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A B S T R A C T 

A significant amount of star formation occurs and has occurred in environments unlike the solar neighbourhood. The majority of 
stars formed closer to the peak of the cosmic star formation rate ( z > 1 . 3) and a great deal of star formation presently occurs in 

the central molecular zone (CMZ) of the Galaxy. These environments are unified by the presence of a high interstellar radiation 

field (ISRF) and a high cosmic ray ionization rate (CRIR). Numerical studies of stellar birth typically neglect this fact, and those 
that do not have thus far been limited in scope. In this work, we present the first comprehensive analysis of hydrodynamical 
simulations of star formation in extreme environments where we have increased the ISRF and CRIR to values typical of the 
CMZ and starburst galaxies. We note changes in the fragmentation behaviour on both the core and stellar system scale, leading to 

top-heavy core and stellar system mass functions in high ISRF/CRIR clouds. Clouds fragment less on the core scale, producing 

fewer but more massive cores. Conversely, the cores fragment more intensely and produce richer clusters of stellar systems. 
We present a picture where high ISRF/CRIR clouds fragment less on the scale of cores and clumps, but more on the scale of 
stellar systems. The change in fragmentation behaviour subsequently changes the mass function of the stellar systems that form 

through enhanced accretion rates. 
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 I N T RO D U C T I O N  

imulations of star formation have progressed considerably in their
bility to reproduce the observed properties of stars and star-forming
egions in recent years. They can accurately re-create the observed
nitial and core mass functions (Bate 2012 ; Krumholz, Klein &

cKee 2012 ; Maschberger et al. 2014 ; Guszejnov et al. 2021 ;
athew, Federrath & Seta 2023 ) as well as the properties of nearby
olecular clouds as a whole (V ́azquez-Semadeni et al. 2007 ; Walch

t al. 2015 ; Girichidis et al. 2016 ; Treßet al. 2021 ). Ho we ver, almost
ll studies neglect one key fact: the majority of stars did not form in
earby molecular clouds. 
Instead, most star formation occurred in environments akin to

tarbursts earlier in the Universe’s evolution, i.e. most star formation
ccurred alongside significantly ele v ated star formation rates. Less
han 25 per cent of stars formed in the present ( z < 0 . 7) Universe.
nstead, near 50 per cent of star formation occurred at redshifts
 > 1 . 3 (Madau & Dickinson 2014 ). This was concentrated in
tarburst and ultra-luminous infra-red galaxies (ULIRGs) where
tar formation rates could exceed 1000 M � yr −1 (Wild et al. 2020 ).
ven in the present-day Milky Way, a significant amount of star
 E-mail: cusackmt@cardiff.ac.uk 
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s  

Published by Oxford University Press on behalf of Royal Astronomical Socie
Commons Attribution License ( https:// creativecommons.org/ licenses/ by/ 4.0/ ), whi
ormation is occurring in the Central Molecular Zone (CMZ), a
 astly dif ferent environment to nearby clouds (Henshaw et al. 2023 ).
here are suggestions that this environment is similar to the starburst
alaxies where we believe most star formation to have taken place
Kruijssen & Longmore 2013 ). Such environments are presumed
o have ele v ated cosmic ray ionization rates (CRIRs) and interstellar
adiation fields (ISRFs) compared to that of the solar neighbourhood,
s a direct result of their enhanced star formation. Intense star
ormation produces numerous O/B type stars that emit ionizing
adiation, which later die and produce supernova remnants which
re important sources of cosmic rays via dif fusi ve shock acceleration
Axford, Leer & Skadron 1977 ; Krymskii 1977 ; Blandford &
striker 1978 ; Bell 1978a , b ; Krumholz, Crocker & Offner 2023 ).
osmic ray ionization rates can exceed 100–1000 times that of the

olar neighbourhood in these environments (Papadopoulos 2010 ;
insburg et al. 2016 ; Le Petit et al. 2016 ). In addition, observations of

tarburst galaxies and ULIRGs suggest the y e xperience an enhanced
SRF in addition to an increased CRIR (Stacey et al. 1991 ; Davies
t al. 2003 ; Shangguan et al. 2019 ) that scales with their rate of
tar formation (Rowlands et al. 2015 ). For the CMZ, simulations of
louds there suggest an ISRF and CRIR 100–1000 times solar is
eeded to reproduce their observed properties (Clark et al. 2013 ). 

Increasing these parameters has an impact on the thermodynamic
tate of molecular clouds. Observations of the galactic centre suggest
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hat its dense gas is much warmer than in nearby clouds (Ao et al.
013 ; Ginsburg et al. 2016 ), and simulations corroborate this (Wolfire
t al. 2003 ). This is important as the thermodynamic state of a
olecular cloud has a role in setting the initial mass function (IMF):
 warmer cloud has a larger Jeans mass, which sets the peak of the
MF (Bate & Bonnell 2005 ; Larson 2005 ; Bonnell, Clark & Bate
008 ; Klessen & Glo v er 2016 ). It is thought that the thermodynamic
ehaviour of clouds o v erall has an impact on star formation (Li,
lessen & Mac Low 2003 ; Jappsen et al. 2005 ), which in turn is
odified by an increased ISRF and CRIR. Glo v er & Clark ( 2012a )

ave suggested that star formation itself is dependent on interstellar 
as’ ability to shield itself from the ISRF, and an increased ISRF is
ore difficult to shield against. 
These arguments suggest that star formation may be different in 

hese extreme environments, and evidence for this already exists. 
otte et al. ( 2018 ) found a notably shallow core mass function (CMF)

n a region of the galactic bar experiencing a burst in star formation,
nd both Lu et al. ( 2013 ) and Hosek et al. ( 2019 ) have presented
he case for a top-heavy IMF in the galactic centre. While the IMF
s generally thought to be universal, these studies provide hints that 
t may not be and through sampling of the IMF, Dib, Schmeja &
ony ( 2017 ) suggested that it has an underlying distribution broad

nough to allow for it to be non-universal. If the IMF and CMF
n these environments significantly deviate from those in the solar 
eighbourhood, it would mean that a significant proportion of stars 
ormed with an IMF unlike that estimated from star formation in the
olar neighbourhood. 

Studies that focus on circumstances unlike contemporary star 
ormation in the solar neighbourhood have thus far focused on low- 
etallicity and Population III star formation (Clark et al. 2011 ; Greif

t al. 2011 ; Dopcke et al. 2013 ; Bate 2014 , 2019 ). Clark & Glo v er
 2015 ) and Clark et al. ( 2019 ) have simulated some variation of
he ISRF and CRIR, but not in the context of star formation itself.
lessen, Spaans & Jappsen ( 2007 ) investigated the stellar mass

pectrum in starb urst environments, b ut used a simple polytropic 
quation-of-state rather than a more physical treatment of the ISM, 
nd did not resolve star formation below 1 M �. Guszejnov et al.
 2022 , 2023 ) vary the ISRF in the context of star formation, but do not
nvestigate the fragmentation and core mass function of their clouds, 
or do they sample the full range of plausible ISRFs. Whitworth 
t al. ( 2024 ) hav e e xplored the effect of the ISRF and CRIR on the
ow mass end of the IMF, but did not do so with a full hydrodynamic
odel. 
In this work we investigate how the ISRF and CRIR impact the

ragmentation, mass functions, and star formation rates of molecular 
louds, in the context of understanding how star formation may di-
erge from that in the solar neighbourhood in extreme environments. 
n Section 2 , we describe the simulation setup and initial conditions,
n Section 3 we present the general properties and thermodynamic 
tate of the simulated clouds, in Section 4 we investigate the 
roperties of the sink particles formed in the clouds, in Section 5
e study the fragmentation of the clouds and the corresponding 

ore mass function, in Section 6 we assess the impact of cosmic
ay attenuation, and in Section 7 we discuss the implications and 
imitations of this study. 

 M E T H O D S  

.1 Numerical simulations 

he simulations presented in this work were performed using the 
daptive mesh refinement (AMR) code AREPO (Springel 2010 ). It 
ses the Voronoi tessellation of a set of free-to-mo v e points to
enerate a mesh for which the equations of ideal hydrodynamics 
re solved using a second-order finite volume scheme. A particular 
dvantage of AREPO is that it allows for continuous refinement and
e-refinement through the insertion or deletion of mesh-generating 
oints. We use this feature to enforce Jeans refinement, where we
nsure that there are al w ays 16 cells per local Jeans length, in order
o keep collapsing regions sufficiently resolved. We have made a 
umber of changes to the version of AREPO presented in Springel
 2010 ), which are described in detail by Hunter et al. ( 2023 ). For
ompleteness we will summarize them below. 

.1.1 Sink particles 

e include sink particles (Bate, Bonnell & Price 1995 ; Federrath
t al. 2010b ) as a computational aid and as a representation of
tellar systems in the simulations. We use the same algorithm 

or creating sink particles as Hunter et al. ( 2023 ), where sink
articles are inserted in regions that are: (1) sufficiently dense, 
2) actively collapsing to a central point, (3) in a minimum of
ravitational potential, (4) sufficiently isolated from other sinks, and 
5) gravitationally bound. We insert sink particles abo v e a minimum
ensity of 1 . 991 × 10 −16 g cm 

−3 and use an interaction radius of
80 au. The interaction radius defines the size of the region that must
eet the abo v e conditions, and the radius within which the sink

an accrete material. This can be interpreted as the ef fecti ve size of
he sink. The sizes of the sinks we use in this work make them poor
nalogues of individual stars, and instead they better represent stellar 
ystems of one or more stars. The sink particles are gravitationally
oftened o v er a radius of 40 au. 

.1.2 Astrochemistry and thermodynamics 

he investigation presented here is possible thanks to the astro- 
hemistry network SGCHEM that has been continuously developed 
or AREPO . In brief, it models the chemical evolution of the ISM
sing a modified version of the chemical network outlined in Gong,
striker & Wolfire ( 2017 ); details of the modifications can be found

n Hunter et al. ( 2023 ). It accounts for the attenuation of the ISRF
y dust shielding and also the self-shielding of H 2 , C, and CO,
nd includes heating and cooling processes for various atomic and 
olecular species (Clark et al. 2019 ). While the astrochemistry 

s of secondary importance to this work, the inclusion of ISRF
ttenuation, cosmic ray ionization, and dust heating and cooling 
llows us to model high radiation environments (in lieu of a full
adiative hydrodynamics model). In two of the simulations, we model 
 simple column-density dependent cosmic ray attenuation using the 
reatment outlined in Appendix C alongside the standard physics 
escribed here. 

.2 Initial conditions 

e initialize the simulations as uniform density spherical clouds of 
adius 4 . 10 pc. Each cloud contains 1 × 10 4 M � of gas, for an initial
umber density of n = 10 3 cm 

−3 . The gas and dust in the cloud are
nitially at 40 K and 15 K, respectively. These temperatures adjust
uickly to their equilibrium values once the simulations begin, thus 
he specific values are of little consequence. We place the clouds
nside a box with side lengths 7.5 times their diameter and populate
he remainder of the box with gas with an initial number density
f 10 cm 

−3 and temperature of 80 K. We begin the simulations with
MNRAS 536, 3518–3536 (2025) 
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M

Table 1. The simulation labels and their respective parameters. M 0 is the 
total mass of the cloud, R c is the initial spherical radius of the cloud. G and 
ξH 2 describe the ISRF and CRIR (in Habing ( 1968 ) and SI units, respectively), 
with values for the fiducial case ( γ1 ) set to estimates of the values obtained in 
the solar neighbourhood (Draine 1978 ; Indriolo & McCall 2012 ). x H 2 is the 
initial abundance of molecular hydrogen. 

Simulation M 0 [M �] R c [pc] G [G 0 ] ξH 2 [s 
−1 ] x H 2 

γ1 1 × 10 4 4.10 1.7 3 . 5 × 10 −16 0.358 
γ10 1 × 10 4 4.10 17 3 . 5 × 10 −15 0.382 
γ100 1 × 10 4 4.10 170 3 . 5 × 10 −14 0.254 
γ1000 1 × 10 4 4.10 1700 3 . 5 × 10 −13 0.046 
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 × 10 6 mesh-generating points, for an initial mass resolution of
 . 01 M �. 
Molecular clouds are known to be the sites of turbulent cascades

hat are inherited from their wider environment (Larson 1981 ).
herefore we apply a turbulent velocity field to the cloud with
 power spectrum P ( k) ∝ k −4 with a natural mix of compressive
nd solenoidal modes as in Federrath et al. ( 2010a ) and Lomax,

hitworth & Hubber ( 2015 ). We scale the energy of these turbulent
otions so that the simulated cloud is initially in approximate virial

quilibrium, E K = 

1 
2 | E G | , where E K is the total kinetic energy of the

loud and E G the total gravitational potential energy of the cloud.
nce the simulations begin the turbulence is left to freely decay

n shocks. We use an isolated, spherical, turbulent cloud as this
implifies the initial conditions, and it has been shown to reproduce
he properties of observed clouds well (Priestley, Clark & Whitworth
023 ). Ho we ver, the density, geometry, and velocity dispersion of the
nitial conditions are more typical of the solar neighbourhood than of
louds in the CMZ or starbursts (Dale, Kruijssen & Longmore 2019 ;
mara & Faesi 2019 ; Henshaw et al. 2023 ). Ho we ver the clouds in
he high- γSFR begin to show greater resemblance to those of the CMZ
r starbursts as the simulations progress. 
We use four combinations of the ISRF and CRIR, each increasing

y an order of magnitude in turn. The lowest values of the CRIR
nd ISRF, G = 1 . 7 G 0 and ξH 2 = 3 . 5 × 10 −16 s −1 (together adopted
s the fiducial case, labelled γ1 ), correspond to estimates of the
ontemporary values in the solar neighbourhood (Draine 1978 ;
ndriolo & McCall 2012 ) and the highest values (labelled γ1000 )
re 10 3 times higher. From here on we will refer to the combination
f the ISRF and CRIR as γSFR , to simplify discussion and reinforce
he variables as proxies for a changing external star formation rate.

e run two simulations for each value of γSFR , using two different
urbulent seeds. Results in the following sections are typically shown
or one turbulent seed only, unless the results are strongly influenced
y the seed in which case both runs are shown. We also run two
eparate simulations where cosmic ray attenuation is modelled, using
he same initial conditions as γ1 and γ1000 . Results from these runs
re typically included in figures, but are discussed separately from
he standard clouds in Section 6 . The details of each simulation’s
nitial conditions are shown in Table 1 . 

The γSFR value also influences the equilibrium abundance of each
f the chemical species modelled in the network, thus we begin
ach simulation with slightly different abundances. We determine
he equilibrium abundances by evolving a low-resolution simulation
or each γSFR until chemical abundances stabilize. We set the initial
bundance of each species to the corresponding abundance at a
ensity of 10 3 cm 

−3 in the test simulations (see Table A1 ). We use
he same initial abundances for both turbulent seeds, and for the runs
ncluding cosmic ray attenuation. For the total abundances of carbon
NRAS 536, 3518–3536 (2025) 
nd oxygen relative to hydrogen, we use the values x C = 1 . 4 × 10 −4 

nd x O = 3 . 2 × 10 −4 as suggested by Sembach et al. ( 2000 ). 

 C L O U D  PROPERTIES  

.1 Cloud structure and morphology 

he simulations were terminated after 1 . 39 Myr (1 free fall time),
y which time each cloud had turned between 2000 and 4000 M �
f gas into sinks. Fig. 1 shows column density maps of the clouds
t the onset of sink formation along with the corresponding time.
ncreasing γSFR changes both the internal and external structure of
he clouds as well as the time of the onset of sink formation. 

Externally, the transition region between the cloud and its sur-
oundings increases in extent and density as more outlying gas either
xpands or escapes the cloud’s potential well. This ‘boiling off’ of
he cloud’s outer envelope is a result of the additional heating from
he ISRF; the extra energy from this heating causes the gas to either
xpand and cool (increasing the extent of the transition region) or to
scape the cloud entirely (creating a denser surrounding medium).
n the case of γ1000 this effect is so strong that the outer gas begins to
 x ert a pressure back onto the cloud, compressing it. A similar result
as noted by Clark & Glo v er ( 2015 ) when using an enhanced ISRF

nd CRIR. The contrast between the outlying envelope and the cloud
lso becomes stronger for the high- γSFR clouds, as the low density
as expands uniformly into the surrounding region and no longer
lings to the edges of the clouds as it does in the low- γSFR clouds.
s a result of this the division between cloud and envelope is much

learer in the high- γSFR simulations. 
Internally, the structures that form within the clouds become

arger as γSFR increases. The low- γSFR clouds contain complex,
ich, networks of thin filaments and cores, whilst by contrast the
igh- γSFR clouds show larger, denser clumps. This too is a result of
dditional heating from the ISRF and the resulting increase in the
ound speed of the gas. This weakens the ability of turbulent shocks to
roduce density contrasts, and increases the local Jeans mass. These
ffects compound and effectively stabilize the cloud, preventing the
ormation of small-scale structure and requiring structures to become
ore massive before they can collapse. This has the additional effect

f delaying sink formation, as more time is needed to assemble the
assive structures that can trigger self-collapse. 

.2 Thermodynamics of the cloud 

n Fig. 2 we show temperature–density diagrams of the clouds in
oth binned and raw forms for the gas (both panels) and the dust
top panel only). Number density in this figure and all subsequent
gures is the number density of hydrogen nucleons in all forms.
ncreasing γSFR increases the temperature of the gas and dust across
ll densities. The gas and dust temperatures increase monotonically
ith the increase in γSFR , except at very low densities. 
Increasing γSFR also pushes the transition out of the warm neutral
edium (WNM) to higher densities. While γ1 does not reach

emperatures of 10 4 K at all during the simulation, γ1000 does so for
ensities up to 10 3 cm 

−3 . At such a density we usually expect the gas
o have become cold and molecular due to attenuation of the ISRF.
nstead, the ISRF is so intense that shielding is not strong enough to
llow the gas to cool yet, as it is in the lower- γSFR clouds. Therefore
he clouds remain hot until a (higher) density where shielding can
ttenuate the strengthened ISRF . W olfire et al. ( 2003 ) similarly found
hat the WNM–CNM transition is pushed to higher densities when

odelling the Galactic Centre, due to an increased ISRF/CRIR. The
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Figure 1. Column density maps of each cloud at the onset of sink formation (the time of which is shown in the top-left corner alongside the simulation 
identifier). Insets show a 2 ×2pc region zoomed into the cloud centres. 

r  

a  

t  

a  

b  

t

c  

d
a  

t  

c  

c

d  

w  

r  

T  

e
 

g  

o  

t  

d  

t  

H  

l

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/536/4/3518/7932040 by guest on 09 January 2025
esult of this cooling delay is that more hot gas ‘boils off’ the cloud,
s we saw in Fig. 1 , producing a dense halo that can push back on to
he cloud. It should be noted, ho we ver, that the behaviour of the gas
t densities below the starting density (10 3 cm 

−3 ) will be impacted
y the choice of initial conditions and may not be representative of
he typical ISM. 

Another effect of increasing γSFR is that the transition from the 
old neutral medium (CNM) to molecular gas is disrupted. This is a
irect consequence of change to the WNM, as the high- γSFR clouds 
re still hot at the typical densities of the CNM. Instead, these clouds
ransition straight to molecular gas as they cool and have no stable
old atomic regime (see Fig. D1 for the abundances of hydrogen and
arbon species against density). An implication of this is that the 
ensity where both H 2 and CO form both increases and converges
ith γSFR . The two begin to form in tandem in the high- γSFR clouds,

educing the amount of CO-dark molecular gas we see in the clouds.
his may make CO a better tracer of molecular gas in high-SFR
nvironments. 

The transition from the WNM to the CNM and then to molecular
as occurs as a result of shielding from the ISRF increasing as the
ptical depth of a cloud increases. The amount of shielding needed
o transition from the CNM to molecular gas is slight, but in a low-
ensity cloud the CNM and molecular regime can coexist thanks to
he gradual change in shielding with cloud depth at low densities.
o we ver, in the high- γSFR clouds the density at which the clouds

eave the WNM is much higher. Shielding now increases rapidly 
MNRAS 536, 3518–3536 (2025) 
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Figure 2. Temperature–density diagrams of the clouds when the simulations 
were terminated. The top panel shows mass-weighted average gas (solid lines) 
and dust (dotted–dashed lines) temperatures as a function of number density. 
Grey bands show lines of constant Jeans mass where the spread corresponds 
to the range of typical mean molecular weights in the ISM ( μ = 1 . 4 − 2 . 4). 
The mean molecular weight is likely to vary in a systematic way with varying 
temperature and density, as the gas becomes fully molecular at high densities 
(increasing μ). Gas temperatures for the runs with attenuated cosmic rays are 
indicated with dotted lines. The bottom panel shows the raw distribution of 
cell gas temperatures against number density, weighted by the mass of each 
cell. 
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1 Including atomic cooling, which in the network refers to the emission 
resulting from the collisional excitation of various atomic and ionic species, 
assuming collisional ionization equilibrium. 
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ith cloud depth, so that even shallow depths into the cloud exceed
he shielding needed to produce molecular gas. Therefore no CNM
s able to form. 

Increasing γSFR increases the density at which dust–gas coupling
ccurs. For the gas and dust to thermally coupled, the energy transfer
rom g as–g ain interactions must be large enough to regulate the gas
emperature. This energy transfer increases with the square of number
ensity, so dust–gas coupling typically occurs at high densities. When
e increase γSFR , we increase the heating rate of the gas, but only

lightly increase the efficiency of gas–grain collisions (as it has a
ependence on temperature. The dust no longer regulates the gas
emperature until a higher density where the energy transfer is large
nough to counteract the additional heating. This results in a delay
f nearly two orders of magnitude in the coupling density between
1 and γ1000 , resulting in the high- γSFR clouds remaining at a higher
emperature at higher densities and not achieving an isothermal state
ntil later. This has implications for the fragmentation of the clouds;
igher temperatures increase the Jeans mass which sets the scale o v er
hich fragmentation occurs (Jappsen et al. 2005 ; Palau et al. 2015 ).
ragmentation only slows when the clouds become isothermal and

he point at which that happens is impacted by γSFR . 
NRAS 536, 3518–3536 (2025) 
The temperature of the dust, while stable compared to that of the
as, is increased by γSFR . Dust temperatures increase in proportion
o γSFR , but differ by only 15 K across all clouds at the sink creation
ensity. This still corresponds to an order of magnitude difference
n the Jeans mass, ho we ver, and will affect the formation of the sink
articles. 
Another consequence of increased dust temperatures is that the

ar-infrared spectral energy distribution (SED) of the clouds will be
ifferent. Starburst galaxies observed at high redshifts naturally have
n SED that is shifted to shorter wavelengths, thanks to the warmer
osmic microwave background at earlier epochs. Fig. 2 shows that
ust temperatures are hotter in these environments too, blue-shifting
he SED further and changing the observability of such systems (De
ossi et al. 2018 )). This provides an observational signature for high-
SFR environments that can be cross-examined with known starburst
ystems and their properties. 

.3 Dominant thermal processes 

he explanation for the differing temperature–density structures
f the clouds is the changing importance of different heating and
ooling rates. Increasing γSFR strengthens certain heating processes,
hile also affecting the abundances of the chemical species in the
etwork we are using. Understanding how these changes interact
eveals why the thermodynamic state of the clouds differs so strongly.
herefore, we show the fractional importance of the different heating
nd cooling rates against number density in Fig. 3 . 

Photoelectric heating is a dominant process in all the clouds,
ut for high- γSFR clouds there is an increasingly large contribution
rom cosmic ray heating. The source of these (the ISRF and CRIR,
espectively) both increase in step as we increase γSFR , so we might
xpect these heating sources to also increase in step. Ho we ver, each
f these has a dependence on the chemical state of the gas, and the
hysical structure of the clouds. The efficiencies of both cosmic ray
nd photoelectric heating are modulated by the abundance of atomic
ydrogen, and photoelectric heating becomes less ef fecti ve as clump
nd core sizes increase (thus increasing attenuation for the same
ensity). These complex dependencies interact to allow cosmic ray
eating to displace photoelectric heating as the most important heat
ource in the high- γSFR clouds. At the highest densities photoelectric
eating becomes completely irrele v ant, as the ISRF is fully attenuated
o matter the core or structure size. Cosmic rays are the primary heat
ource, balanced by gas-grain cooling once the gas and dust are
hermally coupled. 

Cosmic rays become progressively more important at low densi-
ies, yet appear anomalously so for γ10 . This is not because the cosmic
ays are stronger than in γ100 , but rather that they are not yet being
alanced by any cooling process. The cosmic ray heating is not yet
ntense enough to heat the gas to temperatures that facilitate Lyman α
nd other WNM cooling processes. 1 H 2 cooling is also inactive here
s the enhanced cosmic ray rate results in the complete dissociation
f molecular hydrogen at lower densities. This causes γ10 to seem
s if it is being heated more intensely, even though it is not. γ100 

nd abo v e are e xperiencing stronger heating, such that the gas has
ecome hot enough to acti v ate high-temperature cooling processes
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Figure 3. The relative heating and cooling rates included in the chemical network and their fractional importance against number density. Rates are binned 
into equal width bins of number density and a mass-weighted average rate is found for each bin/rate. The rates are then normalized to account for the changing 
sum of raw rate values with number density. Rates are coloured depending on whether they heat (reds and oranges), cool (blues and purples), or can do either 
(greens). The panels are oriented as previous figures. 
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Increasing γSFR changes the dominant coolant at intermediate 
ensities. Where in the fiducial cloud cooling is dominated by 
arious carbon-containing species (C 

+ , C, CO), in runs γ100 and γ1000 

tomic oxygen is the most important coolant. The transition between 
ifferent carbon species also becomes more rapid and shifted to 
igher densities in the higher γSFR clouds. The different species of 
arbon are useful for tracing clouds at different evolutionary stages 
Clark et al. 2019 ); ho we ver, it appears that this is no longer possible
or high- γSFR clouds. Oxygen becomes a more important coolant 
hanks to the inability of CO to form: increased temperatures and
osmic-ray dissociation act to reduce the abundance of CO (Bisbas, 
apadopoulos & Viti 2015 ), leaving oxygen fine structure cooling to
ominate. 
We caution that the importance of H 2 cooling and dissociation 

eating at low densities may be an artefact of the initial conditions,
s we begin the simulations with some fraction of the gas in molecular
MNRAS 536, 3518–3536 (2025) 
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M

Figure 4. The sink particle mass function of each simulation in histogram and cumulative form. The distributions are sampled when all simulations have 
reached 3000 M � in total sink mass. The dashed lines in the left-hand panels are the Salpeter power law with exponent α = −1 . 35 (Salpeter 1955 ) and the solid 
lines are best-fitting power laws to the high mass ( > 1 M �) tail for the non-attenuated runs. The dotted–dashed lines represent the ef fecti ve resolution limit; the 
Jeans mass at the sink creation density. Each histogram shows the mass function of the corresponding simulation in colour, with the mass functions of the other 
simulations shown in light-grey. Dotted lines represent the mass functions of the runs with cosmic ray attenuation. 

Table 2. Summary statistics of the sink particle mass function of each simulation. Statistics were calculated when each 
simulation had formed 3000 M � in sinks, as with the figures. The exponent αFit corresponds to a least squares fit to the 
power-law N ( m ) ∝ m 

α for masses M > 1 M �. The quoted uncertainty is the estimated standard error to the fit. 

Simulation αFit M Mean [M �] M Med [M �] M < 1 M � M > 10 M �

γ1 −1 . 25 ± 0 . 08 1.79 0.73 16 .85% 30.24% 

γ1 , Attenuated −1 . 25 ± 0 . 08 1.55 0.68 20 .37% 23.86% 

γ10 −0 . 94 ± 0 . 08 2.42 0.74 12 .03% 47.93% 

γ100 −0 . 86 ± 0 . 09 3.05 0.78 9 .79% 59.83% 

γ1000 −0 . 70 ± 0 . 04 4.69 0.92 6 .20% 70.85% 

γ1000 , Attenuated −0 . 83 ± 0 . 05 3.98 1.06 6 .94% 58.77% 
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orm. As the cloud expands, its initial H 2 content is retained even in
as orders of magnitude below the density where molecular hydrogen
an form. In the low- γSFR clouds the CRIR is not high enough to
issociate this H 2 on a short enough timescale and some persists to
xtremely low densities. This is why there is a strong contribution
rom H 2 cooling and dissociation in γ1 and γ10 . These effects do not
hange the dynamics or fragmentation behaviour of the cloud, only
he lowest density thermodynamics that are of secondary importance
o this study. 

A final important feature is the ramp-up of gas–grain cooling
o balance cosmic ray and H 2 formation heating at high densities.
his process happens later in the high- γSFR clouds, in accordance
ith the delayed dust–gas coupling we have mentioned. By the sink

reation density, gas–grain cooling is almost perfectly balancing the
orresponding heating. This explains the isothermality of this gas
t very high densities, the balance between heating and cooling
s almost exactly 50/50. The processes we have mentioned also
ominate o v er pdV-work in the higher- γSFR clouds, showing that
he thermal and chemical state of the gas is only weakly coupled to
ts dynamics. 
NRAS 536, 3518–3536 (2025) 

s  
 SI NK  PA RTI CLES  

.1 Sink mass function 

he sink particles used in these simulations have sizes equi v alent
o or larger than that of typical binary systems (Duch ̂ ene & Kraus
013 ) and we treat them as stellar systems rather than individual stars.
he system mass function (SMF) typically informs and follows the

nitial mass function (Offner et al. 2014 ) and the distribution of sink
roperties reflects how the cloud is fragmenting on stellar scales. 
We show the sink particle mass functions in Fig. 4 , along with

est-fitting power laws to the high mass tail ( > 1 M �, the properties
f which are shown in Table 2 ). Increasing γSFR leads to a shallower,
op-heavy mass function that deviates from Salpeter. The fiducial
loud, γ1 , shows good agreement with Salpeter, indicating that the
imulation setup reproduces the observed SMF in solar neighbour-
ood conditions and that changes in the power law are not due to
eficiencies in the physics we include. Instead, it is clear that a high
SFR leads to the formation of larger sink particles. The regime where
inks form and accrete is approximately isothermal, and isothermal
imulations indicate a dependence of the mass function on the
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Figure 5. Sink particle accretion rates against sink mass for each simulation 
for sinks with masses > 1 M �. Accretion rates are binned by sink mass and a 
box plot shows the distribution of accretion rates in each mass bin. Accretion 
rates are sampled for each sink at each snapshot and are calculated from the 
time it takes for a sink to increase its mass by 10 per cent . The dashed line 
shows the expected ṁ ∝ m relationship from Maschberger et al. ( 2014 ) and 
Clark & Whitworth ( 2021 ). In the bottom-right of each panel, we show the 
individual mass–accretion relationships for the 5 most massive sinks in each 
simulation. While the box plots contain accretion rates for all sinks at all 
times, these panels show the evolution of the most massive sinks explicitly. 
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verage Jeans mass of a cloud (Larson 1973 ; Bate 2005 ; Bate &
onnell 2005 ; Jappsen et al. 2005 ). The gas is hotter and denser in

he high- γSFR clouds, and therefore the Jeans mass is larger, leading 
o larger sink particles. 

From the cumulative distributions we can conclude that changes in 
he SMF are not due to the clouds evolving on different time-scales.
he maximum sink mass attained by each cloud is similar, yet the
istributions are very different. Therefore there has been sufficient 
ime for the sinks to grow to large masses in all clouds, and the
istributions are not affected in changes to the evolutionary history 
f the clouds (e.g. γ1 beginning sink formation much earlier than 
1000 ). Instead, the change in the distributions must be a result of the
hanging thermal physics of the clouds. 

The peaks of the SMFs are shifted to slightly higher masses as
e increase γSFR . In addition to this, there is a deficit of low-mass

 < 0 . 2 M �) sinks in the high- γSFR clouds. Therefore these clouds
re bottom-light, and the deficit of low to intermediate mass sinks is
urther made clear in the cumulative distributions and SMF summary 
tatistics. It has been suggested (Bate & Bonnell 2005 ; Larson 2005 )
hat the peak of the IMF (and by extension the SMF) is affected by
hermal physics, and that increasing the temperature increases the 
eak mass. Ho we v er, the v ery slight change in the peak contrasting
ith the very large change in the slope of the SMF casts some doubt
n this idea. 

.2 Sink accretion rates 

he differing system mass functions imply a difference in the growth 
f the sink particles in each cloud. The sink particles in the high- γSFR 

louds must be growing more rapidly than those in the low- γSFR 

louds, in order to achieve larger masses in the time between the
nset of sink formation and the termination of the runs (which is
horter for the high- γSFR clouds). Fig. 5 shows this to be the case.
ccretion rates are ele v ated for the high- γSFR clouds, particularly for

inks below 10 M �. At high sink masses, however, they are generally
omparable, or less than, their counterparts in the low- γSFR clouds. 
his suggests a weakening of competitive accretion in the high- γSFR 

louds. 
Maschberger et al. ( 2014 ) and Clark & Whitworth ( 2021 ) have

uggested that an accretion rate proportional to sink mass is needed to
eproduce the Salpeter power law. The results presented here support 
his conclusion, as γ1 shows this proportional relationship and is 
he only cloud to reproduce the Salpeter high-mass tail. When γSFR 

ncreases, the relationship between accretion rate and mass shallows, 
articularly at high sink masses, and a Salpeter mass function no 
onger emerges. In a highly competitive environment, sinks with 
reater mass accrete more rapidly as they settle to the dense region at
he bottom of the potential well. This leads to a steep accretion–mass
elationship where massive sinks grow in proportion to their mass. 
n the high- γSFR clouds we see a shallower slope, indicating that 
ccretion is not so strongly tied to mass. This implies that accretion
ay have become less competitive in these clouds, as larger sinks are

rowing at a similar rate to less massive ones. This inevitably has had
n effect on the sink mass function. The inset panels in Fig. 5 show
hat this is applicable to both individual sinks and sinks in aggregate.
he largest sinks in γ1 accrete at a rate roughly proportional to 

heir mass, whereas in γ1000 this relationship is approximately flat. 
ompetitive accretion is applicable to the sinks in γ1 and γ10 , yet 
reaks down as γSFR increases. 
The ele v ated accretion rates explain why the sink mass function

s top-heavy in the high- γSFR clouds; sink particles gain mass more 
apidly and therefore end up larger. The flattening of the accretion 
ate relationship also explains the shallower power-law tail. Clark & 

hitworth ( 2021 ) suggest that more competitive accretion produces 
e w, massi ve, systems that then dominate the rest, producing a steep
ass function. We would then expect that less competitive accretion 
ould do the reverse, producing a shallower mass function. 

.3 Sink formation history 

ig. 6 shows the sink formation rate through time for each of the
imulations, from the onset of sink formation to the termination of
he runs. The sink formation rate is calculated as the mass that either
orms new sinks or is accreted by existing sinks. We include both runs
n this Figure, as much of the sink formation rate will be strongly
nfluenced by the randomness of turbulent motions (Larson 1981 ; 
lessen et al. 2005 ; Ballesteros-Paredes et al. 2007 , 2011 ). 
Sink formation is delayed as γSFR increases in both simulation 

uns. This effect is present in both runs, but is more prominent in the
econdary run. Ho we ver with the second turbulent seed γ1000 begins
ink formation earlier than γ100 , whereas with the first turbulent 
eed γ1000 begins sink formation very soon after γ100 . This may be
ue to the crushing by the cloud’s outer envelope back on to the
loud, triggering sink formation earlier by artificially speeding up 
he collapse of the clouds. It is clear that random variation still plays
n important role here though, as the γ1000 clouds do not both begin
ink formation before γ100 . 

While the rate of sink formation is subject to randomness, increas-
ng γSFR systematically decreases the sink formation rate significantly 
n both runs. This is more evident in the first run, where sink formation
ates are higher and begin earlier than in the secondary run, but it
s a clear effect in both runs. The simulations are all initialized
MNRAS 536, 3518–3536 (2025) 
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Figure 6. The sink formation rate through time for each of the simulations. 
The formation rate is calculated as a rolling mean of the change in total sink 
mass, d M/ d t , using a window of 50 000 yr. The properties of sink particles 
are reported every 100 yr, so each window co v ers 500 data points. Solid lines 
represent the simulations with the first turbulent seed, dotted lines represent 
the simulations using the second turbulent seed. 
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Figure 7. Distributions of the distances to a sinks 1st, 5th, and 10th nearest 
neighbour at the time of its formation. There is thus no data for the first 10 
sinks that formed. Outliers are omitted, and the whiskers show the 5th to 95th 
percentiles of the data. 
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ith the same balance between kinetic and gravitational energy, thus
he turbulent seed must be responsible for the reduction of sink
ormation rates in the secondary run. Despite the large differences in
ink formation rates between the seeds, the systematic dependence
n γSFR persists. 
The sink formation rates generally converge to a similar value

y the end of the simulation. This suggests that at earlier stages of
he clouds’ evolution the increased stability of the gas in high- γSFR 

louds hampers sink formation. Ho we ver as the cloud continues to
ollapse, accretion on to existing sinks may become the limiting
actor for the sink formation rate instead. 

 FRAG MENTATION  PROPERTIES  

.1 Sink particle clustering 

he way that the sink particles cluster, i.e. the groups they are formed
n, is influenced by the fragmentation of the parent cloud, and the way
hey grow is impacted by their environment (Larson 1995 ; Bonnell,
ine & Bate 2004 ; Bonnell et al. 2011 ; Girichidis et al. 2011 ). In
ig. 7 we show the distances to each sink’s nearest, 5th and 10th
earest neighbours at the time of its formation. The distance to
 sink’s nearest neighbour reflects the density of its immediate
urroundings when it formed. The closer its n th neighbour is, the
ore likely it is that the two sinks formed from the same core. 
In clouds with a high γSFR , the nearest neighbour distances tend

o be smaller than low γSFR clouds. This indicates that the sinks
n these clouds form in larger groups and a more heavily clustered
nvironment. A typical core ( n = 10 5 cm 

−3 , T = 15 K) has a Jeans
ength of around 10 4 au, and the median 5th nearest neighbour
istance for γ1 is around this value, indicating that cores may
ragment into 5 or fewer sinks as the nearest neighbour is within
he radius of such a core. This is to be expected for the fiducial
ase, and similar results have been derived through various means
Holman et al. 2013 ; Lomax et al. 2015 ; Ambrose & Whitworth
024 ). The median 10th nearest neighbour distance for γ1000 is less
han 10 4 au, indicating that cores may fragment into 10 or more sinks
n that cloud. In fact, cores in γ1000 have a larger Jeans length due to
NRAS 536, 3518–3536 (2025) 
he increased temperature, so cores may contain more than 10 sinks.
hus, increasing γSFR causes cores to fragment into more sinks and
roduce larger embedded clusters. 
These results indicate that γSFR has changed the fragmentation

ehaviour of cores, increasing the number of fragments that are
roduced as they collapse. This suggests that accretion inside the
ores should become more competitive and reduce masses (Peters
t al. 2010 ; Girichidis et al. 2012 ), but we have already seen this to
ot be the case. The increased fragmentation but lack of competitive
ccretion would be consistent with each other if the progenitor cores
ere more massi ve. Massi ve cores would then provide each sink
ith ample gas to accrete before having to compete with those in its

urroundings. 

.2 Core mass function 

dentifying the progenitor cores of sinks, and the fragmentation
roperties of the cloud as a whole, is possible through various means.
n the following section, we identify cores through a dendrogram
nalysis. Cores identified with dendrograms allow for a mass to be
imply determined and for a core mass function to be constructed.
endrograms can be derived from either images or 3D simulation
ata, and are thus common in both numerical and observational
tudies (Rosolowsky et al. 2008 ; Goodman et al. 2009 ; Smullen
t al. 2020 ; Offner et al. 2022 ). We use the dendrogram package
STR ODENDR O 

2 to identify structures in column density maps of the
louds. We create column density maps of the central 5 parsecs of
ach cloud in the x − y plane just before the onset of sink formation.
e use a minimum column density threshold of 2 × 10 22 cm 

−2 

nd a minimum column density contrast of 8 . 3 × 10 21 cm 

−2 . These
orrespond to the average column density of the cloud’s initial
onditions and the average column density of a 10 4 cm 

−3 core,
espectively. We require structures to contain a minimum of 10 pixels,
orresponding to an area of 0 . 00026 pc 2 . Individual objects in the
endrograms are not directly studied as these are often transitory;
o we v er, aggre gate properties (e.g. the CMF) are generally time-

file:www.dendrograms.org
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Figure 8. The mass distribution of cores just before the onset of sink formation in each cloud. Left-hand panels show histograms of the core masses with the 
number of cores identified in the top-left. The right-hand panel shows the cumulative distribution of core masses. Results from the simulations with cosmic ray 
attenuation are indicated with dotted lines. 
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nvariant in dendrogram analysis (Smullen et al. 2020 ), allowing 
hem to be used here. 

Fig. 8 shows the mass function of the cores identified via 
endrogram analysis. The peak of the core mass distribution shifts 
o higher masses with increasing γSFR and the distribution as a 
hole narrows. Small, sub-1 M �, cores do not form in the high-

SFR clouds and instead a greater fraction of the cores are abo v e
0 M �. The CMFs of the high- γSFR clouds are thus both top-heavy
nd bottom-light, as with the SMF. Thus, increasing γSFR suppresses 
he formation of cores and leads to a population of fewer, but more

assiv e, cores o v erall. Observations of a starburst in the galactic
ar (a high- γSFR environment) have noted a similar impact on the 
MF (Motte et al. 2018 ). The cumulative distribution reveals that 

he maximum core mass is different between the clouds, increasing 
ith γSFR . The minimum core mass also increases with γSFR . Unlike 

he SMF, changing γSFR mainly acts to shift the distribution to higher 
asses and cut off the low-mass end, rather than fundamentally 

hanging the shape of the distribution. 
The abundance of massive cores in the high- γSFR clouds may 

xplain the distribution of sinks. Larger cores can fragment more 
han smaller ones, and produce richer groupings of sinks. The relative 
ack of massive cores in the low- γSFR clouds and the abundance of
hem in γSFR clouds is consistent with the average number of sinks
roduced by each core increasing with γSFR . This result appears to 
ontradict the finding of a top-heavy sink mass function, as a core
hat fragments more will produce more sinks that will competitively 
ccrete with one another. Yet we have also shown that competitive 
ccretion is weakened in these clouds. Therefore, despite producing 
ore sinks per core, the cores must provide each sink with a larger

eservoir of gas from which to accrete before competing with nearby 
inks. The top-heavy core mass function indicates that this is the 
ase. 

The highest γSFR cloud presents an outlier due to being slightly 
ess top-heavy than γ100 . This effect is present in the core mass
unction of both turbulent seeds, suggesting that it is not simply due
o randomness. The highest- γSFR clouds experience compression due 
o the dense envelope we noted in Fig. 1 . This compression may
ccelerate the collapse of the cloud, triggering more cores to form.
he reduction in size of the cloud and more chaotic environment this
roduces may, ho we ver, suppress the formation of high-mass cores
nd lead to the change in the CMF we see. 

 COSMI C  R AY  A  TTENUA  T I O N  

he inclusion of cosmic ray attenuation has a limited impact on the
ducial cloud. Fig. 2 shows that for this cloud, temperatures are
nly moderately reduced with attenuation and therefore the resulting 
ore and sink mass functions are largely unchanged. This leads us to
he conclusion that cosmic ray attenuation may not be dynamically 
ignificant in solar-type clouds with typical cosmic ray ionization 
ates. 

Attenuation, ho we v er, does hav e an effect on the high- γSFR clouds.
as temperatures for number densities > 10 4 cm 

−3 are reduced by
 similar amount to a reduction in magnitude of γSFR . Ho we ver,
emperatures are largely unchanged for very low ( < 10 4 cm 

−3 ) or
ery high ( > 10 8 cm 

−3 ) number densities. This suggests that cosmic
ay heating is important for setting the temperature at intermediate 
ensities, but not so for very high or very low densities. In the high-
SFR clouds, we have already discussed how cosmic ray heating 
ecomes more influential than photoelectric heating – explaining 
hy the change to cosmic ray heating has a strong effect on the gas

emperature. At high temperatures the gas temperature tends to that 
f the dust temperature, due to frequent gas–grain collisions that 
fficiently exchange energy between the two. The dust ef fecti vely
cts as a thermostat with its temperature regulated by the ISRF rather
han the CRIR. 

The reduction in temperature in γ1000 resulting from the attenuation 
eads to a change in the core mass function. The CMF is no
onger bottom-light, though it remains slightly top-heavy compared 
MNRAS 536, 3518–3536 (2025) 
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o γ1 . This supports the notion that the number densities where
he temperatures have been reduced the most (10 4 − 10 6 cm 

−3 ) are
ritical to the formation of cores, and the thermal state here strongly
nfluences the properties of cores. This relationship may be more
omplex than a simple dependence on temperature, ho we ver, as the
MF of the attenuated cloud does not resemble that of γ100 despite

heir similar temperatures. 
The sink mass function, on the other hand, follows a distribution

ith summary statistics between those of γ100 and γ1000 . It is also
op-heavy, and tracks the distribution of γ100 ’s sinks closely at high

asses (but less so at low masses). This indicates that the sink mass
unction may not be as strongly influenced by attenuation as the core
ass function, and that the change in the core mass function has

ot translated into a similar change in that of the sink particles. The
ccretion rate of the sink particles may be more influenced by the
hermal state of the gas at very high densities, where the temperature
s regulated by gas–grain interactions rather than cosmic ray heating.

These results suggest that cosmic ray attenuation may not be
ritical for simulating solar-neighbourhood like environments. It
oes not produce significant differences in the thermal state of the gas
r the corresponding mass functions. Attenuation may, ho we ver, be
mportant for high-CRIR environments. It can significantly impact
he core mass function, and mildly affect the sink mass function and
hermal state of the gas. 

 DISCUSSION  

he results in the preceding sections suggest that increasing γSFR has
 measurable impact on the fragmentation behaviour of molecular
louds. This change is reflected in the resulting mass functions and
patial distributions of the cores and sink particles. The results of
his study imply that clouds in high- γSFR environments fragment into
ewer (but generally more massive) cores that themselves typically
ragment into larger groups of sink particles. These sinks accrete
ore rapidly and less competitively from the cores, resulting in a

op-heavy mass function. The link between these changes and the
hermodynamic state of the cloud is complex, and we will discuss
ow it changes the core and sink mass functions in turn. 

.1 Collapse into cores 

he thermodynamics of a cloud impacts its ability to fragment in
w o w ays. First, a hotter cloud is more thermally supported against
ravitational collapse. Increasing the temperature of a gas increases
ts Jeans mass, which is the preferred scale of fragmentation.
econdly, a warmer gas has a larger sound speed. The ability of

urbulence to generate structure through shocks is dependent on the
ach number of those shocks, which is reduced in gasses with a

arge sound speed. These effects combine to drastically reduce the
mount of structure that can form in the high- γSFR clouds. This is
eflected in the change to the CMF, where we identify fewer cores
 v erall, and those that we do find are generally more massive. The
ncreased stability of the gas prevents the formation of low-mass
ores, but massive cores are able to overcome this support. 

Since low mass core formation is suppressed, the peak of the
MF increases with γSFR . This peak tracks well the Jeans mass at
 number density of 10 6 cm 

−3 in each cloud, indicating that this
ensity regime is important to core formation. For the runs with
osmic ray attenuation, the change in temperature at these densities
roduces a substantial change in the core mass function – further
ndicating that core formation is regulated by the thermal state of
he cloud at such densities. This idea is supported by observations
NRAS 536, 3518–3536 (2025) 
f pure Jeans mass fragmentation on the core scale (Palau et al.
015 ). Simulations indicate that fragmentation is linked to changes
n the ef fecti ve equation-of-state of the gas, where fragmentation
ontinues as long as the Jeans mass decreases sufficiently rapidly
ith increasing density (Jappsen et al. 2005 ). The density regime

hat we suggest cores form within is roughly isothermal and we
uggest that this causes the fragmentation of the cloud into cores. 

We do expect to see a shift of the CMF to larger masses in high-
SFR environments. Motte et al. ( 2018 ) found a top-heavy core mass
unction in a Galactic Centre cloud undergoing a starburst – the exact
ind of environment we have attempted to model here. Additionally,
he theory presented by Hennebelle & Chabrier ( 2008 , 2009 ) and
opkins ( 2012 ) predicts that the CMF and SMF are regulated by the

f fecti ve Mach number of a cloud. Their assertion that these mass
unctions will shift to lower masses as the Mach number increases
grees with the finding of top-heavy mass functions in the high- γSFR 

louds (which have the lowest effective Mach number). Gong &
striker ( 2011 ) similarly suggest that lower Mach numbers will

educe and delay core formation. 
We have thus far only considered the thermal physics of the gas as

he primary driver of fragmentation and structure in the clouds as this
s the focus of this study. All the simulations begin virialized, thus
he initial amount of kinetic energy is the same for all the clouds.
ursory analysis reveals that the total kinetic energy present in the
louds increases o v er time, with a larger increase for higher values of
SFR . Given that the turbulence is not driven, this additional energy
ust come from changes in the gravitational potential and thermal

alance of the cloud that are influenced by γSFR . We do not, ho we ver,
nd any changes in the virial balance of the cloud that would indicate

hat this change in kinetic energy is changing the ability of bound
ores to form (see Fig. G1 ). As a result of this, and because the
ifferent turbulent seeds produce similar changes in the CMF, we
ttribute the changes in structure in the clouds solely to changes in
SFR . 

.2 Fragmentation into sinks 

ollowing their formation, cores gravitationally collapse and frag-
ent. The Jeans mass decreases rapidly as the density of the core

ncreases while its temperature decreases. This makes the cores
ighly Jeans-unstable and results in the production of clusters of
ink particles. The amount of fragmentation is again dependent on
he ef fecti ve equation-of-state (or slope on the temperature-density
iagram) of the gas, and a steeper slope incites more fragmentation
Li et al. 2003 ; Jappsen et al. 2005 ). The steeper slope during
ollapse in the high- γSFR clouds explains why the cores in these
louds produce larger groups of sink particles. They are already
ore massive and the Jeans mass will decrease further as they

ollapse, than in the low- γSFR clouds, encouraging fragmentation.
his fragmentation will continue unabated until the temperatures
egin to increase with density at the opacity limit. We insert the
ink particles before this occurs, and thus we may miss some of
he fragmentation that may occur between the insertion of the sink
articles and the formation of optically thick cores. 
The fragmentation of cores into larger groups of sinks does not

esult in a more competitive environment for accretion, as the high-
SFR clouds instead produce top-heavy mass functions. The initial
ragments in a core act as seeds from which the sinks then grow
ia accretion that is regulated by its environment (Maschberger et al.
014 ; Ballesteros-Paredes et al. 2015 ; Clark & Whitworth 2021 ). The
ccretion on to the high- γSFR sinks is enhanced, and shows weaker
 vidence of competiti ve accretion than the fiducial clouds. The only
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ay to reconcile the increased core fragmentation with a top-heavy 
ink mass function is for those cores to be more massive. Indeed,
e have already shown that the cores in the high- γSFR clouds are
enerally more massive. This provides the sink particles with a richer 
ccretion reservoir, and they can grow more massive before needing 
o compete with one another. Fragmentation may also be suppressed 
t very high densities thanks to the slightly increased temperatures 
n the high- γSFR clouds. If the core mass increases more rapidly with
SFR than the amount of fragmentation does, the sinks will each have 
ore mass to accrete, leading to a top-heavy mass function. The 

esults of the attenuated runs suggest that the thermal state of the
as at high densities may indeed be important for regulating sink
rowth, as the high- γSFR CMF is less bottom-light but the SMF is
till top-heavy. 

.3 Wider context 

he most similar study to that presented here is that of Guszejnov
t al. ( 2022 ), where ISRF values up to 100 × solar were considered.
hey found an increase in stellar masses with the ISRF and a
hallowing of the high-mass tail of the IMF. They noted higher sink
ormation rates and higher temperatures, especially at high densities. 
he change in the IMF they note is weak in comparison to that
e find and their result of an increased star formation rate is in

ontrast to our own findings of a reduction of star formation rate
ith increasing γSFR . Ho we v er, Guszejno v et al. ( 2022 ) did not vary

he CRIR, which is an important heat source in the clouds we simulate 
Fig. 3 ). This may explain the discrepancy in gas temperatures and
ink formation rates between our simulations. Still, the agreement 
n a change in the IMF/SMF to larger masses is encouraging, and
oth our study and theirs explains this effect similarly. On the other
and, Chabrier, Hennebelle & Charlot ( 2014 ) have suggested a link
etween Mach number and the IMF: increased Mach numbers may 
hift the IMF to lower masses. This is, ho we ver, disputed by Bertelli
otta et al. ( 2016 ) who find the reverse. Our results tend to agree with
habrier et al. ( 2014 ), as the core and sink mass functions become

ncreasingly top-heavy as the ef fecti ve Mach number decreases. 
ince the turbulence is not driven and can freely decay, the resistance

o collapse provided by high Mach numbers is not present in the
imulations and this may explain the discrepancy with the results 
f Bertelli Motta et al. ( 2016 ). Whitworth et al. ( 2024 ) recently
tudied the effect of changing the intensity of the ambient background 
adiation on the minimum mass for star formation, finding an increase 
n this minimum mass as the amount of radiation increases. As a result
f this they find bottom-light mass functions, in agreement with our 
esults for the SMF. Finally, Klessen et al. ( 2007 ) found a top-heavy
MF when modelling Galactic Centre environments and surmised 
hat collapse sets in at densities of 10 5 cm 

−3 in agreement with our
rguments about the CMF. 

Comparison with Guszejnov et al. ( 2022 ) re veals ho w critical
osmic rays are to the thermodynamics and fragmentation of the 
SM. We saw in Fig. 3 that cosmic ray heating plays a pivotal role
n the thermal balance of the ISM o v er a wide range of densities,
elping to set the temperature of the gas where fragmentation 
ccurs. Our findings support the idea of cosmic rays as regulators 
f star formation, as presented by Papadopoulos & Thi ( 2013 ), thus
ighlighting the importance of an accurate cosmic ray treatment 
n any simulation of the ISM and star formation (see e.g. Clark
t al. 2013 ). This includes cosmic ray attenuation, for which there is
ome evidence of and w ork tow ards modelling (P ado vani et al. 2018 ,
022 ), alongside efforts to model cosmic rays more accurately o v erall 
Girichidis et al. 2020 , 2022 , 2024 ; Krumholz et al. 2020 ; Krumholz,
rocker & Sampson 2022 ). The results from our attenuated runs
ndicate that cosmic ray attenuation may have a limited effect in
olar neighbourhood environments, as we see little change in the γ1 

imulations when attenuation is included. Attenuation appears most 
nfluential in setting the CMF in simulations with γ1000 , negating the
ffects of increasing γSFR on the formation of low mass cores. The
mpact of attenuation on the SMF is comparatively weak, indicating 
hat cosmic rays may not be important for regulating accretion. More
ork is needed to understand the full effect of cosmic ray attenuation
n star formation. 
The starburst environments we are modelling here are often 

bserved at high redshifts, where low metallicities are more common. 
hile regions with ongoing star formation will be naturally enriched 

ue to said star formation, they may still have metallicities below
olar. While a full exploration of the effects of metallicity is beyond
he scope of this work, it is important to note the effect it may have
n the results presented here. 
A reduction in metallicity results in a reduced abundance of 

arbon, oxygen, and dust. These are the primary coolants in the
SM, and their reduction will result in a higher temperature. This
ompounds with the effects of increasing γSFR we have already 
hown. This is corroborated by various metallicity studies that show 

 decrease in metallicity results in an increase in temperature due to
 reduction in cooling and shielding (e.g. Bate 2019 ; Glo v er & Clark
012b ). 
In the case of no metallicity (i.e. Pop III star formation), increasing

he intensity of cosmic rays e x erts a net cooling effect as it catalyses
he formation of H 2 which in turn cools the gas (Hummel, Stacy &
romm 2016 ). Ho we ver, the formation of H 2 on dust grains becomes

he dominant formation mechanism abo v e metallicities of 10 −3 Z �
Cazaux & Spaans 2004 ), and in such cases cosmic-ray induced H 2 

ormation is relegated to secondary importance. Therefore while in 
he majority of environments cosmic rays are primarily sources of 
eating, in some cases the reverse is true. 

.4 Limitations and caveats 

here are, ho we v er, cav eats inherent to this study. Most importantly,
e do not resolve individual stars or protostellar discs and can only

omment on the combined system mass function. The large sink sizes
e use mean that we will have included some systems that could
ave been disrupted before forming a protostar. The fragmentation 
f protostellar discs is also an important process that can limit the
rowth of stars and birth new ones (Peters et al. 2010 ) and is essential
o producing an IMF accurate for both stars and brown dwarfs (Bate
012 ). Ho we ver, disc fragmentation may be suppressed when the
iscs are heated (either by the star or its environment), potentially
urther supporting our results (Bate 2009 ). 

Additional criticisms of this study are the lack of radiative 
eedback from stars and the omission of magnetic fields. Both of these
ave been shown to play a role in the fragmentation of molecular
louds, and the delivery of an accurate IMF. However, we would
rgue that much of the impact of these mechanisms is irrele v ant to
he conclusions we have made. 

Radiative feedback can impact the fragmentation and resulting 
tellar masses of a simulation, generally reducing fragmentation and 
eading to a top-heavy mass function (Krumholz 2006 ; Bate 2009 ;
ennebelle et al. 2020 , 2022 ). Ho we ver, feedback from protostars

ends to have its strongest effect on the circumstellar disc, inhibiting
ts fragmentation (Bate 2009 ). As we do not model this regime in
he simulations it is unlikely that the heating would be rele v ant to
he fragmentation that we see. On larger scales, radiative feedback 
MNRAS 536, 3518–3536 (2025) 
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s key to dissipating molecular clouds and halting star formation.
o we ver, we terminate the simulations before one would expect this
ispersal to occur (Zhou, Li & Chen 2024 ) and it is unclear whether
eedback alone would be enough to disrupt a cloud on the scale we
ave simulated (Guszejnov et al. 2021 ). The photoionization shells
nd stellar winds we expect the larger ( > 8 Msun) stars to produce
an also impact fragmentation and stellar masses (Dale, Ercolano &
onnell 2015 ), but this effect is generally found to be weak due to

he higher density of gas in star-forming cores compared to the wider
loud (Dale et al. 2013 ), and the porous nature of clouds that allows
uch of the ionizing radiation to escape (Dale, Ercolano & Bonnell

012 ; Dale et al. 2014 ). The escaping radiation is part of what makes
p the radiative feedback present in the external environment that we
re modelling by increasing γSFR . 

On the other hand, magnetic fields play a nuanced role in the
ragmentation of molecular clouds and subsequent star formation.
n simulations they typically provide support against collapse that
an reduce the amount of fragmentation seen (Lee, Hennebelle &
habrier 2017 ; Hennebelle & Inutsuka 2019 ; Ntormousi & Hen-
ebelle 2019 ). Ho we ver, it is not clear how important this effect is.
hile magnetic fields change the dynamics and evolution of the ISM,

hey do not drastically reduce star formation rates and both turbulence
nd gravity can dominate o v er magnetic fields in different scenarios
Hennebelle & Inutsuka 2019 ; Hennebelle et al. 2022 ). It also is
ot accepted how the effects of magnetic fields manifest in the IMF,
s magnetic fields have also been shown to increase the amount of
ragmentation into low mass stars (Li et al. 2010 ). While magnetic
elds and radiative feedback, taken together, are required to produce
n accurate IMF, they are not required to determine the peak and
lope of the IMF (of interest to this study) (Hennebelle et al. 2022 ).
verall, the effects of magnetic fields are complex and not the focus
f this work. It is unclear how they might interact with γSFR to change
he results, or if at all. 

Overall, while inclusion of these mechanisms is crucial to realis-
ically simulating molecular clouds, we do not expect that doing so
ould change the conclusions we have drawn. 

 C O N C L U S I O N S  

n this work we have explored the behaviour of molecular clouds in
tarburst environments. We have investigated their thermodynamic
roperties, fragmentation behaviour, and the subsequent sink parti-
les that they form. The conclusions of this study can be summarized
s follows: 

(i) Increasing the ISRF and CRIR heats the gas in molecular
louds, increasing the equilibrium temperature at all densities. This
auses an extension of the WNM to higher densities, disruption to
he CNM-molecular transition and a delay to dust–gas coupling. The
hange in temperature increases the average Jeans mass of the clouds
nd decreases the ef fecti ve Mach number of turbulent shocks. 

(ii) The change in the thermodynamic state of the gas leads to a
hange in the structure of the clouds on all scales. Structures become
oth larger in mass and fewer in number. This shifts the core mass
unction to higher masses and we find an increasingly top-heavy and
ottom-light CMF with increasing γSFR . 
(iii) Cores in high- γSFR clouds fragment into larger groups of

ink particles as they collapse, leading to a change to the spatial
istribution of sinks. Sinks in the high- γSFR clouds are members of
ich clusters that accrete from massive cores. 

(iv) Increasing γSFR produces a top-heavy system mass function
hat follows a shallow high-mass tail. Due to the larger core masses,
NRAS 536, 3518–3536 (2025) 
inks accrete more rapidly and do so less competitively, contrary
o expectations. We suggest that core masses are large enough in
he high- γSFR clouds to facilitate both increased fragmentation and
nhanced accretion. The reduction in the number of cores that form,
o we ver, leads to sink formation being delayed and reduced o v erall
n these clouds. 

(v) Cosmic ray attenuation does not have a strong effect in solar-
eighbourhood environments. Instead its greatest effect is on the core
ass function of high- γSFR clouds, reducing the suppression of low
ass core formation. The sink mass function and gas temperatures

re only weakly affected compared to the CMF. 

These conclusions lead us to paint a picture where clouds in high
SRF and CRIR environments produce fewer, but more massive,
ores that subsequently fragment into richer clusters of sinks that
ccrete at an enhanced rate. The size of the sink particles prevents us
rom drawing conclusions about the IMF in these environments, but
e can assert that both the CMF and SMF are top-heavy. The results
f this work imply that star formation in high SFR environments
iffers from that of the solar neighbourhood and that these differences
ust be taken into account when considering such environments. 
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Figure C1. The cosmic ray ionization rate against column density using 
both our approximation and the model by P ado vani et al. ( 2018 ) for the solar 
neighbourhood value of 3 . 5 × 10 −16 s −1 . 

T
s
t
i

S

γ

γ

γ

γ

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/536/4/3518/7932040 by guest on 09 Janu
ffner S. S. R. et al., 2022, MNRAS , 517, 885 
 ado vani M. , Ivlev A. V., Galli D., Caselli P., 2018, A&A , 614, A111 
 ado vani M. et al., 2022, A&A , 658, A189 
alau A. et al., 2015, MNRAS , 453, 3785 
apadopoulos P. P. , 2010, ApJ , 720, 226 
apadopoulos P . P . , Thi W.-F., 2013, in Cosmic Rays in Star-Forming

Environments. Springer, Berlin, p.41 
eters T. , Klessen R. S., Mac Low M.-M., Banerjee R., 2010, ApJ , 725, 134 
riestley F. D. , Clark P. C., Whitworth A. P., 2023, MNRAS , 519, 6392 
osolowsky E. W. , Pineda J. E., Kauffmann J., Goodman A. A., 2008, ApJ ,

679, 1338 
owlands K. , Wild V., Nesvadba N., Sibthorpe B., Mortier A., Lehnert M.,

da Cunha E., 2015, MNRAS , 448, 258 
alpeter E. E. , 1955, ApJ , 121, 161 
embach K. R. , Howk J. C., Ryans R. S. I., Keenan F. P., 2000, ApJ , 528, 310
hangguan J. , Ho L. C., Li R., Zhuang M.-Y., Xie Y., Li Z., 2019, ApJ , 870,

104 
mullen R. A. , Kratter K. M., Offner S. S. R., Lee A. T., Chen H. H.-H.,

2020, MNRAS , 497, 4517 
pringel V. , 2010, MNRAS , 401, 791 
tacey G. J. , Geis N., Genzel R., Lugten J. B., Poglitsch A., Sternberg A.,

Townes C. H., 1991, ApJ , 373, 423 
reß R. G. , Sormani M. C., Smith R. J., Glo v er S. C. O., Klessen R.

S., Mac Low M.-M., Clark P., Duarte-Cabral A., 2021, MNRAS , 505,
5438 

 ́azquez-Semadeni E. , G ́omez G. C., Jappsen A. K., Ballesteros-Paredes J.,
Gonz ́alez R. F., Klessen R. S., 2007, ApJ , 657, 870 

alch S. et al., 2015, MNRAS , 454, 238 
hitworth A. P. , Priestley F. D., W ̈unsch R., Palou ̌s J., 2024, MNRAS , 529,

3712 
ild V. et al., 2020, MNRAS , 494, 529 
olfire M. G. , McKee C. F., Hollenbach D., Tielens A. G. G. M., 2003, ApJ ,

587, 278 
hou J.-X. , Li G.-X., Chen B.-Q., 2024, MNRAS , 529, 1091 

PPENDIX  A :  INITIAL  C H E M I C A L  SPECIES  

BU N DA N C E S  

able A1 shows the initial chemical species abundances for each of
he simulations. The equilibrium abundance of each of the tracked
pecies in the chemical network changes with the ISRF and CRIR,
s many of the rates depend in some way on these variables.
herefore we run low-resolution simulations of our clouds until the
hemical abundances at the initial number density (10 3 cm 

−3 ) are
table. The test simulations are initialized with fully atomic hydrogen
nd carbon. The relative abundances of carbon, oxygen, and metals
elative to hydrogen is the same for all the clouds. 
NRAS 536, 3518–3536 (2025) 

able A1. The initial abundances of all chemical species for each simulation ru
imulation version of each setup until chemical equilibrium was reached. The abun
he initial abundance for the simulations. The total C and O abundances relative to 
n accordance with Sembach et al. ( 2000 ). 

imulation x H 2 x H + x C + x CO x C

1 0.358 9 . 93 × 10 −7 3 . 95 × 10 −6 3 . 64 × 10 −5 8 . 39 ×
10 0.363 1 . 04 × 10 −5 2 . 67 × 10 −5 1 . 06 × 10 −5 2 . 48 ×
100 0.276 1 . 40 × 10 −4 6 . 99 × 10 −5 1 . 57 × 10 −5 1 . 25 ×
1000 0.034 4 . 06 × 10 −3 1 . 22 × 10 −4 3 . 19 × 10 −7 7 . 48 ×
PPENDI X  B:  J E A N S  MASSES  

n this work, we use the Jeans mass (Jeans 1902 ), the minimum
ass that a uniform density sphere of gas of a given temperature

nd density needs to o v ercome thermal support and gravitationally
ollapse, for analysis and comparison. We use the following to
alculate this quantity; 

 Jeans = 

(
πk B 

G 

)3 / 2 
( 

X H 

T 3 

nμ3 m 

4 
p 

) 1 / 2 

, (B1) 

here k B is the Boltzmann constant, G is the gravitational constant,
 is the temperature of the gas, n the number density of the gas, μ

he mean molecular weight of the gas in atomic mass units, m p the
ass of a proton, and X H 

is the fractional abundance of hydrogen
y mass. 

PPENDI X  C :  COSMI C  R AY  A  T T E N UA  T I O N  

e replicate runs γ1 and γ1000 including a simple approximation for
osmic-ray attenuation based on the parametrization by P ado vani
t al. ( 2018 ). We adopt a simple column-density based approach
here the cosmic ray ionization rate decreases with increasing
n. These abundance values were determined by running a low-resolution 
dance of each species at a number density of 10 3 cm 

−3 was then chosen as 
hydrogen were kept to x C = 1 . 4 × 10 −4 and x O = 3 . 2 × 10 −4 , respectively, 

Hx x OHx x HCO + x He + x M + 

10 −10 1 . 94 × 10 −7 5 . 68 × 10 −10 1 . 46 × 10 −7 1 . 05 × 10 −5 

10 −9 2 . 81 × 10 −7 5 . 12 × 10 −10 1 . 51 × 10 −6 1 . 36 × 10 −5 

10 −9 1 . 49 × 10 −6 2 . 52 × 10 −9 1 . 24 × 10 −5 1 . 48 × 10 −5 

10 −11 2 . 71 × 10 −7 1 . 21 × 10 −10 4 . 10 × 10 −4 1 . 50 × 10 −5 
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(N H ) = 

⎧ ⎪ ⎪ ⎪ ⎪ ⎨ 
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ξ0 , for N H ≤ 10 19 cm 

−2 

ξ0 
10 −10 . 48 − log N H 

4 + 2 . 13 
log N H −27 . 25 

3 . 25 × 10 −16 
, for 10 19 < N H < 10 27 cm 

−2 

1 . 78 × 10 −26 , for N H ≥ 10 27 cm 

−2 

, (C1) 

here N H is the total column density of hydrogen and ξ0 is the base
osmic ray ionization rate quoted in Table 1 . Fig. C1 compares our
arametrization (equation C1 ) with the model of P ado vani et al.
 2018 ). We adopt a constant value of the cosmic ray ionization
ate at very high column densities for numerical convenience. By 
 column density of 10 27 cm 

−2 , the attenuated rate is low enough to
av e a ne gligible impact on the chemistry and thermodynamics of
igure D1. The relative abundances of species containing hydrogen and carbon ac
lack line in each panel shows the temperature–density curve of each cloud. Abund
he gas, such that any additional reduction would be superfluous and
omputationally e xpensiv e. 

PPENDI X  D :  C H E M I C A L  A BU N DA N C E S  

ig. D1 shows the relative abundances of species containing 
ydrogen and carbon. Hydrogen species are shown in red and 
arbon-containing species are shown in blue. Note that abun- 
ances are normalized relative to their maximum abundance, so 
he 1 × 10 −4 relative abundance of carbon to hydrogen is not
een. We o v erplot the temperature–density curve of each cloud
n black, showing the link between chemical and thermodynamic 
ransitions. 
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ross bins of number density for each cloud at the end of the simulation. The 
ances are relative to the maximum abundance of that species. 
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PPENDIX  E:  R AW  H E AT I N G  A N D  C O O L I N G  

ATES  

ig. 3 showed the fractional heating and cooling rates, normalized
or each bin of number density. We do this as the value of many of
NRAS 536, 3518–3536 (2025) 

igure E1. The heating and cooling rates per unit volume included in our chemic
qual width bins of number density and a mass-weighted mean rate is found for e
ranges), cool (blues and purples) or can do either (greens). 
he rates increases with density, obscuring the importance of rates
t low densities. In Figs E1 and E2 , we instead plot the raw rate
alues. 
al network and their raw rate against number density. Rates are binned into 
ach bin/rate. Rates are coloured depending on whether they heat (reds and 
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Figure E2. The heating and cooling rates included in our chemical network and their raw rate against number density for γ1 . Rates are binned into equal width 
bins of number density and a mass-weighted mean rate is found for each bin/rate. Rates are coloured depending on whether they heat (reds and oranges), cool 
(blues and purples) or can do either (greens). 
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PPENDIX  F:  A  TTENUA  TED  H E A  TING  A N D  

O O L I N G  RATES  

ig. F1 shows the fractional importance of the different heating and 
ooling rates in our network for the simulations with cosmic ray 
igure F1. The heating and cooling rates included in our chemical network and the
ttenuation. Rates are binned into equal width bins of number density and a mass-w
o account for the changing sum of raw rate values with number density. Rates are c
urples) or can do either (greens). The left-hand panel shows γ1 and the right-hand

6

ttenuation. The contribution from cosmic ray heating is reduced in 
oth runs, almost completely in γ1 and by a significant amount in
1000 . At high densities, this reduction is compensated by an increase
n the importance of gas grain and H 2 formation heating. The gas
MNRAS 536, 3518–3536 (2025) 

ir fractional importance against number density for the runs with cosmic ray 
eighted average rate is found for each bin/rate. The rates are then normalized 
oloured depending on whether they heat (reds and oranges), cool (blues and 
 panel γ1000 . 
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emperature at high densities is largely independent of density despite
his change (Fig. 2 ), as it is regulated not by cosmic ray heating but
y the dust temperature. The efficiency of dust emission ensures that
ny additional heating is radiated a way, or an y additional cooling is
alanced by collisional heating. At lower densities, the gas and dust
re not well coupled and changes in the cosmic ray heating rate can
ake a difference to the o v erall thermal state of the gas. 

PPENDIX  G :  V I R I A L  BA L A N C E  

he dynamics of the cloud are not the focus of this study. Ho we ver,
t is important to first establish that the fragmentation and collapse of
he clouds is not strongly influenced by the changing kinetic energy
f the clouds. In Fig. G1 , we plot the virial parameter of a set of
0 randomly selected particles o v er a range of densities for each
imulation to establish if the virial balance of the cloud is changing.
he figure shows no systematic change in the average virial parameter
ith density, indicating that the dynamical states of the clouds are

omparable to one another. 
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Published by Oxford University Press on behalf of Royal Astronomical Society. This is an 
( https://cr eativecommons.or g/licenses/by/4.0/), which permits unrestricted reus
igure G1. The average virial parameter against density for each simulation
un. We randomly select 50 particles in each density bin and determine the
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