new implementation varies in space and
ime, affecting the local heating due to CRs and, consequently, the
onditions for star formation. 

.3 The effects of varying ζ

n Fig. 4 , we show the temperature–density and pressure–density
hase plots for the four runs. For Z0.02, the ISM is unable to cool
o wn to lo wer temperatures, therefore it remains as a single-phase
arm gas and star formation is inhibited. In this case, both the
alues of G 0 and ζ are such that the corresponding heating rates
re too large to let the gas cool down. As these parameters are
he same as the ones employed in previous works of the SILCC
ollaboration (e.g. Rathjen et al. 2021 , 2023 ) for solar-metallicity
onditions where star formation does take place, this shows that
omparable G 0 and ζ values can have a different impact when the
SM is metal poor. Considering the Z0.02-vG 0 simulation, which has
 variable ISRF, we observe that the gas reaches lower temperatures
nd higher densities compared to the Z0.02 run, being able to form
 few stars; however, star formation is severely weakened by CR
eating. A higher mass fraction of cold gas and, therefore, a larger
umber of stars can form in runs Z0.02-vG 0 -v ζ and Z0.02-vG 0 -v ζ -
S, where both G 0 and ζ are variable. The temperature–density and
ressure–density phase plots for these runs look similar as the stellar
eedback changes the distribution of temperatures, pressures, and
ensities analogously. Therefore, it seems that a different scaling of
he dust-to-gas ratio with metallicity does not significantly alter the
 v erall thermal structure of the ISM. 
In Fig. 5 , we show the energy provided to the ISM by means of

E and CR heating. In the top panel, we compare the cumulative
istributions of the energy due to PE heating with that of CR heating
or all simulations. The energy due to CR heating is higher than that
rom PE heating for the runs with constant ζ (Z0.02 and Z0.02-vG 0 )
nd for the Z0.02-vG 0 -v ζ -BS run. In the first case (in the Z0.02 and
0.02-vG 0 runs), this is due to the fact that the CR heating for ζ
 3 × 10 −17 s −1 is higher than the PE heating rate with G 0 = 1.7

r less (see Fig. 1 ). Moreo v er, the energy pro vided to the gas by
Rs in the Z0.02-vG 0 run is higher than in Z0.02, as the few formed

tars provide additional CR heating when exploding as SNe. In the
econd case, in the Z0.02-vG 0 -v ζ -BS run, this is due to the power-
aw scaling of the dust-to-gas ratio with respect to the metallicity
n run Z0.02-vG 0 -v ζ -BS, which leads to a PE heating rate that is
pproximately two orders of magnitude lower than in the case of a
inear scaling of d with metallicity. 

In the second panel of Fig. 5 , we show the cumulative distributions
f the sum of the two contributions and we add the cumulative
istributions of the energy provided by SNe (dashed lines) for the
ame runs. We compute the SN contribution by multiplying the
umber of SNe by 10 51 erg. The largest total energy due to PE and
R heating provided to the ISM are, again, found in the runs Z0.02
nd Z0.02-vG 0 . Between these, the total energy is slightly higher in
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Figure 4. Temperature–density and pressure–density phase plots for the four runs, computed in a region | z| < 250 pc around the disc mid-plane. The dotted 
line is the equilibrium curve computed for G 0 = 1.7, ζ = 3 × 10 −17 s −1 and a shielding column of 10 20 cm 

−2 . The dashed line indicates T = 10 4 K. We note 
that the structure of the ISM changes dramatically depending on the prescription of the two heating mechanisms. Only the simulations with a variable ζ are able 
to cool down and form a substantial number of stars. 
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he case of run Z0.02-vG 0 because the few generated star clusters
ead to a higher PE and CR heating compared to the case where
 0 = 1.7. Moreo v er, allowing both G 0 and ζ to vary, decreases the

otal energy by around an order of magnitude compared to that of
he Z0.02-vG 0 run. Comparing the contributions of the PE and CR
eating with that due to SNe, we note that the energy provided by SNe 
s slightly higher (Z0.02-vG 0 -v ζ ) or one order of magnitude higher
Z0.02-vG 0 -v ζ -BS) than the former. Only in the case of the Z0.02-
G 0 run the energy due to SNe is around two orders of magnitude
ower than that provided by the PE and CR heating, since this run
orms only a few massive stars, and as a consequence, it has only few
Ne. In the Z0.02-vG 0 -v ζ -BS run, the energy provided by PE and
R heating together is the lowest, and the energy provided by SNe is

he highest, compared to the other runs. The total heating, counting 
Ne, PE, and CR heating, is higher in the Z0.02-vG 0 -v ζ -BS than in

he Z0.02-vG 0 -v ζ run. This explains why the temperature–density 
hase plot for this run (see Fig. 4 ) shows slightly less cold gas than
he corresponding plot for run Z0.02-vG 0 -v ζ . 

If both the PE and CR heating rates are allowed to vary in space
nd time, we can ask the question of whether there are regions
here one or the other is dominant. We explore this aspect in Fig. 6 ,
here we present gas density slices taken at the mid-plane (top row),

he two heating rates (second and third rows), and the normalized 
ifference of the two (bottom row). For each run, we select a
napshot where active star clusters are present near the mid-plane. 
n the second row, the spherical regions of high � pe surrounding the
tar clusters are due to the R 

−2 law, which is a model parameter (see
ection 2.1 ) of the G 0 field. For the Z0.02-vG 0 -v ζ -BS (second row,
 a
ourth column) the power-law scaling of the dust-to-gas ratio with 
etallicity reduces the PE heating rate by around two more orders

f magnitude compared to Z0.02-vG 0 -v ζ , therefore these structures 
re not visible in the plot. In the last row we compare the PE and CR
eating rates taking their difference, and normalizing by their sum, 
uch that we can obtain values in range [–1, 1] where the range (0, 1]
ndicates a dominating PE heating rate, and the [–1, 0) a dominating
R heating rate. We note that PE heating strongly dominates in

egions close to star clusters, whereas CR heating is pre v alent in
he more diffuse gas further away from star-forming regions. The 
eason for that is the R 

−2 law of the G 0 and the attenuation of the
parameter for high column densities (see equation 19 ). 

.4 Gas phases and structure 

n this section, we analyse the gas phases and structure, which is im-
ortant to understand star formation in low-metallicity environments. 
e divide the gas in a cold ( T < 300 K), a warm (300 <T < 3 ×

0 5 K) and a hot ( T > 3 × 10 5 K) phase. The warm phase can either
e neutral or ionized considering the neutral and ionized species 
resent. We show the volume-filling and mass fractions of these gas
hases averaged over 100 Myr and computed in a region | z| < 250 pc
round the disc mid-plane in Fig. 7 . The values are summarized in
able 2 . 
In the runs with constant ζ , no (Z0.02) or very little cold gas

mass fraction of 0.25 per cent, Z0.02-vG 0 ) forms. Therefore, the
ariations of the G 0 field do not play a key role in the gas cooling
t this very low metallicity. On the other hand, in the Z0.02-vG 0 -v ζ
MNRAS 537, 482–499 (2025) 
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Figure 5. Top panel: cumulative distributions of the energy injected in the 
ISM due to either PE heating or CR heating, considering a region of ± 250 pc 
around the disc mid-plane. For the runs with constant ζ , the contributions of 
the CR heating are higher than that of PE heating. The same behaviour is 
observed for run Z0.02-vG 0 -v ζ -BS. In Z0.02-vG 0 -v ζ , the opposite behaviour 
is observ ed. Bottom panel: cumulativ e distributions of the sum of the PE 

heating and CR heating energy injected in the ISM (solid lines), and of the 
energy due to SN injections (dashed lines), in the same region as abo v e. We 
note that the largest energy provided by PE and CR heating is in the case 
of Z0.02-vG 0 , followed by Z0.02. For the runs with variable ζ , the energy 
provided to the system is almost an order of magnitude lower. The total energy 
contribution due to both PE and CR heating is slightly lower (Z0.02-vG 0 - 
v ζ ) or one order of magnitude lower (Z0.02-vG 0 -v ζ -BS) than the energy 
provided by SNe. Note that, since the value of t SF is undefined for run Z0.02, 
we simply show its entire evolution. 
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nd Z0.02-vG 0 -v ζ -BS runs the spatial variability of ζ allows the gas
o cool and form some more cold gas, whose mass fraction is around
–4 per cent depending on the run. As no corresponding values
btained from observations are available at this low metallicity, we
ompare our results with those presented in Tielens ( 2005 ), which
easure 50 per cent of cold gas mass fraction for solar neighbourhood

onditions. This value is considerably higher than that found in
ur runs, which can be attributed to the inefficient cooling of
he gas. 

In Fig. 8 , we show the time evolution of the atomic, ionized, and
olecular hydrogen. We compute the mass in each phase within

 z| < 250 pc divided by the total mass M 0 of the gas in the same
e gion. Re g arding atomic h ydrogen (top panel), we notice that there
s not much variation in time since, in all four simulations, most of
he gas is atomic. A small change can be seen for the runs that form
tars, for which a slight decrease in atomic hydrogen mass fraction
NRAS 537, 482–499 (2025) 
orresponds to an increase in ionized hydrogen mass fraction, due
o the presence of H II regions around star clusters. Ho we ver, the

ass fraction of H 

+ is almost constant and around 1 per cent for the
0.02 and Z0.02-vG 0 runs, where no (or almost no) H II regions are
resent. This value corresponds to the mass fraction of H 

+ in the
quilibrium state for a density of around 10 −24 g cm 

−3 . Regarding
he molecular gas (bottom panel), we note that its mass fraction is in
he interval 10 −9 –10 −4 depending on the simulation, with the Z0.02-
G 0 -v ζ having the highest H 2 mass fraction. This mass fraction
ange is compatible with that obtained for the G1D001 dwarf galaxy
imulation in Hu et al. 2016 , computed at a metallicity of 0.1 Z � and a
ust-to-gas ratio of 0.01 per cent. Even though the Z0.02-vG 0 -v ζ and
0.02-vG 0 -v ζ -BS have almost the same amount of cold gas, there

s a three to four orders of magnitude difference in the amount of
olecular gas because the Z0.02-vG 0 -v ζ -BS run has a much smaller

ust-to-gas ratio. For this reason, there is less formation of H 2 on dust
rains as well as less dust shielding to protect H 2 from dissociation
y the ISRF. 
We show the density (top panels) and velocity (bottom panels)

robability density functions (PDFs) in Fig. 9 at two different times,
 = 44 and 125 Myr, computed in a region | z| < 250 pc. The velocity
 is computed as 

 = 

√ 

( v x − v CM , x ) 2 + ( v y − v CM , y ) 2 + ( v z − v CM , z ) 2 , (21) 

here v i is the velocity of the gas in every cell and v CM , i is the bulk
elocity of the gas in the directions i = x , y , z. We choose the first
ime to understand the density structure of the gas right before the
rst star cluster is formed in the runs Z0.02-vG 0 -v ζ and Z0.02-vG 0 -
 ζ -BS and the second time to investigate the structure of the gas
hen their ISM has already been shaped by the stellar feedback. In

he case of Z0.02-vG 0 , the time t = 125 Myr is right before the
ormation of the first star cluster. 

At t = 44 Myr, the density PDFs of runs Z0.02-vG 0 -v ζ and Z0.02-
G 0 -v ζ -BS exhibit a power-law tail at high densities, which could
e associated with gravitational collapse (Klessen 2000 ; Slyz et al.
005 ; Schneider et al. 2012 ; Girichidis et al. 2014 ). On the other hand,
o high-density regime is present at this time for runs Z0.02 and the
0.02-vG 0 , as the CR heating with constant ζ is preventing/delaying

he gas cooling for run Z0.02/Z0.02-vG 0 . We note the presence of
as with a density lower than 10 −26 g cm 

−3 , due to the fact that
t this time the scale height of the disc is smaller than 250 pc,
herefore a part of the initial ambient gas is present in this region.
t t = 125 Myr, ho we ver, only the two runs that have not formed

tars (Z0.02 and Z0.02-vG 0 ) present this very diffuse gas. Moreo v er,
he high-density regime is present in the case of Z0.02-vG 0 , as the
as temperature had more time to decrease, whereas the gas in Z0.02
s simply unable to cool down and become denser. Regarding the
elocity PDFs at 44 Myr, we note one peak at around 10 km s −1 ,
hich is due to the v rms velocity of the turbulence injected in the ISM

n the first 20 Myr of evolution. We observe a second peak in the
elocity range 40–60 km s −1 due to the motion of the diffuse gas in
he outer parts of the disc which is initially f alling tow ards the disc.
oward higher velocities, the PDF decreases almost as a power law
or all runs. At a time of 125 Myr, the initial turbulence has decayed,
nd the maximum velocities are in the range 50–100 km s −1 . These
elocity values can be explained as at this time there are no active
tar clusters in all the runs, and in the case of the Z0.02-vG 0 -v ζ and
he Z0.02-vG 0 -v ζ -BS the gas velocity has been driven by SNe that
av e e xploded 5–15 Myr before. 
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Figure 6. Slices at the disc mid-plane of the density (first row), PE heating rate (second row), CR heating rate (third row), and the difference between PE and 
CR heating rates normalized by the sum of the two (fourth row), for every run (columns). From left to right panels, the simulation time of the selected snapshots 
is 185.9, 144, 106, and 83.4 Myr, respecti vely. The last ro w sho ws that PE heating dominates near star-forming regions, whereas CR heating dominates in the 
more diffuse gas. 
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.5 Star formation 

n this section, we analyse the properties of the gas that forms stars.
s already seen abo v e, in the absence of a variable ζ the ISM is either
ot able to cool down (Z0.02) or, if a variable G 0 field is present, the
as can cool but is able to form only a few stars (Z0.02-vG 0 ) after a
uch longer cooling time than in case of variable ζ . Therefore, unless 

oth G 0 and ζ are variable quantities, no substantial star formation 
akes place in our simulations. In Fig. 10 , we analyse four important
uantities, meaning the distribution of the shielded ISRF G eff , the 
E heating rate � pe , the CR ionization rate ζ , and the CR heating
ate � cr . Taking as example the Z0.02-vG 0 -v ζ run, we identify the
oordinates where each star cluster forms, and analyse these four 
uantities in a snapshot exactly before the moment in which each 
ink particle is formed. Since the gas is moving, starting from the
oordinates at which each sink particle is formed, we trace back the
osition that the star-forming gas would have one snapshot before the 
reation of the sink particle. We then consider all the cells of a region
entred on these coordinates and with a radius r accr ∼ 11.7 pc, which
s the accretion radius of the sink particles. We take into account
nly the cells of this region that have a density higher than 5 ×
0 −22 g cm 

−3 , which is slightly lower than the density threshold ρthr 
r
sed for sink formation. We represent as opaque distributions the 
uantities measured in these selected cells, and we refer to this gas
s ‘star-forming’. 

Additionally, we show the total distributions of the four quantities 
n all selected snapshots as transparent histograms. These distribu- 
ions include all cells in a region | z| < 250 pc. In order to facilitate a
omparison, all distrib utions ha v e been normalized such that the y fall
etween 0 and 1. All distributions are mass-weighted. We find clear
election effects. In fact, the majority of the cells where star formation
s about to take place have values of G eff < 1, � pe around 10 −26 –
0 −25 erg s −1 cm 

−3 , ζ∼ 10 −18 s −1 , and � cr < 10 −26 erg s −1 cm 

−3 .
rom equation ( 14 ), we see that � pe depends on G eff and the density,

herefore even if the values of G eff in the star-forming gas are lower
han the total distribution, we still find large values of the � pe because
f the high density. Ho we ver, the total distributions present higher
alues of these four quantities, meaning that PE and CR heating are
tronger in the cells where no star formation is taking place. 

We further analyse the impact of both, variable G 0 and ζ , on the
tar formation efficiency (SFE). Therefore, in Fig. 10 , we o v erplot
he mean of G eff , � pe , ζ and � cr for all gas. We show run Z0.02-
G 0 -v ζ (i.e. G eff , � pe , ζ and � cr ) using dashed vertical lines and
un Z0.02 (i.e. G eff, Z0 . 02 , � pe , Z0 . 02 , ζZ0 . 02 and � cr, Z0 . 02 ) with solid 
MNRAS 537, 482–499 (2025) 
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Figure 7. Average mass and volume-filling fractions of the four runs, 
computed in a region | z| < 250 pc around the disc mid-plane and in a time 
interval of 100 Myr after the onset of star formation. In run, Z0.02 no cold 
gas is found, whereas in run Z0.02-vG 0 less than 1 per cent of the total gas 
mass is cold. On the other hand, with variable ζ , around 3–4 per cent of the 
mass is available as cold gas. 
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ines, respectiv ely. As e xpected, for run Z0.02 where G 0 and ζ are
onstant, we have G eff, Z0 . 02 = 1.7 × exp(-2.5 A V , 3D ) ∼ 1.69, and
Z0 . 02 = 3 × 10 −17 s −1 . The value of G eff, Z0 . 02 does not differ much
rom the unattenuated value of 1.7, because assuming a minimum
xternal column density N ext = 10 20 cm 

−2 and a metallicity of 0.02
 �, according to equation ( 4 ) we obtain a minimum A V , 3D of around
.001. Since the gas in run Z0.02 does not reach higher column
ensities than N ext , the minimum value of the A V , 3D is similar to
he average A V , 3D found in this run. In run Z0.02-vG 0 -v ζ , the mean
alues are G eff = 0.11 and ζ = 6.55 ×10 −18 s −1 . Regarding the
eating rates, we find � pe = 10 −28 erg s −1 cm 

−3 , � pe , Z0 . 02 = 2.8 ×
0 −28 , � cr = 2.4 × 10 −28 , and � cr, Z0 . 02 = 6.5 × 10 −28 . 
NRAS 537, 482–499 (2025) 

able 2. Mass- and volume-filling fractions of the cold, warm neutral, warm ioni
egion of | z| < 250 pc and averaged over 100 Myr after the onset of star formation. 

Run VFF cold VFF WNM 

VFF WIM 

VFF
× 10 −2 (per cent) (per cent) (per cent) (per c

Z0.02 0 ± 0 68.0 ± 0.2 1.6 ± 0.1 30.3 ±
Z0.02-vG 0 0.28 ± 0.01 84.0 ± 0.3 2.9 ± 0.1 13.1 ±
Z0.02-vG 0 -v ζ 8.49 ± 0.17 74.1 ± 0.6 8.2 ± 0.2 17.6 ±
Z0.02-vG 0 -v ζ -BS 21.3 ± 1.1 67.3 ± 0.9 9.0 ± 0.5 23.5 ±
We clearly see that choosing the constant values of G 0 = 1.7 and
0 = 3 × 10 −17 s −1 in run Z0.02 leads to higher CR and PE heating
ates than the corresponding means computed for the Z0.02-vG 0 -v ζ
un. Therefore, the explanation for the inefficiency of star formation
n the Z0.02 run lies in the choice of these values. At the same time,
e highlight the importance of implementing variable models for
 0 and ζ , since choosing a single value for these parameters does
ot reflect the diverse conditions that occur in the ISM. The wide
istribution of ζ , shown in the third panel of Fig. 10 , confirms that
 constant (lo wer) v alue of ζ is not able to properly describe the CR
eating in all gas. 
When looking at the star-forming gas (opaque distributions in

ig. 10 ), we see that star formation takes place in environments
here G eff is comparable to, or even higher than, the mean G eff .
o we ver, ζ of the star-forming gas is actually much lower than ζ . In
ection 3.4 , we show that a constant ζ but variable G 0 (run Z0.02-
G 0 ) still leads to very little cool gas and basically no star formation.
ince heating by CRs apparently dominates o v er PE heating at the

ow metallicity we investigate (see Section 3.3 ), choosing a constant
= ζ would again result in a lower SFE than the one we find. Hence,

ur results support the need for spatially and time-variable G 0 and ζ
mplementations. 

In Fig. 11 , we represent the time-averaged SFR surface density
 SFR as a function of � gas , which is the sum of the gas surface density

f atomic and molecular hydrogen. The � SFR is defined following
atto et al. 2017 as 

 SFR = 

SFR 

A 

= 

1 

A 

N( t) ∑ 

i= 1 

120 M �
t OB 

, (22) 

here A = (0.5 kpc) 2 is the area of the computational domain,
( t) the number of active massive stars at time t , t OB is the lifetime

f massive stars as computed from the stellar models. Therefore,
 SFR corresponds to the SFR rescaled by a constant factor A . We

verage both � SFR and � gas in a time interval of 200 Myr after
he onset of star formation in each run. As a reference, we add
he Kennicutt −Schmidt relation (KS, Kennicutt 1998 ), and we fit
ur data with the theoretical star formation law for low-metallicity
nvironments by Krumholz, McKee & Tumlinson ( 2009 , hereafter
09). For � gas < 85 M � pc −2 (the rele v ant surface density range for
ur simulations), this relation reads 

 SFR = f H 2 
� gas 

2 . 6 Gyr 
×

(
� gas 

85 M � pc −2 

)−0 . 33 

, (23) 

here the mass fraction of molecular gas f H 2 is given by 

 H 2 ∼ 1 −
[ 

1 + 

(
3 

4 

s 

1 + δ

)−5 
] −1 / 5 

, (24) 

ith s = ln (1 + 0.6 χ )/(0.04 � gas cZ), χ = 0.77 (1 + 3.1 Z 

0 . 365 ),
= 0.0712(0.1 s −1 + 0.675) −2 . 8 , with c clumping factor and Z the
etallicity of the gas in solar units. Fitting this formula to our data
zed, and hot gas (see the text for definition) computed for the four runs in a 

 hot MF cold MF WNM 

MF WIM 

MF hot 

ent) (per cent) (per cent) (per cent) × 10 −3 (per cent) 

0.2 0 ± 0 98.8 ± 0.1 1.14 ± 0.01 9.9 ± 0.1 
0.2 0.25 ± 0.01 98.0 ± 0.1 1.7 ± 0.1 3.5 ± 0.1 
0.6 4.05 ± 0.09 92.1 ± 0.2 3.84 ± 0.14 11.5 ± 0.6 
0.8 3.21 ± 0.15 91.2 ± 0.4 5.59 ± 0.37 20.6 ± 1.0 
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Figure 8. Volume-weighted, normalized mass fractions of H, H 

+ , H 2 as a function of time, computed in a region | z| < 250 pc. t SF is the time of the first 
episode of star formation (see Table 1 ). Top panel: the H mass fraction is almost al w ays close to one; ho we ver, it is slightly affected by stellar feedback for the 
runs that form stars. Central panel: the ionized hydrogen fraction is affected by star formation for the runs with stars, whereas it is stable and around 10 −2 for 
Z0.02. Bottom panel: the H 2 mass fraction is highest for the Z0.02-vG 0 -v ζ and lowest for Z0.02 (highest heating rates). Since the value of t SF is undefined for 
the Z0.02 run, we represent here its entire evolution. 
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ives a clumping factor of 27.3 ± 3.1, from which it follows a value
f f H 2 ∼ 10 −2 . This value is around one order of magnitude higher
han the mass fraction of H 2 found for our Z0.02-vG 0 -v ζ run. In the
09 model, c → 1 if the resolution of observations is approaching
00 pc. We also add two lines computed for c = 50 (solid black line)
nd c = 15 (dashed). We note that the choice of the clumping factor
trongly influences the value of the � SFR computed for a given � gas .
dditionally, we note that the average value of � SFR is very similar

n our Z0.02-vG 0 -v ζ and Z0.02-vG 0 -v ζ -BS runs, despite the orders
f magnitude of difference in the amount of molecular hydrogen 
ass present. This suggests that, in low-metallicity environments, 

he cold gas determines the SFR rather than the molecular gas 
Glo v er & Clark 2012 ; Krumholz 2012 ; Hu et al. 2016 ). Ho we ver,
he � SFR is around of one magnitude lower than the value predicted
y the KS relation for the Z0.02-vG 0 -v ζ and Z0.02-vG 0 -v ζ -BS
uns, and two orders of magnitude lower for the Z0.02-vG 0 run. 
his discrepancy is due to the very low value of the metallicity

n our runs. Measures of � SFR for the IZw18 galaxy have been
eported by Aloisi, Tosi & Greggio ( 1999 ) to be around 10 −2 M �
r −1 kpc −2 for the main body and (3–10) × 10 −3 M � yr −1 pc −2 

or the secondary body. The � SFR computed for the Z0.02-vG 0 -v ζ
nd Z0.02-vG 0 -v ζ -BS runs is almost one order of magnitude lower
han the value measured for the secondary body. This difference 
an be attributed to the fact that the environmental conditions of our
imulations do not align perfectly with those of the IZw18 galaxy. 

In Fig. 12 , we represent the SFR surface density � SFR as a function
f time for the runs in which stars are able to form. The SFR
urface density oscillates in time, with peaks that reach around 2 

10 −3 M � yr −1 kpc −2 in the case of Z0.02-vG 0 -v ζ -BS. This value
s around one order of magnitude less than what has been found for
olar metallicity and without the variability of G 0 and ζ by Rathjen 
t al. ( 2023 ). Since these setups are not directly comparable, we add a
ine indicating the value expected from the star formation law by K 09
omputed for a clumping factor of 1 and a metallicity of 0.02 Z �, at
 gas surface density of 10 M � pc −2 . This value is in agreement with
he peak in � SFR obtained for Z0.02-vG 0 -v ζ -BS, and around one to
wo orders of magnitude higher for the other two runs. The reason
or having so few stars can be traced back to the very little cold gas
ormed at this metallicity. 

The second panel of Fig. 12 represents the mass outflow rate Ṁ ,
eaning the mass passing through a surface at ± 1 kpc from the
id-plane, in time. The peaks in Ṁ are delayed compared to the

eaks in � SFR , as the most massive stars need at least a few million
ears before going off as SNe and pushing the gas out of the disc
id-plane. Ho we ver, e ven the largest values of Ṁ obtained in our

imulations are very low. Therefore, we observe neither a thermally 
riven nor a CR-driven outflow from the mid-plane. According to 
atto et al. ( 2017 ), at solar metallicity a hot gas volume-filling

raction of at least 50 per cent is needed to launch an outflow from
he disc. This is by far not reached in any of our runs (see Fig. 7 ),
s the maximum average volume-filling fraction is reached by the 
0.02 run, around 30 per cent, followed by the Z0.02-vG 0 -v ζ -BS

un, around 23 per cent. The amount of hot gas depends on the SN
ate, which, in turn, depends on the SFR. We conclude that � SFR in
ur low-metallicity runs is too low to sustain a hot volume-filling
hase and to launch a thermally dri ven outflo w. We also do not
bserve a CR-driven outflow. CR injection events are rare due to the
ow SN rate. The CRs then diffuse rapidly, thus smoothing out local
uctuations in their energy density and pressure distributions and a 
R pressure gradient that would be able to lift the gas from the disc
annot be maintained. 

For the Z0.02-vG 0 -v ζ -BS run, we show several quantities as times-
eries in Fig. 13 , to represent the evolution of the gas and the related
hysical quantities. We show the density projection and slices for 
MNRAS 537, 482–499 (2025) 
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Figure 9. Top row: volume-weighted density PDF of the four runs right before Z0.02-vG 0 -v ζ and Z0.02-vG 0 -v ζ form the first star cluster (at around 44 Myr, left 
panel) and at a later time (125 Myr, right panel). Bottom row: volume-weighted velocity PDF of the four runs, computed at the same time as the corresponding 
abo v e panels. Both the density and velocity PDFs are computed in a region | z| < 250 pc. 
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emperature, PE and CR heating. We note that no real outflow
evelops, as already seen in Fig. 12 , ho we ver, at around 60 Myr
he gas reaches slightly less than 1 kpc in the vertical direction.
fter that, the evolution continues without relevant changes in the

hickness of the disc. Regarding the PE and CR heating, they depend
n density, therefore their distribution follows strictly that of the gas
istribution. 

 DISCUSSION  

.1 Computation of ζ

s already discussed abo v e, the energy spectrum of CRs peaks
t energies of a few GeV, and it declines steeply at lower and
igher energies. Therefore, the energy density of CRs in the ISM
s dominated by the contribution of CRs whose energy is of a few
eV. On the other hand, the CR ionization rate is determined by low-

nergy CRs, meaning in the eV–MeV range. Here, we simply assume
hat the CR ionization rate scales with the CR energy density, without
reating the different physics that actually regulates low-energy CRs,
uch as energy-dependent cooling and CR transport. In this way, we
ssume a grey spectrum for CRs, where losses are considered to be
he same regardless of the energy interval under consideration or the
ocal thermal and magnetic conditions. Ho we ver, there are six orders
f magnitude of difference in energy between the GeV CRs at the
eak of the spectrum, and those mainly responsible for CR heating.
NRAS 537, 482–499 (2025) 
herefore, a more detailed treatment in future works is needed in
rder to take into account the missing physics necessary to describe
he energy losses, possible re-acceleration, and diffusion of the low-
nergy CRs. This could for example be done by simulating live CR
pectra (Girichidis et al. 2020 , 2022 , 2024 ). Our choice of using
he scaling for the attenuation proposed by P ado vani et al. ( 2009 )
artly solves this issue, as the observationally motivated relationship
etween ζ and the column density of the gas naturally takes into
ccount all the rele v ant physics. 

.2 Comparison to previous works 

irichidis et al. ( 2018a ) have implemented a variable CR ionization
ate computed by linearly scaling the energy density of CRs without
ny attenuation and employing a setup similar to ours. They compare
heir runs with a variable ζ with those where the CR ionization rate is
onstant, and the y observ e no systematic change in the dynamics of
he gas, in net contrast to our results. We can identify two reasons to
xplain this difference. The first lies in the different characterization
f the SN rate. In fact, Girichidis et al. ( 2018a ) employ a fixed SN
ate, where the positions and times of each SN are provided as a
imulation input. Contrary, we follow the formation and evolution of
assive stars and the resulting SN rate depends on the population of
assive stars. The local change in CR ionization rate locally affects

he CR heating, which in turn impacts the star formation, allowing
s to form stars even at this very low metallicity. The second reason
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Figure 10. Initial conditions for star formation in our Z0.02-vG 0 -v ζ simulation. For every sink particle that is created, we analyse the gas conditions in the 
formation region one snapshot before sink formation (see the text for details). From left to right, we show the distribution of G eff , � pe , ζ , and � cr . Considering all 
star clusters, we represent the resulting distributions as dark-shaded histograms. We add as transparent histograms the distributions of these quantities computed 
for all these snapshots and all cells in a region | z| < 250 pc around the mid-plane, as a comparison. All distributions are normalized to be between 0 and 1. The 
star-forming gas has values of G eff < 1, ζ∼ 10 −18 s −1 , � pe ∼ 10 −26 –10 −25 erg s −1 cm 

−3 , and � cr < 10 −26 erg s −1 cm 

−3 . We add in the first and third panels 
the mean of the distributions for all gas for run Z0.02-vG 0 -v ζ (dashed vertical lines), and, for comparison, for run Z0.02 (solid vertical lines). 

Figure 11. � SFR against the gas surface density of the gas averaged over 
200 Myr after the onset of star formation. We add the theoretical star formation 
law for low-metallicity environments from K 09 , computed for a value of c 
= 50 (solid black line) and c = 15 (dashed). We add the fit to our data 
assuming c to be a free parameter (green), and the KS relation (red). The 
markers of the Z0.02-vG 0 -v ζ and the Z0.02-vG 0 -v ζ -BS coincide. 
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oncerns the metallicity of the gas. Girichidis et al. ( 2018a ) study
olar-neighbourhood conditions. As already seen in Section 2.3 , at 
olar metallicity the PE heating plays a much more important role 
han CR heating in regulating the gas temperature. Consequently, 
hanges in the CR ionization rate have a much smaller impact on
he phase balance between cold and warm gas in their simulations,
ompared to our models. This could explain why they do not observe
ignificant variations in the dynamics of the gas when changing the 
ocal CR ionization rate. 
Kim et al. ( 2023 ) present the TIGRESS–NCR simulations, which
dopt a simulation setup similar to that used in this work. They
o not include CR transport via advection, diffusion, and streaming 
long magnetic field lines, therefore they neglect any possible effect 
f the presence of CRs on the dynamics of the gas. Ho we v er, the y
ake into account CR heating employing a temporally variable CR 

onization rate which scales according to the SFR surface density 
nd the gas surface density. In particular, they adopt an unattenuated 
alue of the CR ionization rate (in our notation) ζ0 = 2 ×
0 −16 s −1 ×� 

′ 
SFR , 40 / � 

′ 
gas , where � 

′ 
SFR , 40 is the SFR surface density

omputed considering the last 40 Myr of e volution di vided by the
olar neighbourhood value � SFR = 2.5 × 10 −3 M � kpc −2 yr −1 , and
 

′ 
gas is the instantaneous gas surface density normalized by the 

olar-neighbourhood value � gas = 10 M � pc −2 . For an effective
hielding column density N eff higher than a threshold value N 0 

 9.35 × 10 20 cm 

−2 the CR ionization rate ζ0 is attenuated by
 factor of ( N eff / N 0 ) −1 . The exponent of their attenuation factor
–1) is assumed from Neufeld & Wolfire ( 2017 ), which is more
han double compared to the exponent employed in this work (–
.423), taken from P ado vani et al. ( 2009 ). This implies that the
R ionization rate is more heavily attenuated in the dense gas in
IGRESS–NCR simulations compared to ours meaning that, for the 
ame ζ0 , the CR heating is higher in our simulations. Since they
imulate the ISM at solar metallicity, for which different conditions 
pply compared to the very metal-poor medium analysed in this 
ork, we cannot directly compare with our results. This will be
one in a follow-up paper (Brugaletta et al. in preparation), where
e study different metallicities. Howev er, re garding the method, 
e can speculate that their value of the unattenuated CR ionization

ate ζ0 would be too large to allow star formation in a metal-poor
nvironment if � 

′ 
SFR , 40 ∼� 

′ 
gas . In fact, as seen in Fig. 3 , a value

f around 10 −16 s −1 is reached only in few cells in the vicinity
f SNe. 
MNRAS 537, 482–499 (2025) 
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M

Figure 12. Top panel: SFR surface density as a function of time for the 
simulations that can form stars. The dashed line indicates the expected SFR 

surface density estimated from the K 09 star formation relation for a gas 
surface density of 10 M � pc −2 , at a metallicity of 0.02 Z � and with a clumping 
factor c = 1. We note that this value is in accordance with the peak in � SFR 

found for the Z0.02-vG 0 -v ζ -BS run, whereas it is higher for the other two 
runs. Bottom panel: mass outflow rate, meaning the mass of the gas crossing 
a surface a z = ± 1 kpc, as a function of time. 
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An extension of this work has been presented in Kim et al. ( 2024 ),
here they expand their analysis at metallicities from three times

olar down to 0.1 Z �, which is five times higher than the value
dopted in this work. A direct comparison is, again, non-trivial, and
ill be done in a follow-up paper (Brugaletta et al in preparation). 

.3 Considerations for high-redshift environments 

he setup used in our simulations is suitable to describe the ISM
t redshift zero, typical for nearby dwarf galaxies. Ho we ver, lo w-
etallicity environments are also common in high-redshift galaxies.
o adapt our current setup in order to describe the high-redshift ISM,
 few adjustments are needed. 

First of all, the temperature of the cosmic microwave background
CMB), which sets the temperature floor of the gas, depends on the
edshift as 

 CMB ( z) = T 0 (1 + z) , (25) 

here T CMB is the temperature of the CMB, z is the redshift, and T 0 
 2.725 ± 0.002 K (Mather et al. 1999 ) is the value at the present

poch. Since the temperature of the CMB depends on the redshift
nly linearly, it will change only slightly if we do not choose high
edshifts, for example, z = 20. Therefore, the change in temperature
NRAS 537, 482–499 (2025) 
f the CMB can probably be neglected if the redshift of interest is
uf ficiently lo w. 

Moreo v er, H 2 formation would be affected by the lack of dust in
ristine gas. In this work, we adopt a simplified treatment for the
roduction of H 2 , assuming that it can form only on the surface
f dust grains, following the results from Hollenbach & McKee
989 . Ho we ver, molecular hydrogen can also form in the gas, and
ts formation channels there can dominate o v er formation on dust
rains at suf ficiently lo w metallicities. For example, H 2 formation
ia the H 

− ion becomes more important than grain surface formation
or dust-to-gas ratios ∼ 1 per cent of the solar value or smaller
Glo v er 2003 ), while formation via the three-body channel becomes
mportant at high gas densities ( n > 10 8 cm 

−3 , Palla et al. 1983 ) and
ery low metallicities ( Z < 10 −6 Z �, Omukai et al. 2005 ). We have
iscussed abo v e that molecular gas is not needed at this metallicity
o form stars, therefore these production mechanisms do not play an
mportant role in describing star formation at high redshift. 

In addition, in galaxies with masses higher than 10 10 M � the gas
raction, i.e. the ratio of gas mass to stellar mass, increases as a
unction of redshift (Carilli & Walter 2013 ). Moreo v er, according
o Markov et al. ( 2022 ), high-redshift galaxies present a starburst
hase, therefore their KS relation is shifted towards higher SFR
urface densities. 

 SUMMARY  A N D  C O N C L U S I O N S  

n this work, we present our new treatment of the heating due to low-
nergy CRs implemented in the framework of the SILCC simulations.
ur MHD simulations include feedback from massive stars in form
f non-ionizing (FUV) and ionizing (EUV) radiation, stellar winds,
Ne and CRs. In our new prescription for CR heating, we treat the CR

onization rate ζ as a variable, instead of a constant parameter, such
hat it varies as a function of the energy density of CRs. We assume
 linear scaling of ζ with the energy density of CRs if the column
ensity of the gas is lower than 10 20 cm 

−2 , otherwise we attenuate
his linear scaling with a power law. The other main important heating
echanism in the ISM is PE heating, which we compute from the
UV radiation field using the no v el method presented in Rathjen
t al. ( 2024 ). 

We test this implementation at a metallicity of 0.02 Z �, for which
he CR heating computed for a reference value of ζ = 3 × 10 −17 

 

−1 is comparable with the PE heating rate computed for a reference
alue of G 0 = 1.7 and the chosen metallicity. We run four different
imulations with (i) constant G 0 and ζ , (ii) variable G 0 and constant
, (iii) both parameters variable and a linear scaling of the dust-to-
as ratio with the metallicity, (iv) both parameters variable and a
ower-law scaling of the dust-to-gas ratio with metallicity. Our main
esults are listed as follows: 

(i) The variability in space and time of the CR ionization rate
lays a major role in allowing the gas to cool. In fact, having both
onstant G 0 and ζ hinders the cooling and therefore star formation.
oreo v er, having a variable G 0 but a constant ζ allows only a very

mall fraction of the gas to cool and form stars. Only the variability
f the two parameters allows a substantial number of stars to form,
o we ver, the dif ferent scaling of the dust-to-gas ratio with metallicity
oes not produce important differences. 
(ii) The ability of the gas to cool to temperatures suitable for star

ormation is dictated by the amount of energy provided by PE and
R heating. The runs with constant ζ are those whose total energy
iven by these heating mechanisms is larger, whereas the runs with
 variable ζ provide almost an order of magnitude less energy. 
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Figure 13. Time-series for Z0.02-vG 0 -v ζ -BS. In the first row, the projection of the density is represented, in the second the slice of temperature, in the third 
the slice of the CR heating rate, in the last the slice of the PE heating rate. The circles in the first row represent the star clusters. 
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(iii) The direct effect is the amount of cold gas formed in our runs.
n fact, the runs with variable ζ result in 3–4 per cent of the total gas
ass to be cold. On the other hand, in the Z0.02-vG 0 run, only 0.25

er cent of the gas is cold. 
(iv) We analyse the spatial distribution of the PE and CR 

eating rates, and we compare them. We note that the PE heat-
ng rate dominates in the immediate vicinity of star-forming 
egions, whereas the CR heating rate seems to dominate in 
MNRAS 537, 482–499 (2025) 
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he more diffuse gas, far away from massive star formation
ites. 

(v) We observe different behaviours in the density PDFs, as the
uns able to form stars develop a power-law tail at high density,
hereas the runs with no stars do not have a high-density phase. 
(vi) We note selection effects in the local distributions of G eff , ζ ,
 pe , � cr in the volume where a star cluster will be forming. For a

tar cluster to form, it is necessary to have a G eff < 1, a value of ζ
round 10 −18 s −1 , � pe and � cr below 10 −25 erg s −1 cm 

−3 . The values
f ζ for which star formation takes place are lower than the mean of
he distribution computed for all gas. 

(vii) Because of the abo v e points, substantial star formation takes
lace only in the runs with variable ζ , where small values of ζ
an be locally possible. Ho we ver, the SFR surface density is around
ne order of magnitude lower than what is expected from the star
ormation relation for low-metallicity environments (K 09 ). 

(viii) Since only a few stars are formed in all runs, there are only
 few SN explosions in our simulation domain. Therefore, neither
hermally driven nor CR-driven outflows develop in our simulations.
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