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ABSTRACT

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.

Key words: methods: numerical — stars: formation — stars: luminosity function, mass function —ISM: general — ISM: structure.

1 INTRODUCTION

Simulations of star formation have progressed considerably in their
ability to reproduce the observed properties of stars and star-forming
regions in recent years. They can accurately re-create the observed
initial and core mass functions (Bate 2012; Krumholz, Klein &
McKee 2012; Maschberger et al. 2014; Guszejnov et al. 2021;
Mathew, Federrath & Seta 2023) as well as the properties of nearby
molecular clouds as a whole (Vazquez-Semadeni et al. 2007; Walch
et al. 2015; Girichidis et al. 2016; Trefet al. 2021). However, almost
all studies neglect one key fact: the majority of stars did not form in
nearby molecular clouds.

Instead, most star formation occurred in environments akin to
starbursts earlier in the Universe’s evolution, i.e. most star formation
occurred alongside significantly elevated star formation rates. Less
than 25 per cent of stars formed in the present (z < 0.7) Universe.
Instead, near 50 percent of star formation occurred at redshifts
z > 1.3 (Madau & Dickinson 2014). This was concentrated in
starburst and ultra-luminous infra-red galaxies (ULIRGs) where
star formation rates could exceed 1000 Mg, yr~' (Wild et al. 2020).
Even in the present-day Milky Way, a significant amount of star
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formation is occurring in the Central Molecular Zone (CMZ), a
vastly different environment to nearby clouds (Henshaw et al. 2023).
There are suggestions that this environment is similar to the starburst
galaxies where we believe most star formation to have taken place
(Kruijssen & Longmore 2013). Such environments are presumed
to have elevated cosmic ray ionization rates (CRIRs) and interstellar
radiation fields (ISRFs) compared to that of the solar neighbourhood,
as a direct result of their enhanced star formation. Intense star
formation produces numerous O/B type stars that emit ionizing
radiation, which later die and produce supernova remnants which
are important sources of cosmic rays via diffusive shock acceleration
(Axford, Leer & Skadron 1977; Krymskii 1977; Blandford &
Ostriker 1978; Bell 1978a, b; Krumholz, Crocker & Offner 2023).
Cosmic ray ionization rates can exceed 100—1000 times that of the
solar neighbourhood in these environments (Papadopoulos 2010;
Ginsburg et al. 2016; Le Petit et al. 2016). In addition, observations of
starburst galaxies and ULIRGs suggest they experience an enhanced
ISRF in addition to an increased CRIR (Stacey et al. 1991; Davies
et al. 2003; Shangguan et al. 2019) that scales with their rate of
star formation (Rowlands et al. 2015). For the CMZ, simulations of
clouds there suggest an ISRF and CRIR 100-1000 times solar is
needed to reproduce their observed properties (Clark et al. 2013).
Increasing these parameters has an impact on the thermodynamic
state of molecular clouds. Observations of the galactic centre suggest
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that its dense gas is much warmer than in nearby clouds (Ao et al.
2013; Ginsburg et al. 2016), and simulations corroborate this (Wolfire
et al. 2003). This is important as the thermodynamic state of a
molecular cloud has a role in setting the initial mass function (IMF):
a warmer cloud has a larger Jeans mass, which sets the peak of the
IMF (Bate & Bonnell 2005; Larson 2005; Bonnell, Clark & Bate
2008; Klessen & Glover 2016). It is thought that the thermodynamic
behaviour of clouds overall has an impact on star formation (Li,
Klessen & Mac Low 2003; Jappsen et al. 2005), which in turn is
modified by an increased ISRF and CRIR. Glover & Clark (2012a)
have suggested that star formation itself is dependent on interstellar
gas’ ability to shield itself from the ISRF, and an increased ISRF is
more difficult to shield against.

These arguments suggest that star formation may be different in
these extreme environments, and evidence for this already exists.
Motte etal. (2018) found a notably shallow core mass function (CMF)
in a region of the galactic bar experiencing a burst in star formation,
and both Lu et al. (2013) and Hosek et al. (2019) have presented
the case for a top-heavy IMF in the galactic centre. While the IMF
is generally thought to be universal, these studies provide hints that
it may not be and through sampling of the IMF, Dib, Schmeja &
Hony (2017) suggested that it has an underlying distribution broad
enough to allow for it to be non-universal. If the IMF and CMF
in these environments significantly deviate from those in the solar
neighbourhood, it would mean that a significant proportion of stars
formed with an IMF unlike that estimated from star formation in the
solar neighbourhood.

Studies that focus on circumstances unlike contemporary star
formation in the solar neighbourhood have thus far focused on low-
metallicity and Population III star formation (Clark et al. 2011; Greif
et al. 2011; Dopcke et al. 2013; Bate 2014, 2019). Clark & Glover
(2015) and Clark et al. (2019) have simulated some variation of
the ISRF and CRIR, but not in the context of star formation itself.
Klessen, Spaans & Jappsen (2007) investigated the stellar mass
spectrum in starburst environments, but used a simple polytropic
equation-of-state rather than a more physical treatment of the ISM,
and did not resolve star formation below 1Mg. Guszejnov et al.
(2022, 2023) vary the ISRF in the context of star formation, but do not
investigate the fragmentation and core mass function of their clouds,
nor do they sample the full range of plausible ISRFs. Whitworth
et al. (2024) have explored the effect of the ISRF and CRIR on the
low mass end of the IMF, but did not do so with a full hydrodynamic
model.

In this work we investigate how the ISRF and CRIR impact the
fragmentation, mass functions, and star formation rates of molecular
clouds, in the context of understanding how star formation may di-
verge from that in the solar neighbourhood in extreme environments.
In Section 2, we describe the simulation setup and initial conditions,
in Section 3 we present the general properties and thermodynamic
state of the simulated clouds, in Section 4 we investigate the
properties of the sink particles formed in the clouds, in Section 5
we study the fragmentation of the clouds and the corresponding
core mass function, in Section 6 we assess the impact of cosmic
ray attenuation, and in Section 7 we discuss the implications and
limitations of this study.

2 METHODS

2.1 Numerical simulations

The simulations presented in this work were performed using the
adaptive mesh refinement (AMR) code AREPO (Springel 2010). It
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uses the Voronoi tessellation of a set of free-to-move points to
generate a mesh for which the equations of ideal hydrodynamics
are solved using a second-order finite volume scheme. A particular
advantage of AREPO is that it allows for continuous refinement and
de-refinement through the insertion or deletion of mesh-generating
points. We use this feature to enforce Jeans refinement, where we
ensure that there are always 16 cells per local Jeans length, in order
to keep collapsing regions sufficiently resolved. We have made a
number of changes to the version of AREPO presented in Springel
(2010), which are described in detail by Hunter et al. (2023). For
completeness we will summarize them below.

2.1.1 Sink particles

We include sink particles (Bate, Bonnell & Price 1995; Federrath
et al. 2010b) as a computational aid and as a representation of
stellar systems in the simulations. We use the same algorithm
for creating sink particles as Hunter et al. (2023), where sink
particles are inserted in regions that are: (1) sufficiently dense,
(2) actively collapsing to a central point, (3) in a minimum of
gravitational potential, (4) sufficiently isolated from other sinks, and
(5) gravitationally bound. We insert sink particles above a minimum
density of 1.991 x 107" gcm™ and use an interaction radius of
180 au. The interaction radius defines the size of the region that must
meet the above conditions, and the radius within which the sink
can accrete material. This can be interpreted as the effective size of
the sink. The sizes of the sinks we use in this work make them poor
analogues of individual stars, and instead they better represent stellar
systems of one or more stars. The sink particles are gravitationally
softened over a radius of 40 au.

2.1.2 Astrochemistry and thermodynamics

The investigation presented here is possible thanks to the astro-
chemistry network SGCHEM that has been continuously developed
for AREPO. In brief, it models the chemical evolution of the ISM
using a modified version of the chemical network outlined in Gong,
Ostriker & Wolfire (2017); details of the modifications can be found
in Hunter et al. (2023). It accounts for the attenuation of the ISRF
by dust shielding and also the self-shielding of H,, C, and CO,
and includes heating and cooling processes for various atomic and
molecular species (Clark et al. 2019). While the astrochemistry
is of secondary importance to this work, the inclusion of ISRF
attenuation, cosmic ray ionization, and dust heating and cooling
allows us to model high radiation environments (in lieu of a full
radiative hydrodynamics model). In two of the simulations, we model
a simple column-density dependent cosmic ray attenuation using the
treatment outlined in Appendix C alongside the standard physics
described here.

2.2 Initial conditions

We initialize the simulations as uniform density spherical clouds of
radius 4.10 pc. Each cloud contains 1 x 10* M, of gas, for an initial
number density of n = 10° cm~3. The gas and dust in the cloud are
initially at 40K and 15 K, respectively. These temperatures adjust
quickly to their equilibrium values once the simulations begin, thus
the specific values are of little consequence. We place the clouds
inside a box with side lengths 7.5 times their diameter and populate
the remainder of the box with gas with an initial number density
of 10cm™ and temperature of 80 K. We begin the simulations with
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Table 1. The simulation labels and their respective parameters. My is the
total mass of the cloud, R, is the initial spherical radius of the cloud. G and
&n, describe the ISRF and CRIR (in Habing (1968) and SI units, respectively),
with values for the fiducial case (y;) set to estimates of the values obtained in
the solar neighbourhood (Draine 1978; Indriolo & McCall 2012). xy, is the
initial abundance of molecular hydrogen.

Simulation Mg [Mg]  Re[pc] G [Gol &, [57'] xH,
7 1 x 104 4.10 1.7 3.5x 1071 0.358
Y10 1 x 10* 4.10 17 3.5x 1075 0382
Y100 1 x10* 4.10 170 35x 10714 0254
Y1000 1 x 104 4.10 1700 35x 107183 0.046

1 x 10° mesh-generating points, for an initial mass resolution of
0.01 M.

Molecular clouds are known to be the sites of turbulent cascades
that are inherited from their wider environment (Larson 1981).
Therefore we apply a turbulent velocity field to the cloud with
a power spectrum P(k) oc k~* with a natural mix of compressive
and solenoidal modes as in Federrath et al. (2010a) and Lomax,
Whitworth & Hubber (2015). We scale the energy of these turbulent
motions so that the simulated cloud is initially in approximate virial
equilibrium, Ex = %|EG|, where E¥ is the total kinetic energy of the
cloud and Eg the total gravitational potential energy of the cloud.
Once the simulations begin the turbulence is left to freely decay
in shocks. We use an isolated, spherical, turbulent cloud as this
simplifies the initial conditions, and it has been shown to reproduce
the properties of observed clouds well (Priestley, Clark & Whitworth
2023). However, the density, geometry, and velocity dispersion of the
initial conditions are more typical of the solar neighbourhood than of
clouds in the CMZ or starbursts (Dale, Kruijssen & Longmore 2019;
Imara & Faesi 2019; Henshaw et al. 2023). However the clouds in
the high-yspr begin to show greater resemblance to those of the CMZ
or starbursts as the simulations progress.

We use four combinations of the ISRF and CRIR, each increasing
by an order of magnitude in turn. The lowest values of the CRIR
and ISRF, G = 1.7 G, and &g, = 3.5 x 1071957 (together adopted
as the fiducial case, labelled y;), correspond to estimates of the
contemporary values in the solar neighbourhood (Draine 1978;
Indriolo & McCall 2012) and the highest values (labelled y;000)
are 10° times higher. From here on we will refer to the combination
of the ISRF and CRIR as ysgg, to simplify discussion and reinforce
the variables as proxies for a changing external star formation rate.
We run two simulations for each value of yspg, using two different
turbulent seeds. Results in the following sections are typically shown
for one turbulent seed only, unless the results are strongly influenced
by the seed in which case both runs are shown. We also run two
separate simulations where cosmic ray attenuation is modelled, using
the same initial conditions as y; and yjgp0. Results from these runs
are typically included in figures, but are discussed separately from
the standard clouds in Section 6. The details of each simulation’s
initial conditions are shown in Table 1.

The yspr value also influences the equilibrium abundance of each
of the chemical species modelled in the network, thus we begin
each simulation with slightly different abundances. We determine
the equilibrium abundances by evolving a low-resolution simulation
for each yspr until chemical abundances stabilize. We set the initial
abundance of each species to the corresponding abundance at a
density of 10% cm™3 in the test simulations (see Table Al). We use
the same initial abundances for both turbulent seeds, and for the runs
including cosmic ray attenuation. For the total abundances of carbon
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and oxygen relative to hydrogen, we use the values xc = 1.4 x 107*
and xo = 3.2 x 107 as suggested by Sembach et al. (2000).

3 CLOUD PROPERTIES

3.1 Cloud structure and morphology

The simulations were terminated after 1.39 Myr (1 free fall time),
by which time each cloud had turned between 2000 and 4000 Mo
of gas into sinks. Fig. 1 shows column density maps of the clouds
at the onset of sink formation along with the corresponding time.
Increasing yspr changes both the internal and external structure of
the clouds as well as the time of the onset of sink formation.

Externally, the transition region between the cloud and its sur-
roundings increases in extent and density as more outlying gas either
expands or escapes the cloud’s potential well. This ‘boiling off” of
the cloud’s outer envelope is a result of the additional heating from
the ISRF; the extra energy from this heating causes the gas to either
expand and cool (increasing the extent of the transition region) or to
escape the cloud entirely (creating a denser surrounding medium).
In the case of y100 this effect is so strong that the outer gas begins to
exert a pressure back onto the cloud, compressing it. A similar result
was noted by Clark & Glover (2015) when using an enhanced ISRF
and CRIR. The contrast between the outlying envelope and the cloud
also becomes stronger for the high-ysgr clouds, as the low density
gas expands uniformly into the surrounding region and no longer
clings to the edges of the clouds as it does in the low-yspr clouds.
As a result of this the division between cloud and envelope is much
clearer in the high-yspgr simulations.

Internally, the structures that form within the clouds become
larger as ysgr increases. The low-ysgr clouds contain complex,
rich, networks of thin filaments and cores, whilst by contrast the
high-ysrr clouds show larger, denser clumps. This too is a result of
additional heating from the ISRF and the resulting increase in the
sound speed of the gas. This weakens the ability of turbulent shocks to
produce density contrasts, and increases the local Jeans mass. These
effects compound and effectively stabilize the cloud, preventing the
formation of small-scale structure and requiring structures to become
more massive before they can collapse. This has the additional effect
of delaying sink formation, as more time is needed to assemble the
massive structures that can trigger self-collapse.

3.2 Thermodynamics of the cloud

In Fig. 2 we show temperature—density diagrams of the clouds in
both binned and raw forms for the gas (both panels) and the dust
(top panel only). Number density in this figure and all subsequent
figures is the number density of hydrogen nucleons in all forms.
Increasing yspr increases the temperature of the gas and dust across
all densities. The gas and dust temperatures increase monotonically
with the increase in ysgr, except at very low densities.

Increasing yspr also pushes the transition out of the warm neutral
medium (WNM) to higher densities. While y; does not reach
temperatures of 10*K at all during the simulation, y;09 does so for
densities up to 10° cm ™. At such a density we usually expect the gas
to have become cold and molecular due to attenuation of the ISRF.
Instead, the ISRF is so intense that shielding is not strong enough to
allow the gas to cool yet, as it is in the lower-yspr clouds. Therefore
the clouds remain hot until a (higher) density where shielding can
attenuate the strengthened ISRF. Wolfire et al. (2003) similarly found
that the WNM—-CNM transition is pushed to higher densities when
modelling 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 x2pc region zoomed into the cloud centres.

result of this cooling delay is that more hot gas ‘boils off” the cloud,
as we saw in Fig. 1, producing a dense halo that can push back on to
the cloud. It should be noted, however, that the behaviour of the gas
at densities below the starting density (10° cm~) will be impacted
by the choice of initial conditions and may not be representative of
the typical ISM.

Another effect of increasing yspr is that the transition from the
cold neutral medium (CNM) to molecular gas is disrupted. This is a
direct consequence of change to the WNM, as the high-yspg clouds
are still hot at the typical densities of the CNM. Instead, these clouds
transition straight to molecular gas as they cool and have no stable
cold atomic regime (see Fig. D1 for the abundances of hydrogen and
carbon species against density). An implication of this is that the

density where both H, and CO form both increases and converges
with ysgr. The two begin to form in tandem in the high-ysgg clouds,
reducing the amount of CO-dark molecular gas we see in the clouds.
This may make CO a better tracer of molecular gas in high-SFR
environments.

The transition from the WNM to the CNM and then to molecular
gas occurs as a result of shielding from the ISRF increasing as the
optical depth of a cloud increases. The amount of shielding needed
to transition from the CNM to molecular gas is slight, but in a low-
density cloud the CNM and molecular regime can coexist thanks to
the gradual change in shielding with cloud depth at low densities.
However, in the high-yspr clouds the density at which the clouds
leave the WNM is much higher. Shielding now increases rapidly

MNRAS 536, 3518-3536 (2025)

G20z Arenuer g0 uo 1saNB Aq 010ZE6./81SE/7/9€G/AI0IME/SEIUW/WOd"dNO"D1WaPED.//:SANY WOy PAPEO|uMOQ



3522 M. T. Cusack et al.

i
4 °
W\ T \pb‘!\ ----- y1 Attenuated
5 Yo
+® ¥100
s — Yoo

* Yiooo Attenuated

-
=]

<
z
3
2
g
- | —
\]
2 10t “-\\“-\‘\\ 01 02 03 04 05
g i Mass [Mg]
I\
10°
100
10 =
1 100 10* 108 108 10%°

Number Density [cm~3]

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 (u = 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 ). 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.

with cloud depth, so that even shallow depths into the cloud exceed
the shielding needed to produce molecular gas. Therefore no CNM
is able to form.

Increasing yspr increases the density at which dust—gas coupling
occurs. For the gas and dust to thermally coupled, the energy transfer
from gas—gain interactions must be large enough to regulate the gas
temperature. This energy transfer increases with the square of number
density, so dust—gas coupling typically occurs at high densities. When
we increase ysgr, We increase the heating rate of the gas, but only
slightly increase the efficiency of gas—grain collisions (as it has a
dependence on temperature. The dust no longer regulates the gas
temperature until a higher density where the energy transfer is large
enough to counteract the additional heating. This results in a delay
of nearly two orders of magnitude in the coupling density between
y1 and Y1900, resulting in the high-yspr clouds remaining at a higher
temperature at higher densities and not achieving an isothermal state
until later. This has implications for the fragmentation of the clouds;
higher temperatures increase the Jeans mass which sets the scale over
which fragmentation occurs (Jappsen et al. 2005; Palau et al. 2015).
Fragmentation only slows when the clouds become isothermal and
the point at which that happens is impacted by yspr.
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The temperature of the dust, while stable compared to that of the
gas, is increased by yspr. Dust temperatures increase in proportion
to yser, but differ by only 15 K across all clouds at the sink creation
density. This still corresponds to an order of magnitude difference
in the Jeans mass, however, and will affect the formation of the sink
particles.

Another consequence of increased dust temperatures is that the
far-infrared spectral energy distribution (SED) of the clouds will be
different. Starburst galaxies observed at high redshifts naturally have
an SED that is shifted to shorter wavelengths, thanks to the warmer
cosmic microwave background at earlier epochs. Fig. 2 shows that
dust temperatures are hotter in these environments too, blue-shifting
the SED further and changing the observability of such systems (De
Rossi et al. 2018)). This provides an observational signature for high-
¥spr €nvironments that can be cross-examined with known starburst
systems and their properties.

3.3 Dominant thermal processes

The explanation for the differing temperature—density structures
of the clouds is the changing importance of different heating and
cooling rates. Increasing ysgr strengthens certain heating processes,
while also affecting the abundances of the chemical species in the
network we are using. Understanding how these changes interact
reveals why the thermodynamic state of the clouds differs so strongly.
Therefore, we show the fractional importance of the different heating
and cooling rates against number density in Fig. 3.

Photoelectric heating is a dominant process in all the clouds,
but for high-ysgr clouds there is an increasingly large contribution
from cosmic ray heating. The source of these (the ISRF and CRIR,
respectively) both increase in step as we increase yspr, SO we might
expect these heating sources to also increase in step. However, each
of these has a dependence on the chemical state of the gas, and the
physical structure of the clouds. The efficiencies of both cosmic ray
and photoelectric heating are modulated by the abundance of atomic
hydrogen, and photoelectric heating becomes less effective as clump
and core sizes increase (thus increasing attenuation for the same
density). These complex dependencies interact to allow cosmic ray
heating to displace photoelectric heating as the most important heat
source in the high-ysgr clouds. At the highest densities photoelectric
heating becomes completely irrelevant, as the ISRF is fully attenuated
no matter the core or structure size. Cosmic rays are the primary heat
source, balanced by gas-grain cooling once the gas and dust are
thermally coupled.

Cosmic rays become progressively more important at low densi-
ties, yet appear anomalously so for yy. This is not because the cosmic
rays are stronger than in yyo, but rather that they are not yet being
balanced by any cooling process. The cosmic ray heating is not yet
intense enough to heat the gas to temperatures that facilitate Lyman o
and other WNM cooling processes.'H, cooling is also inactive here
as the enhanced cosmic ray rate results in the complete dissociation
of molecular hydrogen at lower densities. This causes y;o to seem
as if it is being heated more intensely, even though it is not. y;g0
and above are experiencing stronger heating, such that the gas has
become hot enough to activate high-temperature cooling processes
to balance it.

'ncluding 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.

G20z Arenuer g0 uo 1saNB Aq 010ZE6./81SE/7/9€G/AI0IME/SEIUW/WOd"dNO"D1WaPED.//:SANY WOy PAPEO|uMOQ



B Gas Grain
pdV Work
H; Formation
Hz Dissociation

@ Cosmic Rays
mm Photoelectric
BN Bremsstrahlung

O Cooling Il C Cooling

1.0

0.8

H> Cool

os] (IS |

0.4

0.2 1

1.0
Dust Recomb

Fractional Importance

0.8

Atomic

0.6

0.4

0.2

0.0 + T T

0.1 10 103 10° 107

B H+ Recombination
mmm H; Cooling
= C+ Cooling

Starburst fragmentation 3523

mmm Collisional lonization
mmm |Lyman-a Cooling
B Dust Recombination

W CO Cooling
mmm Atomic Cooling
mmm High T Fine Structure

Dust Recomb

Atomic

01 10 10° 10° 107

Number Density [cm 3]

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.

Increasing yspr changes the dominant coolant at intermediate
densities. Where in the fiducial cloud cooling is dominated by
various carbon-containing species (C*, C, CO), in runs y;09 and ¥1000
atomic oxygen is the most important coolant. The transition between
different carbon species also becomes more rapid and shifted to
higher densities in the higher yspr clouds. The different species of
carbon are useful for tracing clouds at different evolutionary stages
(Clark et al. 2019); however, it appears that this is no longer possible

for high-ysgr clouds. Oxygen becomes a more important coolant
thanks to the inability of CO to form: increased temperatures and
cosmic-ray dissociation act to reduce the abundance of CO (Bisbas,
Papadopoulos & Viti 2015), leaving oxygen fine structure cooling to
dominate.

We caution that the importance of H, cooling and dissociation
heating at low densities may be an artefact of the initial conditions,
as we begin the simulations with some fraction of the gas in molecular
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reached 3000 Mg in total sink mass. The dashed lines in the left-hand panels are the Salpeter power law with exponent o = —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 effective 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 Mg, in sinks, as with the figures. The exponent af;; corresponds to a least squares fit to the
power-law N(m) o m® for masses M > 1 Mg. The quoted uncertainty is the estimated standard error to the fit.

Simulation Rt Mmean [Mo] Mmed Mg ] M < 1Mg M > 10Mg
Y1 —1.254+0.08 1.79 0.73 16.85% 30.24%
Y1, Attenuated —1.254+0.08 1.55 0.68 20.37% 23.86%
Y10 —0.94 +£0.08 242 0.74 12.03% 47.93%
Y100 —0.86 = 0.09 3.05 0.78 9.79% 59.83%
Y1000 —0.70 £ 0.04 4.69 0.92 6.20% 70.85%
Y1000, Attenuated —0.83 +£0.05 3.98 1.06 6.94% 58.77%

form. As the cloud expands, its initial H, content is retained even in
gas orders of magnitude below the density where molecular hydrogen
can form. In the low-yspr clouds the CRIR is not high enough to
dissociate this H, on a short enough timescale and some persists to
extremely low densities. This is why there is a strong contribution
from H; cooling and dissociation in y; and yjo. These effects do not
change the dynamics or fragmentation behaviour of the cloud, only
the lowest density thermodynamics that are of secondary importance
to this study.

A final important feature is the ramp-up of gas—grain cooling
to balance cosmic ray and H, formation heating at high densities.
This process happens later in the high-yspgr clouds, in accordance
with the delayed dust—gas coupling we have mentioned. By the sink
creation density, gas—grain cooling is almost perfectly balancing the
corresponding heating. This explains the isothermality of this gas
at very high densities, the balance between heating and cooling
is almost exactly 50/50. The processes we have mentioned also
dominate over pdV-work in the higher-ysgg clouds, showing that
the thermal and chemical state of the gas is only weakly coupled to
its dynamics.

MNRAS 536, 3518-3536 (2025)

4 SINK PARTICLES

4.1 Sink mass function

The sink particles used in these simulations have sizes equivalent
to or larger than that of typical binary systems (Duchéne & Kraus
2013) and we treat them as stellar systems rather than individual stars.
The system mass function (SMF) typically informs and follows the
initial mass function (Offner et al. 2014) and the distribution of sink
properties reflects how the cloud is fragmenting on stellar scales.
We show the sink particle mass functions in Fig. 4, along with
best-fitting power laws to the high mass tail (> 1 Mg, the properties
of which are shown in Table 2). Increasing ysgr leads to a shallower,
top-heavy mass function that deviates from Salpeter. The fiducial
cloud, y;, shows good agreement with Salpeter, indicating that the
simulation setup reproduces the observed SMF in solar neighbour-
hood conditions and that changes in the power law are not due to
deficiencies in the physics we include. Instead, it is clear that a high
yser leads to the formation of larger sink particles. The regime where
sinks form and accrete is approximately isothermal, and isothermal
simulations indicate a dependence of the mass function on the
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average Jeans mass of a cloud (Larson 1973; Bate 2005; Bate &
Bonnell 2005; Jappsen et al. 2005). The gas is hotter and denser in
the high-yspr clouds, and therefore the Jeans mass is larger, leading
to larger sink particles.

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

The peaks of the SMFs are shifted to slightly higher masses as
we increase yspr. In addition to this, there is a deficit of low-mass
(< 0.2M,) sinks in the high-yspr clouds. Therefore these clouds
are bottom-light, and the deficit of low to intermediate mass sinks is
further made clear in the cumulative distributions and SMF summary
statistics. It has been suggested (Bate & Bonnell 2005; Larson 2005)
that the peak of the IMF (and by extension the SMF) is affected by
thermal physics, and that increasing the temperature increases the
peak mass. However, the very slight change in the peak contrasting
with the very large change in the slope of the SMF casts some doubt
on this idea.

4.2 Sink accretion rates

The differing system mass functions imply a difference in the growth
of the sink particles in each cloud. The sink particles in the high-ysrr
clouds must be growing more rapidly than those in the low-yspg
clouds, in order to achieve larger masses in the time between the
onset of sink formation and the termination of the runs (which is
shorter for the high-ysgr clouds). Fig. 5 shows this to be the case.
Accretion rates are elevated for the high-yspg clouds, particularly for
sinks below 10 M. At high sink masses, however, they are generally
comparable, or less than, their counterparts in the low-ysgr clouds.
This suggests a weakening of competitive accretion in the high-ysrr
clouds.

Maschberger et al. (2014) and Clark & Whitworth (2021) have
suggested that an accretion rate proportional to sink mass is needed to
reproduce the Salpeter power law. The results presented here support
this conclusion, as y; shows this proportional relationship and is
the only cloud to reproduce the Salpeter high-mass tail. When yspg
increases, the relationship between accretion rate and mass shallows,
particularly at high sink masses, and a Salpeter mass function no
longer emerges. In a highly competitive environment, sinks with
greater mass accrete more rapidly as they settle to the dense region at
the bottom of the potential well. This leads to a steep accretion—mass
relationship where massive sinks grow in proportion to their mass.
In the high-yspr clouds we see a shallower slope, indicating that
accretion is not so strongly tied to mass. This implies that accretion
may have become less competitive in these clouds, as larger sinks are
growing at a similar rate to less massive ones. This inevitably has had
an effect on the sink mass function. The inset panels in Fig. 5 show
that this is applicable to both individual sinks and sinks in aggregate.
The largest sinks in y; accrete at a rate roughly proportional to
their mass, whereas in yogo this relationship is approximately flat.
Competitive accretion is applicable to the sinks in y; and y, yet
breaks down as ysgr increases.

The elevated accretion rates explain why the sink mass function
is top-heavy in the high-yspr clouds; sink particles gain mass more
rapidly and therefore end up larger. The flattening of the accretion
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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 m1 o« 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.

rate relationship also explains the shallower power-law tail. Clark &
Whitworth (2021) suggest that more competitive accretion produces
few, massive, systems that then dominate the rest, producing a steep
mass function. We would then expect that less competitive accretion
would do the reverse, producing a shallower mass function.

4.3 Sink formation history

Fig. 6 shows the sink formation rate through time for each of the
simulations, from the onset of sink formation to the termination of
the runs. The sink formation rate is calculated as the mass that either
forms new sinks or is accreted by existing sinks. We include both runs
in this Figure, as much of the sink formation rate will be strongly
influenced by the randomness of turbulent motions (Larson 1981;
Klessen et al. 2005; Ballesteros-Paredes et al. 2007, 2011).

Sink formation is delayed as yspr increases in both simulation
runs. This effect is present in both runs, but is more prominent in the
secondary run. However with the second turbulent seed y;990 begins
sink formation earlier than y,09, whereas with the first turbulent
seed Y000 begins sink formation very soon after yoo. This may be
due to the crushing by the cloud’s outer envelope back on to the
cloud, triggering sink formation earlier by artificially speeding up
the collapse of the clouds. It is clear that random variation still plays
an important role here though, as the y;09 clouds do not both begin
sink formation before y;gp.

While the rate of sink formation is subject to randomness, increas-
ing ysrr systematically decreases the sink formation rate significantly
in both runs. This is more evident in the first run, where sink formation
rates are higher and begin earlier than in the secondary run, but it
is a clear effect in both runs. The simulations are all initialized
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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, dM /dt, using a window of 50 000 yr. The properties of sink particles
are reported every 100 yr, so each window covers 500 data points. Solid lines
represent the simulations with the first turbulent seed, dotted lines represent
the simulations using the second turbulent seed.

with the same balance between kinetic and gravitational energy, thus
the turbulent seed must be responsible for the reduction of sink
formation rates in the secondary run. Despite the large differences in
sink formation rates between the seeds, the systematic dependence
on ysgr persists.

The sink formation rates generally converge to a similar value
by the end of the simulation. This suggests that at earlier stages of
the clouds’ evolution the increased stability of the gas in high-yspr
clouds hampers sink formation. However as the cloud continues to
collapse, accretion on to existing sinks may become the limiting
factor for the sink formation rate instead.

5 FRAGMENTATION PROPERTIES

5.1 Sink particle clustering

The way that the sink particles cluster, i.e. the groups they are formed
in, is influenced by the fragmentation of the parent cloud, and the way
they grow is impacted by their environment (Larson 1995; Bonnell,
Vine & Bate 2004; Bonnell et al. 2011; Girichidis et al. 2011). In
Fig. 7 we show the distances to each sink’s nearest, Sth and 10th
nearest neighbours at the time of its formation. The distance to
a sink’s nearest neighbour reflects the density of its immediate
surroundings when it formed. The closer its n'" neighbour is, the
more likely it is that the two sinks formed from the same core.

In clouds with a high ysgr, the nearest neighbour distances tend
to be smaller than low yspgr clouds. This indicates that the sinks
in these clouds form in larger groups and a more heavily clustered
environment. A typical core (n = 10°cm™3, T = 15K) has a Jeans
length of around 10*au, and the median 5th nearest neighbour
distance for y; is around this value, indicating that cores may
fragment into 5 or fewer sinks as the nearest neighbour is within
the radius of such a core. This is to be expected for the fiducial
case, and similar results have been derived through various means
(Holman et al. 2013; Lomax et al. 2015; Ambrose & Whitworth
2024). The median 10th nearest neighbour distance for y;ggo is less
than 10* au, indicating that cores may fragment into 10 or more sinks
in that cloud. In fact, cores in y;000 have a larger Jeans length due to
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Figure 7. Distributions of the distances to a sinks 1st, Sth, 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.

the increased temperature, so cores may contain more than 10 sinks.
Thus, increasing yspg causes cores to fragment into more sinks and
produce larger embedded clusters.

These results indicate that ysgr has changed the fragmentation
behaviour of cores, increasing the number of fragments that are
produced as they collapse. This suggests that accretion inside the
cores should become more competitive and reduce masses (Peters
et al. 2010; Girichidis et al. 2012), but we have already seen this to
not be the case. The increased fragmentation but lack of competitive
accretion would be consistent with each other if the progenitor cores
were more massive. Massive cores would then provide each sink
with ample gas to accrete before having to compete with those in its
surroundings.

5.2 Core mass function

Identifying the progenitor cores of sinks, and the fragmentation
properties of the cloud as a whole, is possible through various means.
In the following section, we identify cores through a dendrogram
analysis. Cores identified with dendrograms allow for a mass to be
simply determined and for a core mass function to be constructed.
Dendrograms can be derived from either images or 3D simulation
data, and are thus common in both numerical and observational
studies (Rosolowsky et al. 2008; Goodman et al. 2009; Smullen
et al. 2020; Offner et al. 2022). We use the dendrogram package
ASTRODENDRO? to identify structures in column density maps of the
clouds. We create column density maps of the central 5 parsecs of
each cloud in the x — y plane just before the onset of sink formation.
We use a minimum column density threshold of 2 x 10%2 ¢cm™2
and a minimum column density contrast of 8.3 x 10>! cm~2. These
correspond to the average column density of the cloud’s initial
conditions and the average column density of a 10*cm™ core,
respectively. We require structures to contain a minimum of 10 pixels,
corresponding to an area of 0.00026 pc?. Individual objects in the
dendrograms are not directly studied as these are often transitory;
however, aggregate properties (e.g. the CMF) are generally time-

2www.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.

invariant in dendrogram analysis (Smullen et al. 2020), allowing
them to be used here.

Fig. 8 shows the mass function of the cores identified via
dendrogram analysis. The peak of the core mass distribution shifts
to higher masses with increasing yspr and the distribution as a
whole narrows. Small, sub-1 Mg, cores do not form in the high-
yser clouds and instead a greater fraction of the cores are above
10Mg. The CMFs of the high-yser clouds are thus both top-heavy
and bottom-light, as with the SMF. Thus, increasing ysgr suppresses
the formation of cores and leads to a population of fewer, but more
massive, cores overall. Observations of a starburst in the galactic
bar (a high-yspg environment) have noted a similar impact on the
CMF (Motte et al. 2018). The cumulative distribution reveals that
the maximum core mass is different between the clouds, increasing
with yspr. The minimum core mass also increases with yspg. Unlike
the SMF, changing yspg mainly acts to shift the distribution to higher
masses and cut off the low-mass end, rather than fundamentally
changing the shape of the distribution.

The abundance of massive cores in the high-yspr clouds may
explain the distribution of sinks. Larger cores can fragment more
than smaller ones, and produce richer groupings of sinks. The relative
lack of massive cores in the low-yspr clouds and the abundance of
them in yspr clouds is consistent with the average number of sinks
produced by each core increasing with yspg. This result appears to
contradict the finding of a top-heavy sink mass function, as a core
that fragments more will produce more sinks that will competitively
accrete with one another. Yet we have also shown that competitive
accretion is weakened in these clouds. Therefore, despite producing
more sinks per core, the cores must provide each sink with a larger
reservoir of gas from which to accrete before competing with nearby
sinks. The top-heavy core mass function indicates that this is the
case.

The highest yspr cloud presents an outlier due to being slightly
less top-heavy than y;9. This effect is present in the core mass
function of both turbulent seeds, suggesting that it is not simply due

to randomness. The highest-ysgg clouds experience compression due
to the dense envelope we noted in Fig. 1. This compression may
accelerate the collapse of the cloud, triggering more cores to form.
The reduction in size of the cloud and more chaotic environment this
produces may, however, suppress the formation of high-mass cores
and lead to the change in the CMF we see.

6 COSMIC RAY ATTENUATION

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

Attenuation, however, does have an effect on the high-ysggr clouds.
Gas temperatures for number densities > 10* cm™> are reduced by
a similar amount to a reduction in magnitude of yspr. However,
temperatures are largely unchanged for very low (< 10*cm™3) or
very high (> 108 cm™3) number densities. This suggests that cosmic
ray heating is important for setting the temperature at intermediate
densities, but not so for very high or very low densities. In the high-
yser clouds, we have already discussed how cosmic ray heating
becomes more influential than photoelectric heating — explaining
why the change to cosmic ray heating has a strong effect on the gas
temperature. At high temperatures the gas temperature tends to that
of the dust temperature, due to frequent gas—grain collisions that
efficiently exchange energy between the two. The dust effectively
acts as a thermostat with its temperature regulated by the ISRF rather
than the CRIR.

The reduction in temperature in y oo resulting from the attenuation
leads to a change in the core mass function. The CMF is no
longer bottom-light, though it remains slightly top-heavy compared
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to y;. This supports the notion that the number densities where
the temperatures have been reduced the most (10* — 10° cm™) are
critical to the formation of cores, and the thermal state here strongly
influences the properties of cores. This relationship may be more
complex than a simple dependence on temperature, however, as the
CMF of the attenuated cloud does not resemble that of yo9 despite
their similar temperatures.

The sink mass function, on the other hand, follows a distribution
with summary statistics between those of 109 and yjggo. It is also
top-heavy, and tracks the distribution of y9’s sinks closely at high
masses (but less so at low masses). This indicates that the sink mass
function may not be as strongly influenced by attenuation as the core
mass function, and that the change in the core mass function has
not translated into a similar change in that of the sink particles. The
accretion rate of the sink particles may be more influenced by the
thermal state of the gas at very high densities, where the temperature
is regulated by gas—grain interactions rather than cosmic ray heating.

These results suggest that cosmic ray attenuation may not be
critical for simulating solar-neighbourhood like environments. It
does not produce significant differences in the thermal state of the gas
or the corresponding mass functions. Attenuation may, however, be
important for high-CRIR environments. It can significantly impact
the core mass function, and mildly affect the sink mass function and
thermal state of the gas.

7 DISCUSSION

The results in the preceding sections suggest that increasing ysgg has
a measurable impact on the fragmentation behaviour of molecular
clouds. This change is reflected in the resulting mass functions and
spatial distributions of the cores and sink particles. The results of
this study imply that clouds in high-yspr environments fragment into
fewer (but generally more massive) cores that themselves typically
fragment into larger groups of sink particles. These sinks accrete
more rapidly and less competitively from the cores, resulting in a
top-heavy mass function. The link between these changes and the
thermodynamic state of the cloud is complex, and we will discuss
how it changes the core and sink mass functions in turn.

7.1 Collapse into cores

The thermodynamics of a cloud impacts its ability to fragment in
two ways. First, a hotter cloud is more thermally supported against
gravitational collapse. Increasing the temperature of a gas increases
its Jeans mass, which is the preferred scale of fragmentation.
Secondly, a warmer gas has a larger sound speed. The ability of
turbulence to generate structure through shocks is dependent on the
Mach number of those shocks, which is reduced in gasses with a
large sound speed. These effects combine to drastically reduce the
amount of structure that can form in the high-yspr clouds. This is
reflected in the change to the CMF, where we identify fewer cores
overall, and those that we do find are generally more massive. The
increased stability of the gas prevents the formation of low-mass
cores, but massive cores are able to overcome this support.

Since low mass core formation is suppressed, the peak of the
CMF increases with ysgr. This peak tracks well the Jeans mass at
a number density of 10°cm™ in each cloud, indicating that this
density regime is important to core formation. For the runs with
cosmic ray attenuation, the change in temperature at these densities
produces a substantial change in the core mass function — further
indicating that core formation is regulated by the thermal state of
the cloud at such densities. This idea is supported by observations
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of pure Jeans mass fragmentation on the core scale (Palau et al.
2015). Simulations indicate that fragmentation is linked to changes
in the effective equation-of-state of the gas, where fragmentation
continues as long as the Jeans mass decreases sufficiently rapidly
with increasing density (Jappsen et al. 2005). The density regime
that we suggest cores form within is roughly isothermal and we
suggest 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-
¥ser environments. Motte et al. (2018) found a top-heavy core mass
function in a Galactic Centre cloud undergoing a starburst — the exact
kind of environment we have attempted to model here. Additionally,
the theory presented by Hennebelle & Chabrier (2008, 2009) and
Hopkins (2012) predicts that the CMF and SMF are regulated by the
effective Mach number of a cloud. Their assertion that these mass
functions will shift to lower masses as the Mach number increases
agrees with the finding of top-heavy mass functions in the high-yspr
clouds (which have the lowest effective Mach number). Gong &
Ostriker (2011) similarly suggest that lower Mach numbers will
reduce and delay core formation.

We have thus far only considered the thermal physics of the gas as
the primary driver of fragmentation and structure in the clouds as this
is the focus of this study. All the simulations begin virialized, thus
the initial amount of kinetic energy is the same for all the clouds.
Cursory analysis reveals that the total kinetic energy present in the
clouds increases over time, with a larger increase for higher values of
yser- Given that the turbulence is not driven, this additional energy
must come from changes in the gravitational potential and thermal
balance of the cloud that are influenced by yspr. We do not, however,
find any changes in the virial balance of the cloud that would indicate
that this change in kinetic energy is changing the ability of bound
cores to form (see Fig. G1). As a result of this, and because the
different turbulent seeds produce similar changes in the CMF, we
attribute the changes in structure in the clouds solely to changes in
VSFR-

7.2 Fragmentation into sinks

Following their formation, cores gravitationally collapse and frag-
ment. The Jeans mass decreases rapidly as the density of the core
increases while its temperature decreases. This makes the cores
highly Jeans-unstable and results in the production of clusters of
sink particles. The amount of fragmentation is again dependent on
the effective equation-of-state (or slope on the temperature-density
diagram) of the gas, and a steeper slope incites more fragmentation
(Li et al. 2003; Jappsen et al. 2005). The steeper slope during
collapse in the high-yspr clouds explains why the cores in these
clouds produce larger groups of sink particles. They are already
more massive and the Jeans mass will decrease further as they
collapse, than in the low-yspr clouds, encouraging fragmentation.
This fragmentation will continue unabated until the temperatures
begin to increase with density at the opacity limit. We insert the
sink particles before this occurs, and thus we may miss some of
the fragmentation that may occur between the insertion of the sink
particles and the formation of optically thick cores.

The fragmentation of cores into larger groups of sinks does not
result in a more competitive environment for accretion, as the high-
yser clouds instead produce top-heavy mass functions. The initial
fragments in a core act as seeds from which the sinks then grow
via accretion that is regulated by its environment (Maschberger et al.
2014; Ballesteros-Paredes et al. 2015; Clark & Whitworth 2021). The
accretion on to the high-ysgr sinks is enhanced, and shows weaker
evidence of competitive accretion than the fiducial clouds. The only
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way to reconcile the increased core fragmentation with a top-heavy
sink mass function is for those cores to be more massive. Indeed,
we have already shown that the cores in the high-yspr clouds are
generally more massive. This provides the sink particles with a richer
accretion reservoir, and they can grow more massive before needing
to compete with one another. Fragmentation may also be suppressed
at very high densities thanks to the slightly increased temperatures
in the high-ysprr clouds. If the core mass increases more rapidly with
yser than the amount of fragmentation does, the sinks will each have
more mass to accrete, leading to a top-heavy mass function. The
results of the attenuated runs suggest that the thermal state of the
gas at high densities may indeed be important for regulating sink
growth, as the high-yspg CMF is less bottom-light but the SMF is
still top-heavy.

7.3 Wider context

The most similar study to that presented here is that of Guszejnov
et al. (2022), where ISRF values up to 100x solar were considered.
They found an increase in stellar masses with the ISRF and a
shallowing of the high-mass tail of the IMF. They noted higher sink
formation rates and higher temperatures, especially at high densities.
The change in the IMF they note is weak in comparison to that
we find and their result of an increased star formation rate is in
contrast to our own findings of a reduction of star formation rate
with increasing yspr. However, Guszejnov et al. (2022) did not vary
the CRIR, which is an important heat source in the clouds we simulate
(Fig. 3). This may explain the discrepancy in gas temperatures and
sink formation rates between our simulations. Still, the agreement
on a change in the IMF/SMF to larger masses is encouraging, and
both our study and theirs explains this effect similarly. On the other
hand, Chabrier, Hennebelle & Charlot (2014) have suggested a link
between Mach number and the IMF: increased Mach numbers may
shift the IMF to lower masses. This is, however, disputed by Bertelli
Motta et al. (2016) who find the reverse. Our results tend to agree with
Chabrier et al. (2014), as the core and sink mass functions become
increasingly top-heavy as the effective Mach number decreases.
Since the turbulence is not driven and can freely decay, the resistance
to collapse provided by high Mach numbers is not present in the
simulations and this may explain the discrepancy with the results
of Bertelli Motta et al. (2016). Whitworth et al. (2024) recently
studied the effect of changing the intensity of the ambient background
radiation on the minimum mass for star formation, finding an increase
in this minimum mass as the amount of radiation increases. As aresult
of this they find bottom-light mass functions, in agreement with our
results for the SMF. Finally, Klessen et al. (2007) found a top-heavy
IMF when modelling Galactic Centre environments and surmised
that collapse sets in at densities of 10> cm™ in agreement with our
arguments about the CMF.

Comparison with Guszejnov et al. (2022) reveals how critical
cosmic rays are to the thermodynamics and fragmentation of the
ISM. We saw in Fig. 3 that cosmic ray heating plays a pivotal role
in the thermal balance of the ISM over a wide range of densities,
helping to set the temperature of the gas where fragmentation
occurs. Our findings support the idea of cosmic rays as regulators
of star formation, as presented by Papadopoulos & Thi (2013), thus
highlighting the importance of an accurate cosmic ray treatment
in any simulation of the ISM and star formation (see e.g. Clark
et al. 2013). This includes cosmic ray attenuation, for which there is
some evidence of and work towards modelling (Padovani et al. 2018,
2022), alongside efforts to model cosmic rays more accurately overall
(Girichidis et al. 2020, 2022, 2024; Krumholz et al. 2020; Krumholz,
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Crocker & Sampson 2022). The results from our attenuated runs
indicate that cosmic ray attenuation may have a limited effect in
solar neighbourhood environments, as we see little change in the y;
simulations when attenuation is included. Attenuation appears most
influential in setting the CMF in simulations with y;000, negating the
effects of increasing ysgr on the formation of low mass cores. The
impact of attenuation on the SMF is comparatively weak, indicating
that cosmic rays may not be important for regulating accretion. More
work is needed to understand the full effect of cosmic ray attenuation
on star formation.

The starburst environments we are modelling here are often
observed at high redshifts, where low metallicities are more common.
While regions with ongoing star formation will be naturally enriched
due to said star formation, they may still have metallicities below
solar. While a full exploration of the effects of metallicity is beyond
the scope of this work, it is important to note the effect it may have
on the results presented here.

A reduction in metallicity results in a reduced abundance of
carbon, oxygen, and dust. These are the primary coolants in the
ISM, and their reduction will result in a higher temperature. This
compounds with the effects of increasing yspg we have already
shown. This is corroborated by various metallicity studies that show
a decrease in metallicity results in an increase in temperature due to
areduction in cooling and shielding (e.g. Bate 2019; Glover & Clark
2012b).

In the case of no metallicity (i.e. Pop III star formation), increasing
the intensity of cosmic rays exerts a net cooling effect as it catalyses
the formation of H, which in turn cools the gas (Hummel, Stacy &
Bromm 2016). However, the formation of H, on dust grains becomes
the dominant formation mechanism above metallicities of 1073 Z,
(Cazaux & Spaans 2004), and in such cases cosmic-ray induced H,
formation is relegated to secondary importance. Therefore while in
the majority of environments cosmic rays are primarily sources of
heating, in some cases the reverse is true.

7.4 Limitations and caveats

There are, however, caveats inherent to this study. Most importantly,
we do not resolve individual stars or protostellar discs and can only
comment on the combined system mass function. The large sink sizes
we use mean that we will have included some systems that could
have been disrupted before forming a protostar. The fragmentation
of protostellar discs is also an important process that can limit the
growth of stars and birth new ones (Peters et al. 2010) and is essential
to producing an IMF accurate for both stars and brown dwarfs (Bate
2012). However, disc fragmentation may be suppressed when the
discs are heated (either by the star or its environment), potentially
further supporting our results (Bate 2009).

Additional criticisms of this study are the lack of radiative
feedback from stars and the omission of magnetic fields. Both of these
have been shown to play a role in the fragmentation of molecular
clouds, and the delivery of an accurate IMF. However, we would
argue that much of the impact of these mechanisms is irrelevant to
the conclusions we have made.

Radiative feedback can impact the fragmentation and resulting
stellar masses of a simulation, generally reducing fragmentation and
leading to a top-heavy mass function (Krumholz 2006; Bate 2009;
Hennebelle et al. 2020, 2022). However, feedback from protostars
tends to have its strongest effect on the circumstellar disc, inhibiting
its fragmentation (Bate 2009). As we do not model this regime in
the simulations it is unlikely that the heating would be relevant to
the fragmentation that we see. On larger scales, radiative feedback
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is key to dissipating molecular clouds and halting star formation.
However, we terminate the simulations before one would expect this
dispersal to occur (Zhou, Li & Chen 2024) and it is unclear whether
feedback alone would be enough to disrupt a cloud on the scale we
have simulated (Guszejnov et al. 2021). The photoionization shells
and stellar winds we expect the larger (>8 Msun) stars to produce
can also impact fragmentation and stellar masses (Dale, Ercolano &
Bonnell 2015), but this effect is generally found to be weak due to
the higher density of gas in star-forming cores compared to the wider
cloud (Dale et al. 2013), and the porous nature of clouds that allows
much of the ionizing radiation to escape (Dale, Ercolano & Bonnell
2012; Dale et al. 2014). The escaping radiation is part of what makes
up the radiative feedback present in the external environment that we
are modelling by increasing ysgr.

On the other hand, magnetic fields play a nuanced role in the
fragmentation of molecular clouds and subsequent star formation.
In simulations they typically provide support against collapse that
can reduce the amount of fragmentation seen (Lee, Hennebelle &
Chabrier 2017; Hennebelle & Inutsuka 2019; Ntormousi & Hen-
nebelle 2019). However, it is not clear how important this effect is.
‘While magnetic fields change the dynamics and evolution of the ISM,
they do not drastically reduce star formation rates and both turbulence
and gravity can dominate over magnetic fields in different scenarios
(Hennebelle & Inutsuka 2019; Hennebelle et al. 2022). It also is
not accepted how the effects of magnetic fields manifest in the IMF,
as magnetic fields have also been shown to increase the amount of
fragmentation into low mass stars (Li et al. 2010). While magnetic
fields and radiative feedback, taken together, are required to produce
an accurate IMF, they are not required to determine the peak and
slope of the IMF (of interest to this study) (Hennebelle et al. 2022).
Overall, the effects of magnetic fields are complex and not the focus
of this work. It is unclear how they might interact with ysgr to change
the results, or if at all.

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

8 CONCLUSIONS

In this work we have explored the behaviour of molecular clouds in
starburst environments. We have investigated their thermodynamic
properties, fragmentation behaviour, and the subsequent sink parti-
cles that they form. The conclusions of this study can be summarized
as follows:

(1) Increasing the ISRF and CRIR heats the gas in molecular
clouds, increasing the equilibrium temperature at all densities. This
causes an extension of the WNM to higher densities, disruption to
the CNM-molecular transition and a delay to dust—gas coupling. The
change in temperature increases the average Jeans mass of the clouds
and decreases the effective Mach number of turbulent shocks.

(i1) The change in the thermodynamic state of the gas leads to a
change in the structure of the clouds on all scales. Structures become
both larger in mass and fewer in number. This shifts the core mass
function to higher masses and we find an increasingly top-heavy and
bottom-light CMF with increasing ysgr.

(iii) Cores in high-yspr clouds fragment into larger groups of
sink particles as they collapse, leading to a change to the spatial
distribution of sinks. Sinks in the high-ysgr clouds are members of
rich clusters that accrete from massive cores.

(iv) Increasing yspr produces a top-heavy system mass function
that follows a shallow high-mass tail. Due to the larger core masses,
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sinks accrete more rapidly and do so less competitively, contrary
to expectations. We suggest that core masses are large enough in
the high-ysgr clouds to facilitate both increased fragmentation and
enhanced accretion. The reduction in the number of cores that form,
however, leads to sink formation being delayed and reduced overall
in these clouds.

(v) Cosmic ray attenuation does not have a strong effect in solar-
neighbourhood environments. Instead its greatest effect is on the core
mass function of high-yspr clouds, reducing the suppression of low
mass core formation. The sink mass function and gas temperatures
are only weakly affected compared to the CMF.

These conclusions lead us to paint a picture where clouds in high
ISRF and CRIR environments produce fewer, but more massive,
cores that subsequently fragment into richer clusters of sinks that
accrete at an enhanced rate. The size of the sink particles prevents us
from drawing conclusions about the IMF in these environments, but
we can assert that both the CMF and SMF are top-heavy. The results
of this work imply that star formation in high SFR environments
differs from that of the solar neighbourhood and that these differences
must be taken into account when considering such environments.
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APPENDIX A: INITIAL CHEMICAL SPECIES
ABUNDANCES

Table A1l shows the initial chemical species abundances for each of
the simulations. The equilibrium abundance of each of the tracked
species in the chemical network changes with the ISRF and CRIR,
as many of the rates depend in some way on these variables.
Therefore we run low-resolution simulations of our clouds until the
chemical abundances at the initial number density (103 cm™3) are
stable. The test simulations are initialized with fully atomic hydrogen
and carbon. The relative abundances of carbon, oxygen, and metals
relative to hydrogen is the same for all the clouds.

APPENDIX B: JEANS MASSES

In this work, we use the Jeans mass (Jeans 1902), the minimum
mass that a uniform density sphere of gas of a given temperature
and density needs to overcome thermal support and gravitationally
collapse, for analysis and comparison. We use the following to
calculate this quantity;

172
7Tk3 3/2 XH T3
Mieans = (T) nﬂ3m;t s (Bl)

where kg is the Boltzmann constant, G is the gravitational constant,
T is the temperature of the gas, n the number density of the gas, u
the mean molecular weight of the gas in atomic mass units, m,, the
mass of a proton, and X is the fractional abundance of hydrogen
by mass.

APPENDIX C: COSMIC RAY ATTENUATION

We replicate runs y; and yjog including a simple approximation for
cosmic-ray attenuation based on the parametrization by Padovani
et al. (2018). We adopt a simple column-density based approach
where the cosmic ray ionization rate decreases with increasing

107144 — Qur Approximation

—— Padovani et al. (2018), model c
10—16 4
10—18 -
10"?(’ g

10722 A

10-24 4

Cosmic Ray lonisation Rate [s7!]

10*26 4

10*28

Column Density [cm~2]

Figure C1. The cosmic ray ionization rate against column density using
both our approximation and the model by Padovani et al. (2018) for the solar
neighbourhood value of 3.5 x 10716 s~1,

Table Al. The initial abundances of all chemical species for each simulation run. These abundance values were determined by running a low-resolution

simulation version of each setup until chemical equilibrium was reached. The abundance of each species at a number density of 103 cm

=3 was then chosen as

the initial abundance for the simulations. The total C and O abundances relative to hydrogen were kept to xc = 1.4 x 107* and xo = 3.2 x 107, respectively,

in accordance with Sembach et al. (2000).

Simulation XH, XH+ XC+ Xco XCHx XOHx XHCO+ XHe+ XM+

71 0358  9.93x 1077  395x107° 3.64x107° 839x10710  194x1077 568x1071% 146x1077  1.05x 1073
Y10 0363  1.04x1075  267x107°  1.06x107°  248x107° 281 x1077 512x107'0 151x107% 1.36 x 107>
Y100 0276 1.40x107* 699 x 107>  1.57 x 107 1.25%x107° 1.49x107%  252x107° 124x107°  1.48x 1073
Y1000 0.034 406x1073  1.22x107*  3.19x 1077 748 x 107" 271 x1077 121x1071% 410x10™*  1.50 x 107>
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column density,

&, for Ny < 10" cm™2

Ny — 101048 "5+ et B
H) = -
N LIV TSI

1.78 x 1072,

for 10" < Ny < 107 cm=2>  (CI)
for Ny > 10?7 cm—2

where Ny is the total column density of hydrogen and & is the base
cosmic ray ionization rate quoted in Table 1. Fig. C1 compares our
parametrization (equation C1) with the model of Padovani et al.
(2018). We adopt a constant value of the cosmic ray ionization
rate at very high column densities for numerical convenience. By
a column density of 10%” cm™2, the attenuated rate is low enough to
have a negligible impact on the chemistry and thermodynamics of

— H; H+

-—- H
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the gas, such that any additional reduction would be superfluous and
computationally expensive.

APPENDIX D: CHEMICAL ABUNDANCES

Fig. D1 shows the relative abundances of species containing
hydrogen and carbon. Hydrogen species are shown in red and
carbon-containing species are shown in blue. Note that abun-
dances are normalized relative to their maximum abundance, so
the 1 x 10~* relative abundance of carbon to hydrogen is not
seen. We overplot the temperature—density curve of each cloud
in black, showing the link between chemical and thermodynamic
transitions.
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Figure D1. The relative abundances of species containing hydrogen and carbon across bins of number density for each cloud at the end of the simulation. The
black line in each panel shows the temperature—density curve of each cloud. Abundances are relative to the maximum abundance of that species.
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APPENDIX E: RAW HEATING AND COOLING the rates increases with density, obscuring the importance of rates
RATES at low densities. In Figs E1 and E2, we instead plot the raw rate
values.

Fig. 3 showed the fractional heating and cooling rates, normalized
for each bin of number density. We do this as the value of many of

= Gas Grain Cosmic Rays == H+ Recombination == CO Cooling = Collisional lonization
pdV Work —— Photoelectric ==+« Hz Cooling —— Atomic Cooling = Lyman-a Cooling
Hz Formation —— Bremsstrahlung  =—=: C+ Cooling ==+ High T Fine Structure  —. Dust Recombination
~—— H; Dissociation 0O Cooling —— C Cooling
10717 1 Y1 1 Y10

10-19 ]
Al
I
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10—23 4
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10-15 4 Y100 4 Y1000

10717 4 4

Heating / Cooling Rate [ergcm™3s71]
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10-25

10° 107
Number Density [cm~3]
Figure E1. The heating and cooling rates per unit volume included in our chemical network and their raw rate against number density. 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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Figure E2. The heating and cooling rates included in our chemical network and their raw rate against number density for y;. 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).

APPENDIX F: ATTENUATED HEATING AND attenuation. The contribution from cosmic ray heating is reduced in
COOLING RATES both runs, almost completely in y; and by a significant amount in
y1000- At high densities, this reduction is compensated by an increase

Fig. F1 shows the fractional importance of the different heating and in the importance of gas grain and Hy formation heating. The gas

cooling rates in our network for the simulations with cosmic ray

1.0

Dust Recomb

0.8 1

Atomic

0.6 1

0.4 1

Fractional Importance

0.2 1

0.0 " T T T g
0.1 10 103 10° 107 0.1 10 10° 10° 107

Number Density [cm~3]

Figure F1. The heating and cooling rates included in our chemical network and their fractional importance against number density for the runs with cosmic ray
attenuation. 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 left-hand panel shows y; and the right-hand panel y;¢gp.
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temperature at high densities is largely independent of density despite
this change (Fig. 2), as it is regulated not by cosmic ray heating but
by the dust temperature. The efficiency of dust emission ensures that
any additional heating is radiated away, or any additional cooling is
balanced by collisional heating. At lower densities, the gas and dust
are not well coupled and changes in the cosmic ray heating rate can
make a difference to the overall thermal state of the gas.

APPENDIX G: VIRIAL BALANCE

The dynamics of the cloud are not the focus of this study. However,
it is important to first establish that the fragmentation and collapse of
the clouds is not strongly influenced by the changing kinetic energy
of the clouds. In Fig. G1, we plot the virial parameter of a set of
50 randomly selected particles over a range of densities for each
simulation to establish if the virial balance of the cloud is changing.
The figure shows no systematic change in the average virial parameter
with density, indicating that the dynamical states of the clouds are
comparable to one another.

Published by Oxford University Press on behalf of Royal Astronomical Society. This is an Open Access article distributed under the terms of the Creative Commons Attribution License
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Figure G1. The average virial parameter against density for each simulation
run. We randomly select 50 particles in each density bin and determine the
virial parameter of the particles within a local Jeans length. We determine
the mean and standard deviation from the virial parameters of the particles in
each bin.
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