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ABSTRACT

We use smoothed-particle hydrodynamics simulations of isolated Milky Way-mass disk galax-
ies that include cold, interstellar gas to test subgrid prescriptions,for star formation (SF). Our
fiducial model combines a Schmidt law with a gravitational instability criterion, but we also
test density thresholds and temperature ceilings. While SF histories are insensitive to the pre-
scription for SF, the Kennicutt-Schmidt (KS) relations between, SF rate and gas surface density
can discriminate between models. We show that our fiducial-model, with an SF efficiency per
free-fall time of 1 per cent, agrees with spatially-resolved and azimuthally-averaged observed
KS relations for neutral, atomic and molecular gas Density thresholds do not perform as well.
While temperature ceilings selecting cold, molecular gas can match the data for galaxies with
solar metallicity, they are unsuitable for-very low<metallicity gas and hence for cosmological
simulations. We argue that SF criteria should be applied at the resolution limit rather than at
a fixed physical scale, which means that\we/should aim for numerical convergence of observ-
ables rather than of the properties,of gas'labelled as star-forming. Our fiducial model yields
good convergence when the mass reselution is varied by nearly 4 orders of magnitude, with
the exception of the spatially-resolved molecular KS relation at low surface densities. For the
gravitational instability-eriterion,’ we quantify the impact on the KS relations of gravitational
softening, the SF efficiency, and the strength of supernova feedback, as well as of observable
parameters such as-theinclusion of ionized gas, the averaging scale, and the metallicity.
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1 INTRODUCTION

Cosmological hydrodynamical simulations of representative vol-
umes typically only resolve scalesof.~ 0.1 — 1 kpc and masses of
~ 10* - 10° Mg (e.g. Schaye'et al. 2015; Pillepich et al. 2018;
Nelson et al. 2019; Davé et al: 2019; Dubois et al. 2021; Feld-
mann et al. 2023)«<Because much of the physics of star formation
(SF) remains unresolved, idealised SF laws are used to determine
the SF rates (SFRs)‘of individual resolution elements. Generally, a
so-called“Schmidt (1959) law is adopted, which assumes that gas
collapses on the density-dependent free-fall time, ¢ = /37/32Gp,
andisiconverted into stars with a specified (fractional) SF efficiency

* E-mail: nobels @strw.leidenuniv.nl

(SFE) per free-fall time, ¢,
pr =t (1)
ig
The SFE ¢ is a free parameter, typically set between 1 per cent (e.g.
Semenov et al. 2017) and 100 per cent (e.g. Hopkins et al. 2018).
Alternative approaches can however also be found in the lit-
erature. For example, the Schaye & Dalla Vecchia (2008) subgrid
model uses the gas pressure to set the SFR of a resolution ele-
ment. For simulations that do not resolve the multiphase interstellar
medium (ISM) advantages of this approach are that, unlike the den-
sity, the pressure does not change dramatically between simulations
that do and do not resolve a cold (molecular) gas phase, and that for a
self-gravitating disk the pressure is closely related to the gas surface
density that appears in the observed kpc-scale Kennicutt (1998) SF
surface density law. However, these features are arguably undesir-
able for high-resolution models that capture the physics resulting in
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a multiphase ISM and which can be tested by comparing observed
and predicted coarse-grained SFEs. Other subgrid prescriptions use
physically-motivated SFE models that depend not only on the den-
sity, but also on the velocity dispersion (e.g. Semenov et al. 2016;
Kretschmer & Teyssier 2020).

Applying an SF law to all gas may be unrealistic given that
stars are observed to form in cold and dense gas. Moreover, we do
not wish to impose subgrid models on resolved scales. Therefore,
a criterion needs to be applied to determine which gas in the sim-
ulation is eligible for SF. Typically, the selected gas satisfies one
(or multiple) of the following criteria: (i) the physical gas density
exceeds a hydrogen number density threshold ny ¢ that is either
constant (e.g. Springel & Hernquist 2003) or depends on metallicity
(Schaye 2004), (ii) is colder than a critical temperature T (e.g.
Wang et al. 2015; Revaz & Jablonka 2018), (iii) is Jeans (1902)
unstable (e.g. Stinson et al. 2006; Hopkins et al. 2018), (iv) is in
a converging flow (e.g. Stinson et al. 2006; Hopkins et al. 2023)
and/or (v) is gravitationally bound (e.g. Hopkins et al. 2014). Ad-
ditionally, cosmological simulations often include a criterion that
only allows gas to be star-forming if it is ~ 10% times denser than the
cosmic mean (e.g. Schaye et al. 2015). This prevents SF in the gas
outside of haloes at very high redshifts where the critical physical
density threshold becomes comparable to the cosmic mean.

Observationally, galaxy-averaged SFR surface density rela-
tions were shown by Kennicutt (1989, 1998) to follow

ZSFR = AZH 1+H,’ 2

where Zgpg is the SFR per unit area, £y 14, is the neutral hydrogen
surface density, A is the normalisation and N =~ 1.4 is the slope
of the power law. Kennicutt et al. (2007) showed that spatially-
resolved kpc-sized regions in individual galaxies follow the same
surface density law, which is often referred to as the Kennicutt-
Schmidt (KS) relation. Over the last decade, observational surveys
have measured azimuthally averaged and spatially resolved scaling
relations for large collections of galaxies on spatial scales of ~
750 pc, thus providing valuable constraints on models of galaxy
and SF (e.g. Sdnchez et al. 2012; Bundy et al. 2015; Fogarty et al.
2015; Leroy et al. 2021; Lin et al. 2019). These include atomic
KS relations, Zggr = AZI{\I’ (e.g. Bigiel et al. 2008, 2010;°Sehruba

et al. 2011) and molecular KS relations, Xgpr = AZN (e.g. Bigiel
et al. 2008, 2010; Onodera et al. 2010; Schruba et al! 2011 Bolatto
et al. 2017; Lin et al. 2019; Ellison et al. 2020; Pessa‘et al. 2021;
Querejeta et al. 2021; Abdurro’uf et al. 2022)."The observations
indicate that the azimuthally-averaged SFR in disk galaxies quickly
decreases beyond the optical radius (e.g. Kennicutt 1989; Martin
& Kennicutt 2001; Koopmann & Kenney 2004; Bigiel et al. 2010),
while the gas density does not decrease asfast because the H1 disk
typically extends far beyondthe optical disk (e.g. Bosma 1981;
Broeils & van Woerden 1994;\Reeves et al. 2015). As a result of
this sudden drop in SF, a “break’is seen in the azimuthally-averaged
and spatially-resolveditotal:gas KS relation around surface densities
of Zy+H, = 10 Mg pc_2 (e.g. Martin & Kennicutt 2001; Bigiel
et al. 2008, 2010; Dessauges-Zavadsky et al. 2014). The presence
of a break in the KS'telation is one of the strongest indications that
simulations,requirean SF criterion.

€O observations of nearby galaxies show that on scales of
~ 102 pémolecular gas with a velocity dispersion around 14 km s~ !
has almost a factor three longer molecular gas depletion time! than

I We define the depletion time as fgep,; = X;/XsFr, Where i is the gas

gas with velocity dispersions of 12 km s~! (Leroy et al. 2017). Sim-
ilarly, spatially-resolved (10% pc) observations that target denser gas
(traced by HCN and/or HCO") show that a higher velocity disper-
sion correlates with a longer molecular gas depletion time scale
(e.g. Murphy et al. 2015; Viaene et al. 2018; Querejeta et al. 2019).
Furthermore, observations of individual molecular clouds show that
the observed depletion times are spread over around two orders of
magnitude (e.g. Heiderman et al. 2010; Murray 2011; Evans et al.
2014; Lee et al. 2016; Vutisalchavakul et al. 2016; Ochsendorf et al.
2017; Pokhrel et al. 2021) and that more massive giant molecular
clouds (GMCs), which according to Larson’s (1981) empirical laws,
have higher velocity dispersions, have longer depletion time scales
(e.g. Lee et al. 2016; Ochsendorf et al. 2017). These observations
hence indicate that on scales of 100 pc, gas with a higher veloCity
dispersion is less likely to form stars. This suggests that anSF cri-
terion based on the velocity dispersion or gravitational instability
of gas might be in better agreement with observations than e:g. a
constant density threshold.

Numerical simulations have been performed toiinvestigate the
diversity of the depletion time in GMCs. They found'that the gas
depletion time in GMCs varies over moré than one’order of mag-
nitude (e.g. Padoan et al. 2012; Grisdale et'al 2019; Grudic¢ et al.
2019), that the average GMC depletion time seale is consistent with
an SFE of 1 per cent (e.g. Grisdaleiet al. 2019; Grudic¢ et al. 2019)
(though some theoretical works prediet’higher SFEs; e.g. Raskutti
et al. 2016). In addition, they predict that the diversity of the SFE
can be caused by several factors such as the gravitational bounded-
ness of the GMCs, (Padoan‘et-al. 2012), the large variations in the
cloud properties (Grisdale et al. 2019), and the mass of the GMC
(Grisdale 2021). Simulations of galaxies have been performed us-
ing gas depletion times that depend on the boundedness of clouds
(Semenowaet al. 2016; Gensior et al. 2020; Kretschmer & Teyssier
2020), or simply using an SF criterion based on the boundedness
of the cloud (e.g. Hopkins et al. 2013, 2014, 2018, 2023; Semenov
etal. 2017, 2018, 2019). Furthermore, simulations of dwarf galax-
ies have been performed that look at different spatially-averaging
scales (Hu et al. 2016) and splitting the KS relations by hydrogen
species (Whitworth et al. 2022). Not much attention has however
been given to comparing them to KS relations split by hydrogen
species or different spatially-averaging approaches in Milky Way
mass galaxies.

To test subgrid models for SF, simulations of idealised, isolated
galaxies offer some advantages over full, cosmological simulations.
They offer more control, are less computationally expensive, and
do not suffer from the chaotic behavior due to e.g. slight changes
in the merger history that complicated comparisons of individual
objects in different cosmological simulations using identical initial
conditions (Genel et al. 2019; Keller et al. 2019; Borrow et al. 2023).
These features make such simulations well suited for systematic
explorations of parameter space and convergence tests.

In this work, we use hydrodynamical simulations of isolated
disk galaxies that include a cold, molecular gas phase to system-
atically investigate several criteria for SF. For our fiducial subgrid
model, which consists of a Schmidt law combined with a gravita-
tional instability criterion, we compare with observations of both
azimuthally averaged and spatially resolved KS laws for neutral,
atomic and molecular gas. We systematically investigate the effect

component under consideration: neutral hydrogen, molecular hydrogen or
atomic hydrogen.
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of the choice of SF criterion, the parameter values, and the numer-
ical resolution.

The remainder of this paper is structured as follows. In Section
2 we describe our subgrid model for ingredients other than the SF
criterion and our disk galaxy set-up. This is followed by an overview
of the different criteria for SF that we compare: a density threshold,
a temperature ceiling, and a gravitational instability criterion. In
Section 4 we show our results and in Section 5 we discuss the effect
of gravitational softening and compare our results with previous
work. In Section 6 we summarise our conclusions.

2 SIMULATIONS

We perform hydrodynamical simulations of isolated disk galaxies
using the publically available code SWIFT (Schaller et al. 2016;
Schaller et al. 2018, 2023). We use a fast multipole method (Green-
gard & Rokhlin 1987) as the gravity solver together with a static
external Hernquist (1990) potential. For the hydrodynamics, we
use the SPHENIX scheme and parameter values of Borrow et al.
(2022). SPHENIX is a density-energy smoothed-particle hydro-
dynamics (SPH) scheme designed to capture shocks and contact
discontinuities with artificial viscosity following Cullen & Dehnen
(2010) and artificial conduction following Price (2012). We use a
quartic spline for the SPH kernel with the mean weighted number
of neighbours given by (Nygp) % 65. The time steps of particles are

limited by the local acceleration (At o« 1/ \/W ) and limited to 1 per
cent of the circular orbital period at the particle’s position (similar
to what was done in Nobels et al. 2022). Additionally, for gas, the
time steps are limited by the Courant-Friedrichs-Lewy (CFL) con-
dition (Ccpr, = 0.2) and the Durier & Dalla Vecchia (2012) time
step limiter is used to prevent vastly different time steps between
neighbouring gas particles. We use a fiducial baryonic resolution
of 10°> Mg, with a corresponding gravitational Plummer-equivalent
softening length of 200 pc. Lastly, we limit the smoothing length to
a minimum of 1.55 X 2 pc = 3.1 pc to prevent artifical collapse (see
Ploeckinger et al. 2024) and a maximum of 10 kpc.

2.1 Radiative cooling

Radiative cooling and heating rates are calculated using thé€ non-
equilibrium chemistry network Chimes (Richings“etwal> 2014a,b)
for hydrogen and helium species and free electrons, The radiation
field consists of a redshift-dependent metagalactic UV background
(Faucher-Giguere 2020) and an interstellar ‘radiation field whose
intensity increases with the Jeans«olumn density to the power of
1.4, following the KS relation (see Ploeckinger & Schaye 2020,
Ploeckinger et al, in prep. for\details). Radiation is shielded by a
Jeans column density thataccounts for both a thermal and a constant
turbulent (velocity dispersion of 6 km s™!) pressure component.
The cosmic ray rate follows the same scaling as the interstellar
radiation field forlowicolumn densities but saturates at a cosmic ray
rate of 2 x 10716 szl for Ny > 102! cm~2 (Indriolo et al. 2015).
In order to account for unresolved clumping, the reactions on the
surface=of dust grains, such as the formation of Hj, are boosted
above,0.1 cm 73 as By = 1013 (n1/1em=3)1/3, the boost factor
saturates,at By, = 10 for densities nyg > 100 em™3.

The cooling and heating rates of C, N, O, Ne, Mg, Si, S, Ca,
and Fe are pre-tabulated using the same radiation field and shielding
length assumptions as for the non-equilibrium rates of hydrogen and
helium. Their ion fractions are calculated using Chimes assuming
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chemical equilibrium and the rates are calculated based on the indi-
vidual species fractions. A dust-to-metal ratio of 5.6 x 1073Z/Z5 is
assumed for neutral gas with a cut-off towards higher temperatures
(T > 103 K) for which thermal sputtering destroys dust grains on
short timescales. The complete set of cooling tables will be made
public with a forthcoming publication (Ploeckinger et al. in prep.).

2.2 Star formation rates

When gas is selected to be star-forming (see §3 for a description
of the different SF criteria that we employ), it is assigned an SFR
following a Schmidt (1959) law (equation 1). We use a constant SFE
& = 0.01, which is motivated by observations of GMCs in the Milky
Way (e.g. Vutisalchavakul et al. 2016; Lee et al. 2016; Pokhreliet al.
2021; Hu et al. 2022), the Large Magellanic Cloud (e.g. Ochsendorf
et al. 2017), and other nearby galaxies (e.g. Utomo etaly,2018)..In
§ 4.2.2 we investigate the impact that the SFE has/On the observed
KS relations.

Because the gas consumption time scale/p/p« = /€ is much
longer than the typical time step size, the Schmidt law needs to
be implemented stochastically and the probability of a gas particle
converting to a star particle during a time step’At is:

)w At At
Prob=min(’0* ,1) =min(8—,l). 3)
p I

2.3 Stellar feedback

After gas patticles\haye been stochastically converted into stellar
particles with mass my, they are assumed to represent simple stel-
lar populations that follow a Chabrier (2003) initial mass function
(IMF),with a zero age main sequence mass range of 0.1 — 100 M.
We turn off chemical enrichment to ensure that the simulations have
a‘constant metallicity similar to the observations.

2.3.1 Early stellar feedback

We account for three pre-supernova feedback processes: Hi re-
gions, stellar winds, and radiation pressure. The implementation of
early stellar feedback, whose effects are modest compared to those
of supernova feedback, will be described in detail by Ploeckinger et
al. (in prep.). We will only give a short explanation of each process
below.

The total mass of the H i1 regions is based on the expected size
of the Stromgren (1939) sphere given the local density and the av-
erage flux of hydrogen ionizing photons per unit stellar mass during
the time step, which is obtained from the Binary Population and
Spectral Synthesis (BPASS) stellar evolution and spectral synthesis
models (Eldridge et al. 2017; Stanway & Eldridge 2018). Gasin Hut
regions is assumed to be ionized, non star-forming, and its tempera-
ture is limited to > 10* K. The radiation pressure is computed using
the BPASS photon energy spectrum and the wavelength-dependent
optical depth 7(1) implied by the shielding column used for the
cooling tables of Ploeckinger & Schaye (2020) and the tables used
here, which scales with the local Jeans length. The momentum from
stellar winds is taken from the BPASS tables. The momentum in-
jected during a time step by radiation pressure and stellar winds
from a star particle is injected by stochastically kicking neighbour-
ing gas particles with a velocity viex = 50 km s~ ! radially away
from the stellar particle.
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2.3.2  Supernova feedback

We assume that stars with initial mass > 8 Mg produce core-
collapse supernovae (CC SNe), which for our IMF corresponds to
1.18x 1072 Mcf)l CC SN per unit stellar mass formed. Each CC SN

provides a total energy of Eccsy = 2.0 x 10°! erg. We choose the
same value as we used in Chaikin et al. (2023). This value is slightly
higher than the canonical 10°! erg, but may be viewed as accounting
for the ~ 10 times more energetic hypernovae, stars more massive
than 100 Mg, and/or simply as compensation for some degree of
numerical overcooling. We use metallicity-dependent stellar life-
time tables to calculate the number of CC SN that explode every
time step (based on Portinari et al. 1998). Following Chaikin et al.
(2023), star particles inject 90 per cent of their CC SN energy in
thermal form and the remaining 10 per cent as kinetic energy. The
thermal part is injected using the stochastic method of Dalla Vec-
chia & Schaye (2012) using the statistically isotropic selection of
gas particles of Chaikin et al. (2022). The temperature of the gas
receiving thermal CC SN feedback is increased by AT = 107> K
to suppress numerical overcooling. The remaining 10 per cent of
the energy is injected kinetically using the energy, momentum and
angular momentum conserving method detailed in Chaikin et al.
(2023). Pairs of particles are selected isotropically and kicked in
opposite directions with a desired velocity of Avccgy = 50 km s~ !
(the actual kick velocity depends on the relative velocity of the star
and gas particles). The high-energy thermal events drive galactic
winds and can be thought of as representing superbubbles due to
clustered CC SN events, while the low-energy kinetic events drive
turbulence and can be viewed as representing the momentum-driven
phase of isolated CC SN. Chaikin et al. (2023) found that their pre-
scription and fiducial parameter values, which we adopt here, led to
good agreement with the observed relation between the gas veloc-
ity dispersion and the star formation rate surface density. For more
details and discussion we refer to Chaikin et al. (2023).

For type-Ia supernova (SNIa) feedback, the exact delay of SNIa
cannot be predicted because it depends on poorly constrained pa-
rameters (i.e. the binary fraction and separation). Therefore, we use
a statistical approach that samples the SNIa rate from a delay time
distribution (DTD) as

DTD(1) = Ze™ 714/ 701 — tergy ). @

where v = 2.0 x 1073 M51 is the number of SNIa per‘unit formed
stellar mass (Maoz & Mannucci 2012), 7 =2 Gyr (based on Fig
2 of Maoz et al. 2010), ©(x) is the Heaviside,step-function and
Idelay = 40 Myr corresponds to the maximum lifetime of a star that
explodes as a CC SN (Portinari et al. 1998). SNTa energy is injected
100 per cent thermally and isotropieally as described above for CC
SN, but using 1071 erg per SNla.

2.4 Initial conditions

We simulate anisolated galaxy consisting of an exponential disk of
stars and gas émbedded in a dark matter halo. To reduce unnecessary
computational expense, the dark matter halo is modelled using an
externalgravitational potential instead of with dark matter particles.

The initial conditions are generated with the MakeNewDisk
code, (Springel et al. 2005; hereafter SO5). The dark matter halo
follows a Hernquist (1990) profile, but compared to SO5 we use a
slightly different absolute normalisation and a scale radius that pro-
duces a better match to a dark matter halo that follows a Navarro et al.
(1997) (hereafter NFW) profile. We define the Hernquist (1990)

profile as:

Myern T
21 r(r+re)?’

PHern () = ()

where Myepy is the total mass obtained when integrating the profile
to r = co and ry is the scale radius (and also the half-mass radius).
To set the total halo mass, we use the parameter My, where Mg
is the mass within Ry, the radius within which the average density
of the halo is 200 times the critical density of the universe. Using

Rogo 2 .
Moo = f() PHern 477 dr gives

MHernRgoo
Moo = ——5- (6)
(R200 +7)
This means the Hernquist (1990) profile can be written as
Mago(Rogo +7%)*
PHern (1) = 2 * x 3 @)
277R200 r(r+rx)
When we constrain the central profile to follow the!NEW.profile
Mao0 1
PNEW () = Ix g3 5. (8)
= C r I's r
3 2003(11’1(1+C)—m)m (R200 + RZOO)
we obtain:
I'x L) c I 2
:—(ln(1+c)— ) 1], ©)
Ra00 c? e\ Ryo0

where ¢ is the NFW cencentration parameter. SO5 made the sim-
plifying assumption that'ry/Ryg9 < 1 and omitted the factor
(rx/Ra0o + 1) from equation (9). However, in order to obtain a
better matchato, the, NFW profile this assumption is not required.
The only positive root of equation (9) for the scale length is

b+Vb
= R 1
S o K200, 10)
where b is defined as
2 c
=C—2(11'l(1+C)—m), (11)

and Rppp = (GMpgo/ IOOHS) 1/3, where G is the gravitational con-

stant and Hy = 70.4 km s™'Mpc~! is the Hubble constant. In the
limit Vb < 1 (which corresponds to large NFW concentrations), we
have b < Vb so that ry < R00, and the result of SO5 is obtained.
The calculation of the density distributions and the velocities of
the stellar and gas particles remain the same as in SO5, but with a
differently normalised Hernquist (1990) profile. We set the angular
momentum J of the dark matter halo using the dimensionless spin
parameter A = J|E|1/2/GM%3,
dark matter halo.

We choose a virial mass Magg = 1.37 x 102 Mg and a con-
centration parameter ¢ = 9 (based on the mass-concentration rela-
tion from Correa et al. 2015, using the Planck Collaboration et al.
(2016) cosmology). The dimensionless spin parameter of the halo
is set to 4 = 0.033 (Oppenheimer 2018), which yields a radial
disk scale length of rq = 4.3 kpc (Mo et al. 1998; S05). The disk
mass is Mgisxk = 5.48 x 10'0 Mg, which corresponds to 4 per
cent of the virial mass, of which the stellar disk contains 70 per
cent, Mgisk « = 3.836 x 1010 Mg, with a fixed stellar disk scale-
height of 10 per cent of the radial disk scale length, i.e. 0.43 kpc.
The remaining 30 per cent of the disk is gas, corresponding to
Mgjsk,gas = 1.644 X 10'0 M. Using these parameter values the
stellar mass is comparable to those of the more massive disk galax-
ies in observations of KS relations (e.g. Bigiel et al. 2008, 2010) and

where E is the total energy of the
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we sample gas surface densities up to ~ 100 Mg pe~2 as observed
for massive disk galaxies (e.g. Walter et al. 2008). In our fiducial
model we assume solar metallicity (Z = Zp = 0.0134; Asplund
et al. 2009), but we investigate the effect of different metallicities in
§4.1.

The gas initially has a temperature of 10* K. We assume verti-
cal hydrostatic equilibrium, where the disk scale height of the gas is
set by the pressure and the gravity of the gas and stars and therefore
depends on the radius. Note that in the centre the initial gas scale
height is much smaller than the stellar disk scale height; they only
become comparable in the outer region.

To prevent an artificial collapse of the gas disk and a spurious
initial burst of SF, we give a fraction of the stellar particles an age
distribution corresponding to a constant SFR of 10 Mg yr~! over
the last 100 Myr and allow them to inject CC SN and SNIa feedback.

The initial conditions are made publicly available as an ex-
ample in the SWIFT code repository and can be found in the
IsolatedGalaxy examples at www.swiftsim.com.

3 STAR FORMATION CRITERIA

In this work we investigate the impact of different subgrid prescrip-
tions for SF, in particular different criteria for selecting gas particles
that are eligible for conversion into stellar particles. The calculation
of the SFRs of star-forming gas particles was described in §2.2.
This section describes how the star-forming gas is selected. We will
test three different criteria: a density threshold (§3.1), a temperature
ceiling (§3.2) and a gravitational instability criterion (§3.3).

3.1 Density threshold

The simplest and most widely used SF criterion is a density thresh-
old,

ny > NY crits (12)

where ny (i is the total hydrogen number density? above which
the gas is star-forming.

It is instructive to see what gas phases are selected by criteria
with different density thresholds. The dotted curves in Fig. 1"show
the equilibrium temperature’ as a function of density“for different
metallicities. We see that for Z = Zg the transition to'the” cold
phase (T < 103 K) occurs at nyy ~ 10799 cm=3.while for very
low metallicities (e.g. Z = 1074Zg) the equilibrium temperature
remains above 103 K for densities ng S 103 eém?. This means
that for different metallicities the selected gas will correspond to
different phases, i.e. at low metallicities the star-forming gas is
warm, while at higher metallicities it\is cold.

Since observations indicatethat SFis associated with cold gas,
a constant density threshold has/the disadvantage that, depending
on the metallicity, the selected gas can be in the warm phase unless
the threshold is chosen,to bevery high. A fixed density threshold is
common in the literature (e.g. Springel & Hernquist 2003, and mod-
els based on this), while‘other models use a metallicity-dependent
density threshold designed to track the transition from the warm to
the cold interstellar gas-phase (e.g. Schaye 2004; Agertz et al. 2013
and models based on these such as EAGLE; Schaye et al. 2015).

2 We use a fixed primordial hydrogen mass fraction X = 0.756 to convert
the,gas mass density into the total hydrogen number density.

3 The equilibrium temperature is the temperature at which the radiative
heating rate is equal to the radiative cooling rate.
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criterion with cyb = equilibrium T at Z =

—— Okms™! -—- Zs -== 107Z,
—— Skms™' o o-liz, 107 Z¢
6T 10 km s~! - IO_ZZO Zprim
20 km s~!

logio 7y [cm™3]

Figure 1. The gravitatignal instability criterion in temperature-density
space for different yelocity dispersions (solid lines, different colours; gas
at higher densities or lower|temperatures is unstable) and different resolu-
tions and/or nermalisations (two sets of lines labelled with different values
of Mparticle agr/if). For‘comparion we also plot the thermal equilibrium tem-
perature~curves forydifferent metallicities (dotted lines, different colours)
for the Ploeckinger et al. (in prep.) cooling tables. The gray lines indicate
different,density thresholds and different temperature ceilings. Gas with a
higher velocity dispersion requires higher densities to be star-forming. The
gasiselected by the gravitational instability criterion shifts to higher (lower)
densities for higher (lower) numerical resolutions, i.e. lower (higher) values
of Mparticle, if the instability criterion (i.e., the value of @) is kept con-
stant. Therefore, the gas phase that is selected to be star-forming depends on

. . -2/3
the numerical resolution, unless we scale @it Mpan/icle‘

3.2 Temperature ceiling

To restrict the formation of stars to colder gas that resembles the en-
vironment where stars are observed to form (e.g. molecular clouds),
a temperature criterion is a natural choice,

T < Tt (13)

The parameter T, defines a temperature ceiling, which is usually
set to be low enough to only select gas that is expected to have condi-
tions suitable for SF. Looking again at the equilibrium temperature
curves in Fig. 1, we see that for very low metallicities a reasonable
value like Tory = 102 K will only select gas with very high densi-
ties, ngg = 10* em™3. If such high densities are not resolved, then
the SFR will be underestimated. Cosmological simulations with
limited resolution that start with primordial abundances may never
form any stars at all. Combining density and temperature criteria,
i.e. ng > nycrit Of T < Tiyit, can help alleviate this problem. We
will, however, consider a different solution.
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3.3 Gravitational instability criterion

Another option for the SF criterion is to select gas that is gravitation-
ally unstable, i.e. that satisfies the Jeans (1902) instability criterion
tg < ter, Where ¢ is the sound and turbulence crossing time which
for a cloud of size h is*

h

lep = ——, (14)

)
Tt Tl

where the thermal dispersion oy, is given by:

1/2
P 3kpT o T
=.3= =[5 =138k . 15
T =N T myy e (104K) (1

where we set u = 1.3 which is appropriate for neutral atomic gas,
and ovp is the turbulent velocity dispersion. In our SPH imple-
mentation, the turbulent velocity dispersion is calculated for each
particle i and its neighbours j as:

N
1
2 2
Tlurb,i = _p' E Mparticle,jW(rij»Si)|Vi -v;l5, (16)
i<
J=1

where Mpaicle is the particle mass, W is the kernel weight function,
s is the smoothing length, v; and v; are the particle velocities, and
rij is the particle separation. We find that this gives identical results
to the velocity dispersion calculations of Hopkins et al. (2013, 2018)
who compute either a full tensor or both Vxv and V-v. An advantage
of using equation (16) is that only a single SPH variable is required
in contrast with 4 or 9 additional SPH variables’.

A cloud is gravitationally unstable when its free-fall time is
smaller than the sound and turbulence crossing time. We calculate
the free-fall time from first principles for consistency with §5.1
where we will investigate the impact of including the gravitational
softening length € in the derivation. The free-fall time is given by

I = an

S
o
~

N\o

For an initially static, spherical cloud of mass m and radius./, energy,
conservation implies that the velocity of the outer shell'is given by

1/2
2 2
v(r)=—( Gm—ﬂ) . (18)
r h
This means that the free-fall time is given by
TR
g = - —— dr, 19
. 2Gm/(r h)
0
3 1
X
= dx 20
8nGp / I'sx 20)
0
-1/2
3r nyg
32Gp yr( cm_3) @b

4 Note that it is possible to include additional terms, for example when

MHD/is used (e.g. ter = h/y/02 + 03

2 .
“Alfven T o—mrb), where O jfyen 1S the

velocity dispersion of ions.
5 Six additional variables when symmetry arguments are used.

Equating 7. (equation 14) and tg (equation 21) gives the generalized
Jeans (1902) length:

3n(02 +02.)
A = th turb i (22)
32Gp

2 2
th + turb nH -1/
=0.46 kpc , 23
P 10 km s—! (lcm‘3) 3)
and a corresponding Jeans (1902) mass:
32 (2 o 2 \3/?
4r 3 _4m (3n Tih ¥ Thurb ~12
My=—pd; = — = 24
1=3 PAy 3 (32) G P , (24
2 2 3
oL+ o -1/2
h turb ny
= 13x10'M : : 25
© 10 km s—! (lcm‘3) 23)

We can construct an SF criterion by demanding gravitational insta-
bility at the mass resolution limit, i.e., by requifing theieans (1902)
mass to be smaller than the expected mass within the SPH kernel

My < Mres = <Nngb>Mparticle- (26)
Combining equations (24) and (26), we get
2 2
o+ 0
a= s ATt @7
G<Nngb> / Mparticlep X

where agj; is a constant'of-order unity and the gas is consid-
ered unstable if ‘@, < @ Using equation (24) gives it =
32/37(3/47)2/3 = 143, but the appropriate value depends on the
assumed geometry=xUsing a smaller values of aj; implies that star
forming-gas mustibe more strongly gravitationally bound. Our fidu-
cialvalue is\@j = 1.

Similar criteria have been used before in hydrodynamical sim-
ulations, for example by Hopkins et al. (2014, 2018) and Semenov
et alu(2016), and are often called virial criteria. However, our cal-
culation of the gravitational instability criterion is not identical to
the ones in those papers. The main difference is that they used
the sound speed instead of the thermal dispersion and that they
adopted another normalisation. The difference in normalisation is
because a gravitational instability criterion requires gas to satisfy
Egrav + Ein < 0 while a virial criterion requires gas to satisfy
Egrav + 2Ekin <0.

Based on equation (27), it is clear that for a fixed . the
instability criterion selects different gas for different resolutions
Mparticle- We will therefore investigate two different cases when

varying the resolution: a fixed @i and a scaled aj; o Mp_a%t/iile'
the former case higher gas densities (or lower velocity dispersions)
are required when the numerical resolution increases, whereas in
the latter case gas with the same physical properties is selected
regardless of the numerical resolution.

It is instructive to consider two limiting cases. The first is
when the turbulent velocity dispersion is negligible compared to
the thermal dispersion (i.e. oy, > Oyrp)- In this case, the instability
criterion reduces to the thermal Jeans criterion,

/”"?{BG 23 13
H 4. 2/3
< 3kBX1/3 QC“‘(N“gb) MparticlenH ’ (28)
N 23 g (23
<2.5% ]03 K ny ( ngb) particle Cerits
1cm™3 65 105 Mg

(29)
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where we assumed that the mean molecular mass is u = 1.3. This
version of the instability criterion gives the maximal temperature
that star-forming gas can have as a function of the gas density and
the numerical resolution. Equation (29) shows that the tempera-
ture of star-forming gas depends explicitly on the resolution of the
simulation. In Fig. 1, we compare the instability criterion with the
equilibrium temperature curves for fixed metallicities. Because of
the degeneracy between acri and Mparticle, the instability criterion

is only shown for fixed Mparticleai./if- The figure shows that for a
lower (higher) resolution or larger (smaller) @, the temperature of
the selected gas can be higher (lower) for a fixed gas density.

The second limiting case is when the thermal velocity disper-
sion is negligible compared to the turbulent dispersion. In this case
the instability criterion reduces to a density criterion for a fixed
velocity dispersion,

Xo-l?ll’b 30
ny > P o (30)
mHacritG <N“gb> Mparticle
6 ((Nugb)\ 2 [ Mparticle | >
> 0.14 Cm_3 Oturb < ngb) particle 0_3 .
5kms! 65 10° Mg erit
(3D

This effective density criterion is very sensitive to the velocity
dispersion, which can be seen in Fig. 1 by comparing differently
coloured solid curves. This means that gas at a fixed density quickly
becomes ineligible for SF as the turbulent velocity dispersion in-
creases. The dependence on the resolution is very strong for simu-
lations with a fixed aj(, but for simulations in which @, is scaled
with the resolution, gas with the same densities is selected.

4 RESULTS

In § 4.1 we will discuss the results of the fiducial model followeds
in § 4.2, by variations in the subgrid prescriptions for SF and stellar
feedback in order to understand the impact that different aspéects of
the galaxy formation model have.

4.1 The fiducial model

In this section, we investigate the SF properties\of three different
simulations that are run using the fiducial model, which uses the
gravitational instability criterion for SF (equation 27) with @i =
1, the Schmidt (1959) law for SF (equation 1) with ¢ = 0.01,
and a particle mass of 10° Mo, "We will compare simulations with
metallicities of 0.5Z¢g, Zg, and 2Zy. Before doing so, we first
provide a visual impression“of the main properties of the galaxy
with solar metallicity.

Fig. 2 shows face-on images of different properties of the
galaxy in the/fiducial simulation with metallicity Z = Zy at time
t = 1 Gyr{The top two rows show the surface densities for all gas
(left column), atomic hydrogen (middle column), and molecular
hydrogen (right column), where the species fractions are calculated
using Chimes. The galaxy spiral structures are most prominent in
the molecular hydrogen maps, but the atomic hydrogen also shows
clear/spiral structure. The SFR surface density (third row, right
column) mostly traces the molecular hydrogen surface density.

Across most of the galaxy, the thermal and turbulent velocity
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dispersions are similar® (compare the left and middle columns sec-
ond row of the face-on images). The dispersion tends to be small
when the surface density is high, and vice versa. However, in the
regions with the highest surface densities the mass-weighted virial
parameter (bottom left) is still high (@ > 1). Indeed, most of the
gas in the disk has a high value of « and is not forming stars (bottom
right), while most of the star-forming gas has @ ~ 1 (bottom centre).

The instability criterion can be converted into a function of the
gas surface density X and the scale height 4. The mass of the cloud
is given by M = “T’rph3 and the density is given by p = X/h. This
results in

2 23
e — T (AT (32)
GM2Bp3 |3 Gzh
2 1 -1
:7.1( /o ) ( h ) . (33)
0.4 Mg pc=2 (km s—1)=2 40 pc

This means that the ratio X/ o2 is a measure of the’boundedness of
the gas. Leroy et al. (2017) measured X/ o2 for. molecular gas on
spatial scales from 300 pc to 1 kpc in M51 and their measurements
indicate that the stability parameter ranges’between @ ~ 5 and ~ 14,
implying that most of the molecular gas in.the ISM is gravitationally
stable. Not surprisingly, these measurements are lower than our
mass weighted values that include all gas. The molecular gas mass
weighted values are in good agreement'with these observations and
range between a ~ 2 and 20 (not'shown).

4.1.1 Star formation histories

Fig. 3 showstthe star formation history (SFH) for the simulations
with different metallicities. The thick lines show the SFH averaged
over’ A00"Myr, we average the instantaneous SFR that is logged
every'single/time step over 100 Myr. The different simulations are
within 0:4.dex of each other and lower metallicity results in a lower
SER, inragreement with the findings of Richings & Schaye (2016)
for a'different SF criterion. Besides the 100 Myr averaged SFH we
also show the instantaneous SFR that is updated every time a gas
particle is active and therefore has the same time resolution as the
simulation. Here the SFH varies by about 0.2 dex over times scales
~ 10 Myr. The small artificial initial SF peak at ¢+ < 50 Myr does
not impact the results at ¢ > 100 Myr because we include feedback
from existing stars. After a few 100 Myr, the SFR declines because
the gas in the disk is being ejected and consumed.

4.1.2  The spatially-resolved Kennicutt-Schmidt relation

The SFH in general does not provide a stringent test of models
of SF (e.g. Schaye et al. 2010; Hopkins et al. 2013) because it
is determined mostly by the gas supply and feedback processes on
galaxy scales. Galaxy-averaged KS relations have the same problem
because they are effectively SFRs that are re-normalized to the
galaxy size. More useful tests are the spatially-resolved Kennicutt-
Schmidt (KS) relations (e.g. Kennicutt et al. 2007), between gas
surface density and SF,

Tsrr = AL, (34)

6 The colour scale of the gas temperatures is the same as the colour of the
thermal velocity dispersion computed for that temperature.
7 We average the instantaneous SFR that is logged every single time step

over 100 Myr, i.e. SFRyyg = Z;i;iss% 1;\/[/[); SFR(t")At(¢")/100 Myr.
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Figure 2. The fiducial simulation with Z = Zg at t-="1Gyr.-Top two rows: Edge-on and face-on gas surface density for the total gas (left column), atomic
hydrogen (middle column) and molecular hydrogen (right column). Third row: Face-on view of the mass-weighted temperature (left), mass-weighted 3D
turbulent velocity dispersion (middle), and SER surface density (right). Bottom row: Face-on view of the mass-weighted virial parameter « for all gas (left)
and only star-forming gas (middle), and the massfraction of gas that is star-forming (right). The thickness of the projection is 50 kpc. The kernel sizes vary

across the galaxy from < 0.1 kpc in the,centre to around 1 kpc in the outskirts

where 2gpp is the SFR surface densityin a spatially-resolved region,
A is the normalisation constant,\%; is the surface density of gas in
the same region wherewis:ithe.component (H1, Hy or H1 + Hp) and
N is the slope of the power-law relation.

Focusing’again.on Fig. 2, we show the total, atomic and molec-
ular gas surface densities for the £id simulation in the top panel.
We see_that, most”of the disk area consists of atomic hydrogen.
Molecular hydrogen is largely confined to the highest-density re-
gions. Comparing the top right and centre right panels of Fig. 2, we
see that the molecular hydrogen surface density is spatially closely
correlated with the SFR surface density.

The top three panels of Fig. 4 show the spatially-resolved KS re-
lations for, respectively, neutral, molecular and atomic gas. The dif-

ferent coloured curves show the median relations in 0.25-dex-wide
surface density bins for our three different metallicities. The shaded
regions indicate the 16™ and 84" percentiles for the case of solar
metallicity. The relations are averaged over square regions of size
750 pc, matching the typical resolution of observations. In § 4.1.4
we will also consider the azimuthally averaged KS relation (i.e. the
KS relation averaged over radial rings of width Ar ~ 750 pc).

Data points with error bars indicate the median and the 16t-
84™ percentile scatter for observations of galaxies that have metal-
licity variations similar to our simulations. None of the relations
includes a correction for helium and heavy elements in the sur-
face densities. We compare to observations of global, galaxy disk-
averaged KS relations in spiral and star-forming galaxies (Kennicutt
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Figure 3. Comparison of the star formation histories for the simulations
with different metallicities (different colours). The thick lines show the 100
Myr moving average of the SFR and the transparent lines show the SFR at
the time resolution of the simulation. The differences are small but the SFR
is higher (lower) for simulations with higher (lower) metallicities. The SFR
varies by ~ 0.2 dex over short time scales.

1998; hereafter K98), of spatially resolved atomic and molecular hy-
drogen surface densities (Bigiel et al. 2008; hereafter BOS; Bigiel
et al. 2010; hereafter B10), and of spatially resolved molecular hy-
drogen surface densities (Ellison et al. 2020; hereafter E20;Pessa
et al. 2021; hereafter P21; Querejeta et al. 2021; hereafter Q21).
We corrected the surface densities of BO8, B10, E20 and Q21 by
removing the factor for helium and heavy elements.

We note that there is considerable uncertainty in the obser-
vations due to the use of CO as a tracer for molecular hydrogen.
First, the aco factor is assumed to be constant but likely depends on
metallicity (e.g. o« Z~!; Narayanan et al. 2012). If gas with higher
%; has higher metallicity, then this would imply that the KS rela-
tion is steeper (and hence that the 7g,5 relation has a more negative
slope). Second, gas with densities below the critical density of CO
(Merit,co = 103 em™3; Schaier et al. 2005) is only detected when
the clouds have large optical depths 7 such that the effective critical
density is neriteff,cO = Merit,co/T- This means that‘CQ Observa-
tions can underestimate the CO mass. If the volumetricydensity
increases with the surface density, then correcting“for this effect
would again steepen the KS relation. Third, the @co factor may
vary due to differences in the optical depth of thegas caused by
higher turbulent velocities (e.g. Teng et al. 2022). Fourth, the aco
factor is smaller inside the centre of galaxies and therefore the slope
of the KS relation will steepen (denyBrok et al. 2023). Fifth, the
commonly adopted value for the'ratio of CO (2-1)/(1-0) is 0.65 but
observed ratios range from 0.3 to 1.0 (den Brok et al. 2021). There
are indications of a trend bétween this ratio and Xgpgr (den Brok
et al. 2021; Yajima‘et al. 2021). Similarly, the CO (3-2) transition
ratios are not constant(Leroy et al. 2022). This might be because of
different dengities and temperatures in the CO gas, which implies
uncertainty inithe a¢p factor.

In<Fig. 4 the agreement between the data and the simulations
is good, both for the median and the scatter, and both in terms of the
normalizaton and the slope. The neutral and atomic KS relations
agree better with B10 (B08) at low (high) surface densities as would
be expected because B10 (B0O8) observed the outer (inner) parts of
the same galaxies. Additionally, below Xy, H, = 10 Mg pc’z,
BO08 detected much fewer regions than B10. The neutral and atomic
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KS relations decline sharply below the canonical SF threshold of
2; =10 Mg pc_2 (e.g. Schaye 2004, and references therein). At
high ¥y ,,y, the slope approaches the canonical value N ~ 1.4
(Kennicutt 1998). The slope of the atomic KS relation is very steep,
N = 3, consistent with the observations. For the remainder of this
paper, we will use the gas consumption time #ga5 (bottom of Fig. 4)
rather than the KS relation, because a time scale can be interpreted
physically and because it reduces the dynamic range of the y-axis,
which better highlights differences. We call this the #g,s relation.

Increasing the metallicity from log o Z/Zs = —0.3 (orange) to
0.3 (green) barely impacts the gas consumption time for neutral gas,
decreases (increases) that for atomic (molecular) gas, particularly
at low surface densities. This mainly reflects the higher molecular
fractions for higher metallicities due to the increased abundangee of
dust grains that catalyse molecule formation and shield dissoCiating
radiation, and the increase in metal cooling that enables mere gas
to cool to the low temperatures required for molecule formation.
Despite these differences, all metallicity variations fall within the
range spanned by the observations (which, as discussed above, may
however suffer from a metallicity-dependent/bias). We now turn to
the analysis of the effect of the spatial ayeraging method.

4.1.3  The spatial averaging scale

Fig. 5 shows the neutral, molecularand atomic #g,s relations for the
fiducial simulation averaged oyer different spatial scales. For spatial
bins of size < 3 kpc, the'neutral’and atomic gas consumption times
steepen rapidly atdow surface densities, indicating very inefficient
SF. However, for larger spatial bin sizes this break moves to smaller
surface densities;, which agrees with observations (e.g. Onodera
et al. 2010). For'the largest bin size there is no break at all and the
gas consumption time is reasonably well approximated by a power
law_ ofithe surface density. This indicates that the larger spatial bins
contain subregions with higher surface density and smaller, local
gas,consumption times. For a given spatial bin size, the break occurs
at smaller molecular than atomic surface densities. As expected, the
SCatter in g, ; decreases when averaging over larger spatial scales.
At the largest spatially-averaging scales, the 7g,s 54+H, relation is
close to the observations of K98 for entire galaxies (dot-dashed
lines). The normalisation of the #g, relations are lower for larger
spatially-averaging scales, which is in agreement with the different
normalisations of the galaxy-averaged KS relation of Kennicutt
(1998) and the spatially-resolved KS relation of Kennicutt et al.
(2007) who found a difference in normalisation similar to what we
find.

4.1.4  Azimuthally-averaged vs. spatially-resolved tgqs relations

Fig. 6 shows a comparison between the spatially-resolved (i.e. local)
and the azimuthally-averaged fg,s relations for bin sizes of 750 pc
and for neutral, molecular and atomic hydrogen, respectively. The
predicted spatially-resolved relations are compared with spatially-
resolved observations (B08; B10) and the predicted azimuthally-
averaged relations are compared with azimuthally-averaged obser-
vations (Schruba et al. 2011; hereafter S11). We corrected the sur-
face densities of S11 by removing the factor for helium and heavy
elements. For reference, we also show the observed galaxy-averaged
tgas,i (K98). The simulations are overall in good agreement with the
observations for the different phases and averaging methods. Com-
pared to S11 the predicted gas consumption times are slightly too
large at low surface densities, but S11 only use data from the inner
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Figure 4. Comparison of the (face-on) spatially-resolved median star formation rate surface density (i., thé, Kennicutt-Schmidt (KS) relation) (top) and the
median gas consumption time Zg,s (bottom) as a function of gas surface density for neutral (left), molecular (middle) and atomic (right) hydrogen. The results
are averaged over cells of size 750 pc for different metallicities (different colours). The shaded region,shows thie 16" and 84" percentile scatter for the Z = Z,
simulation. We compare with observations of galaxy-averaged KS relations (K98), spatially-resolved atomic and molecular hydrogen surface densities (B0OS8;
B10), and spatially-resolved molecular hydrogen surface densities (P21; Q21; E20). The erforbars show the 16™ and 84 percentile scatter. The simulations
are in good agreement with the data. A higher metallicity shifts the cut-off in the neutral and atomic KS relations to lower lower surface densities, while the
cut-off in the molecular KS relation shifts to higher surface densities.
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Figure 5. Comparison-of the'spatially-resolved relation between the median gas consumption time and the gas surface density for neutral (left), molecular
(centre) and atomic hydrogen (right), averaged over different spatial scales (different coloured lines) for the fiducial simulation with Z = Z,. For the largest (10
kpc) and lowestA100 pc)ibin’sizes the shaded regions indicate the 16™ and 84™ percentile scatter. At low surface densities the relations steepen. For smaller
(larger) observed patehes, this break in the #g, relation becomes more (less) pronounced and shifts to higher (lower) surface densities. For the largest spatial
patches, thére isino break.
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Figure 6. Comparison of the spatially-resolved (purple) and azimuthally-averaged (orange) median g, relations for all neutral (left), molecular(centr€) and
atomic hydrogen (right) for the fiducial simulation with solar metallicity. The shaded regions indicate the 16" - 84™ percentile scatter. We compareiwith
disk-averaged observations of spiral and star-forming galaxies (dot-dashed line; K98), azimuthally-averaged observations of S11 and the spatially-resolved data
from BO8 and B10. The error bars show the 161-84™ percentile scatter. The observations and simulations use the same spatial and azimuthal'fesolution of
750 pc. The spatially-resolved relations are much steeper than the azimuthally-averaged ones, particularly for neutral and atomic gas. The simulations agree

with both types of observed relations.

Table 1. Resolution variations

Simulation particle mass  softening it
Mo) (pe)
fid 10° 200 1.0
highres8fixedalpha 1.25 x 10* 100 1.0
lowres8fixedalpha 8 x 10° 400 1.0
lowres64fixedalpha 6.4 x 10° 800 1.0
lowres512fixedalpha 5.12 x 107 1600 1.0
highres8scaledalpha 1.25 x 104 100 4.0
lowres8scaledalpha 8 x 10° 400 0.25
lowres64scaledalpha 6.4 x 10° 800  0.00625
lowres512scaledalpha 5.12 x 107 1600  0.001562

regions of galaxies (i.e. mostly the same data as BO8, and/partly
B10).

While the spatially-resolved and azimuthally-averaged gas con-
sumption time scales converge at high surface densities, they, differ
strongly at low surface densities because the spatially-resolved 7gas
relations are steeper. Comparing Figs. 5 and 6, we see that the
azimuthally-averaged relations using a radial bin size of 750 pc
are similar to the spatially-resolved relations using a bin size of
~ 3 —10 kpc, which is comparable to the radial disk scale length of
4.3 kpc.

For the remainder of theppaper, we’ will focus on the neutral
and molecular g, relations. We nowturn to resolution tests.

4.1.5 Resolutiontests

Equation (27) indicatesrthat the selection of star-forming gas de-
pends directly on the numerical resolution. This means that for a
fixed value'of agp different regions in (7', ny, oyyh) Space are se-
lected for differént resolutions. For a fixed aj; but higher (lower)
resolution, gas is selected with higher (lower) densities, lower
(higher) temperatures and lower (higher) turbulent velocity disper-
sions,/'We therefore look at the convergence with resolution in two

different settings: a fixed a ¢ and a scaled @i (@crit < M[;ait/if:le)'

For fixed «j; the physical conditions need to be such that the mini-
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Figure 7. Comparison of the SFHs for simulations with different resolutions
(different colours) and either constant . (top panel) or scaled @it (Qcrit
;;x%t/iile; bottom panel). The Mparicle = 10° Mg simulation is the same in
both panels. The lines show the 100 Myr moving average SFR. For scaled
@it the SFR is systematically lower for larger particle masses, while for a

fixed @ the results are insensitive to the resolution.

mum resolved mass is unstable, while for scaled @;; the same mass
is required to be unstable when the resolution changes and hence
the same regions in (7', ny, oyp) Space are selected. In Table 1 we
list the different simulations used for the resolution tests.

Fig. 7 shows the SFHs for the different resolution variations.
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Figure 8. Comparison of the cumulative fraction of the SFR as a function of
the gas density (left) and temperature (right) for simulations with different
resolutions (different colours) and either constant @it (top) or scaled @it
(Qerit x M :jt/iile; bottom). Because of the explicit resolution dependence
of the instability criterion for fixed i, the convergence is much better if

@i 18 scaled with the resolution.

We do not expect exact convergence because the initial density
profile is stochastically realized and both SF and stellar feedback are
implemented stochastically. The SFHs converge for the simulations
with fixed @,y as compared to those with a scaled acj;. For the
higher-resolution simulations the differences in the SFHs are within
0.2 dex, similar to the impact of varying the metallicity by a factor
of two (see Fig. 3) and they do not vary systematically with the
resolution, however, the highest resolution simulation shows that the
SFR is boosted until sufficient energy has been released to trigger a
strong outflow, after which feedback again becomes efficient and the
SFR declines more rapidly. This is an indication that the modeL.is
reaching its limit. The convergence is good for all particle massesfor
fixed ot and not good for scaled a.j. For scaled o, simulations
with even lower resolutions predict lower SFRs (the simulation'with
5.12 x 107 Mg and scaled ¢ does only form a few $tars). ‘At low
resolutions the scaled a(; simulations have the problem'that the
density of gas that becomes star-forming (following=equation 31)
is much higher than Mparicle / €3, the density at.which gravitational
softening becomes important.

Fig. 8 shows the cumulative fraction of the.SFRS as a function
of density and temperature. As expected, in simulations using a fixed
Qrit Stars form in gas with higher densities and lower temperatures
if the resolution is increased: The simulations with scaled ag
converge better in terms-of the/densities and temperatures of the
gas from which the stars are'predicted to form because they select
gas with the same physical properties. However, Fig. 7 shows that
better convergenee ofithe densities and temperatures of the gas from
which stars form does not imply better convergence of the SFR.

The stellar birth' densities and temperatures in the simulations
are not-particularly interesting properties because they are not ob-
servable. In reality, stars form at much higher densities, which re-
main completely unresolved in the simulations. In fact, if the phys-
ical properties of the gas particles that are converted into stars were

8 Calculated as Y; SFR(ny,; < ny)/ SFR and };; SFR(T; > T')/ SFR.
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Figure 9. Comparison of the spatially reselved (750 pc) neutral (left) and
molecular (right) tg,s relations for simulations with different resolutions
(different colours) and different in$tability criteria (top and bottom). For
reference, the dot-dashed line shows the galaxy-averaged fg,5 relation from
K98 and the data points show the spatially-resolved tg,s relations from B0
and B10. The neutral zg4 relations close to converged with the numerical
resolution for fixed i, butwif ¢ is scaled with the resolution, then
the relation shifts to,longer gas’consumption time scales if the resolution
is decreased. For theymolecular 7,5 relation the convergence is poor at low
surface densities, with:higher resolution resulting in longer gas consumption
time scales, but ashigh surface densities (Zy, > 10Mg pc?) the results
are less’sensitive to’the resolution.

converged, then increasing the resolution would not result in more
realistic properties of star-forming gas and hence would not open
new avenues to test the models such as predictions for observational
tracers of gas with higher densities. Our goal is therefore not to
obtain converged results for the properties of resolution elements
that are being converted into stars, but to obtain converged predic-
tions for observables probing fixed physical scales, such as the KS
relations.

Fig. 9 shows how the spatially-resolved gas consumption time
scales vary with the surface density for the neutral (left) and molecu-
lar (right) gas for different numerical resolutions (different colours)
and the two aj¢ variations (different line styles). For fixed @ the
convergence of the neutral 7gy is good (within 0.2 dex). The scaled
Qi performs less well: the zgyg relation shifts to longer consump-
tion time scales if the resolution decreases. At low surface densities
the molecular #ga5 relation shows poor convergence for both fixed
acrit and scaled arj. However, for fixed a¢ the convergence is
reasonable for Xy, > 10Mg pc_z.

4.1.6  The tgqs relations for different gas phases

Fig. 10 shows the hydrogen surface density fractions of ionized,
atomic and molecular versus the neutral hydrogen surface density.
Lines and data points indicate, respectively, locally and azimuthally
averaged quantities, both using bins of 750 pc at our fiducial resolu-
tion. As the neutral surface density increases, the dominant species
changes from ionized to atomic to molecular. The transitions are at
slightly lower surface densities for the azimuthally averaged case and
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Figure 10. The contributions of different species of hydrogen (different
colours) to the total (face-on) hydrogen surface densities as a function of
the neutral hydrogen surface density for different metallicities (different line
styles). The lines show the medians and the shaded regions show the 16 and
84™ percentile scatter for the case of solar metallicity, averaged over 750 pc
regions. The individual points show the azimuthally averaged values, using
750 pc wide rings. At the highest surface densities, Ly, 1, ~ 102 Mg pc~2,
the contribution from ionized hydrogen is still not fully negligible. At low
surface densities, Zy,+H; S 1 Mo pc_z, it is possible to ignore the con-
tribution from molecular hydrogen for spatially resolved and azimuthally
averaged measurements. The transitions shift to higher surface densities for
lower metallicities.

they shift to lower surface densities if the metallicity is increased.
We note that the contribution of ionised hydrogen, which is typi-
cally ignored, is significant at all neutral surface densities. Even at
our highest densities, Xy yH, ~ 102 Mg pc_z, it still accounts for
nearly 10 per cent of the gas mass.

Fig. 11 directly compares the fgas relations for the three dif-
ferent hydrogen species and their sum for the fiducial models-this
includes some of the lines from Fig. 6. We show both the spatially re-
solved (top panel) and the azimuthally averaged zg,s relation (bottom
panel). The neutral and total hydrogen tg,s relations arewety close,
particularly at high surface densities (Zq 41, > 10 Mg pc‘z). The
atomic fgyg relation lies below both and deviates particularly strongly
forZy, > 1015 Mg pc_z. The molecular relation deviates the most,

giving much shorter 7, for surface densities Xy, < 1013 Mg pe=2.
While for molecular gas the consumption time'scale is about 1 Gyr
across the full range of surface densities,\for the other species the
gas consumption time scale increases tapidly with decreasing sur-
face density and this trend,is strongerfor spatially-resolved than for
azimuthally-averaged measurements.

4.1.7 The impact of gas metallicity

Fig. 1 showed thatsat a fixed density, lower metallicity gas has
higher-equilibrium temperatures. Therefore, for a fixed turbulent
velogity dispersion the gravitational instability criterion applied on
a“fixed mass scale (i.e., for a fixed numerical resolution), will tend
to select’gas with higher densities and higher temperatures if the
metallicity is lower. This can be seen from Fig. 1 by comparing the
intersections of an instability line with the thermal equilibrium lines
for different metallicities. Motivated by this observation, in Fig. 12
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Figure 11. Comparison ofithe median 7,4 relations for different gas phases
(different colours) at'scales 0of750 pc for the fiducial model (note that many of
the lines were already shown in Fig. 6). The shaded regions show the 1 sigma
scatter for the neutral gas relation. The top and bottom panels show, respec-
tively, spatially resolved and azimuthally averaged measurements. The sim-
ulations are compared with observations of disk averaged relations in spiral
and'star-forming galaxies (dot-dashed line; K98) and with spatially-resolved
observations for neutral gas and atomic gas (top; data points with error
bars,indicating 16" and 84™ percentile scatter; BO8;B10) and azimuthally-
averaged neutral gas observations (bottom; error bars indicating 16® and
84™ percentile scatter; S11). While the molecular gas consumption time
scale is nearly constant at ~ 1 Gyr, for atomic, neutral and total hydrogen
Igas 18 typically larger and increases rapidly towards lower surface densities,
particularly for the case of spatially resolved measurements.

we show the cumulative contributions of different densities (left)
and temperatures (right) to the total SFR for different metallicities.
For high metallicities (Z > 0.1Zy) the SFR is dominated by cold
gas (T < 102 K), while for very low metallicities (Z < 10_226)
the SFR is dominated by warm (T 2 10%K) gas. We emphasize
that while the trend with metallicity is generic, the fractions of stars
forming at different densities and temperatures depend explicitly
on the numerical resolution, because we evaluate the gravitational
instability criterion at the minimum resolved mass. An increase in
numerical resolution leads to a smaller mass that has to become
unstable, which requires higher densities and/or lower temperatures
(see Fig. 1).

Fig. 13 shows the metallicity dependence of the spatially-
resolved neutral (left) and molecular (right) KS relations. Unlike
Fig. 12, these predictions are for observables and do not depend
explicitly on the numerical resolution, because we average over a
fixed spatial scale (750 pc) that is not explicitly tied to the resolution
(which does not automatically mean the results are converged with
the resolution, but they at least could be). Decreasing the metallicity
from solar to primordial shifts the break in the neutral KS relation
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Figure 12. Comparison of the cumulative contribution of gas with different
hydrogen number densities (left) and temperatures (right) to the total SFR
for simulations assuming different metallicities (different colours). For lower
metallicities star formation occurs in gas with higher temperatures and lower
densities. This can be understood by comparing a gravitational instability
line with the thermal equilibrium lines for different metallicities in the
temperature-density diagram shown in Fig. 1.

to around one order of magnitude higher neutral surface densities,
but has little effect at higher surface densities (in agreement with
simulations with a different SF criterion, e.g. Richings & Schaye
2016). The molecular KS relation is affected more strongly, it shifts
to lower surface densities and has a much higher Zgpg at fixed Zg, .
We caution, however, that at low surface densities the molecular KS
law is sensitive to the resolution (see Fig. 9). The difference in“the
molecular KS relation is dominated by the metallicity dependence of'
the molecular fraction, at lower abundances and a constant density
there is less dust to catalyse molecule formation and shield dissoci-
ating radiation. In Appendix A, we show the neutral and molecular
KS relations for the temperature ceiling SF criterion=Simulations
using that criterion give a similar dependence on\the metallicity
although the break in the neutral KS relation is more sensitive to the
metallicity than if the gravitational instability'etiterion is used. This
is expected because while for the fiducial criterion a lower metallic-
ity may result in the selection of higher density but warmer gas (see
Fig. 1), for the temperature ceiling criterion the gas must be cold
and in thermal equilibrium, meaning that its density must increase
further. Overall, these resultsimply that the use of an H-dependent
SF threshold can prevent the formation of stars in gravitationally
unstable gas atJow metallicities. This is due to the fact that Hj is
only a good tracer ofiSFat higher metallicities and is not the cause of
SF. The right panel of Fig. 13 suggests that simulations that restrict
star formation to molecular gas, would need to use a SF efficiency
thatdecreases-strongly towards low metallicities in order to be con-
sistent with the molecular KS law. This leads us to conclude that it
is not advisable to use an Hp-dependent SF threshold in simulations
of galaxy formation. In Appendix B, Fig. B3 shows that the SFH is
lower for lower metallicities but for metallicities log;y Z/Zo < -2
the SFH does not change significantly.
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Figure 13. Comparison of the neutral (left) and melecular (right) spatially-
resolved (750 pc) median KS relations for simulations assuming different
metallicities (different colours). The shaded régions,show'the 1 sigma scatter
for the case of solar metallicity. For referefice, the disk-averaged zg, relation
from K98 (dot-dashed line) and the spatially-resolved g, relations from
BO8 and B10 are shown. The cut<off in the neutral KS relation shifts to
about 1 dex higher surface density going from solar metallicity to primor-
dial abundances, but the relations converge at high surface densities. The
molecular KS relation changes dramatically, with lower metallicities giving
higher Xgpgr at a fixed molecularsurface density.

4.2 The impaet of subgrid physics variations

In this seetion, wefocus on the impact of changing subgrid physics
parameters on the spatially-resolved fgas relations. In particular, we
will compare variations in the SF criterion (§4.2.1), the SF efficiency
(§472.2), and the SN feedback energy (§4.2.3). Table 2 lists all the
differént simulation variations.

4.2.1 The star formation criterion

Here we show the impact of the different SF criteria discussed in
Section 3 on the #gas relations. We compare different normalisa-
tions of the gravitational instability criterion, different temperature
ceilings and different density thresholds.

Fig. 14 shows the SFHs for the simulations using different SF
criteria. The SFHs have been averaged over 100 Myr to remove the
short-time scale scatter. All simulations use our fiducial resolution
(Mparticle = 10° M) and solar metallicity. Despite the huge differ-
ences in SF criteria, the SFHs are remarkably similar. Only the most
restrictive criteria, i.e. a¢riy < 0.1 and ny ¢r¢ > 100 cm™3 result in
significantly different SFHs. These simulations predict lower SFRs,
probably because the numerical resolution becomes a bottleneck
for reaching the densities required for SF. Once SF starts, the den-
sities will be too high for feedback to be effective, causing a larger
amount of SF that only stops when the densest gas has been con-
sumed and/or sufficient SN energy has been released to overcome
the large radiative losses. This then causes a more rapid decline in
the SFH (similar to the highest resolution simulation, see Fig. 7).
Relaxing the criteria a lot does not produce a significant change
in the SFH, which indicates that the SFH is determined mostly by
self-regulation through stellar feedback.

Fig. 15 shows the spatially-resolved neutral (top) and molecular
(bottom) #gas relations for the different SF criteria. As expected, the
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Table 2. Variations in the subgrid parameters studied in this work. The
columns list, from left to right, the simulation identifier, the adopted SF cri-
terion (SF crit.), the energy per core collapse SN (Eccsn), the SF efficiency
per free fall time in the Schmidt law (&). Parameter values that differ from
the fiducial model are shown in bold face. All simulations use our fiducial
particle mass (10> M), solar metallicity and a kinetic feedback fraction of

Jfiin = 0.1.

Simulation SF crit. Eccsn £
(10%'erg)
fid Qeir = 1 2.0 0.01
alphacrit01 Qerit = 0.1 2.0 0.01
alphacrit03 Werit = 0.3 2.0 0.01
alphacrit3 Qerit =3 2.0 0.01
alphacritl10® Werit = 10 2.0 0.01
alphacrit30 Qerit = 30 2.0 0.01
Tle4K Teit = 104 K 2.0 0.01
T3e3K Teit =3 x 103K 2.0 0.01
Tle3K Teit = 100 K 2.0 0.01
T3e2K Teit =3 x 102K 2.0 0.01
Tle2K Teit = 102 K 2.0 0.01
nHle-2cm-3 Rperit = 0.01em™ 2.0 0.01
nHle-1lcm-3 nperit = 0.1 cm™ 2.0 0.01
nHleOcm-3 nyerit = 1 cm™3 2.0 0.01
nHlelcm-3 nperit = 10 em™3 2.0 0.01
nHle2cm-3 Rperit = 100em™3 2.0 0.01
nHle3cm-3 nperit = 1000 em™ 2.0 0.01
SFE®.001 Qi = 1 2.0 0.001
SFEO. 1 Qerig = 1 2.0 0.1
SFE1.0 Qi = 1 2.0 1.0
ECCSN®.25e51  arrig = 1 0.25 0.01
ECCSNG.5e51  qrri = 1 0.5 0.01
ECCSN1e51 Qeit = 1 1 0.01
ECCSN4e51 Qi = 1 4 0.01
ECCSN8e51 Qg = 1 8 0.01

results diverge towards low surface densities. There are nevertheless
large differences between the models in the surface density rangefor
which there are observational constraints. The SF criterion{mainly
affects the surface density below which #ga5 becomes vety large. If
the SF criterion is too strict, then #ga5 already divergesfrony the data
at surface density for which there are still good constraints<If the
criterion is too relaxed, then the neutral gas KSlawis«too shallow
compared with the B10 data for outer disks. The most relaxed and
the most strict gravitational instability criteria predict, respectively,
too short and too long gas consumption time scales, particularly for
molecular gas. Only the fiducial @& = 1 and the @ = 3 models
appear consistent with the data. Only the lowest temperature ceiling
(Teit = 102K) agrees with thevobserved molecular 7gys and the
data rule out all density threshold criteria. Many of the simulations
predict 7gys relations with the.wrong shape, which suggests that for
most SF criteria tuhing, the SFE parameter would not resolve the
discrepancy with.the\datay(for T4, = 3 x 10% K or 10? K the SFE
parameter could be.tuned).

Overall,'we find that in order to choose between subgrid SF
criteriaswe should not focus on the SFH as this differs very little
for vastly different criteria. This implies that the galaxy-averaged
KStrelation is also not suitable, at least not for idealized, isolated
galaxies.'Furthermore, we should not choose based on properties of
the gas evaluated at the resolution scale, like stellar birth densities
and temperatures, because these are typically not converged and are
not measurable. Instead, we find that a suitable way to determine
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Figure 14. Comparison of the SFHs averaged over 100 Myr time scales
for'simulations using different SF criteria: a gravitational instability crite-
tion(purpl€), a temperature ceiling (orange) or a density threshold (green).
Different line styles correspond to different parameter values. The fiducial
model is the solid purple curve, which is repeated in every panel. The
SFHs are remarkably similar for most simulations. Only the three simula-
tions with very strict SF criteria, i.e. @it = 0.1, Ry crig = 102 cm~3, and
nH,crit = 103 cm™3, predict a significantly different SFH.

whether SF criteria are appropriate is to compare the spatially-
resolved fga5 (or KS) relations.

4.2.2  The star formation efficiency

The SFH averaged on 100 Myr time scales is not strongly affected by
the SFE, except for the initial ~ 100 Myr (see Appendix B, Fig. B1).
Because the total SFR is relatively unaffected by the choice of SFE,
it is not a suitable observable for the calibration of . As was the
case for the SF criterion, the KS relations, particularly the spatially
resolved, molecular ones, are however sensitive to the value of €.
Fig. 16 shows the impact that the SFE, &, has on the neutral
(left) and molecular (right) zg,s relations. Besides the fiducial sim-
ulation with & = 0.01, we show simulations with & = 0.001, 0.1
and 1. For high SFEs the gas consumption time scales increase very
steeply at low surface densities, creating a break in the g,s relations.
At higher surface densities the trend is as expected: a higher SFE
results in a shorter gas consumption time scale. However, at fixed
surface density the increase of tgas with € is sublinear. Increasing
the SFE by a factor of 1000 only results in a decrease of #ga5 1, by
a factor ~ 100, and for neutral gas the change in the normalisation
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Figure 15. Comparison of the spatially resolved (750 pc) neutral (top) and molecular (bottom) median 7g,s relations fordifferent SF criteria. The left, middle,
and right panels show parameter variations for, respectively, the gravitational instability criterion, a temperaturesceiling,»and a density threshold. The solid
purple line indicates the fiducial model, aj; < 1, which is repeated in every panel. Comparison with the data rules out gravitational instability criteria with
@it < 1 or agrqe > 1 and also all the models with a temperature ceiling or density threshold.
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Figure 16. Comparison of the spatially-resolvedy(750 pc) neutral (left) and
molecular (right) median #g,s relations for different'star formation efficien-
cies (SFEs) per free fall time, & (differefit colours). The shaded regions show
the 16™ and 84™ percentile scatter for the,fiducial value of & = 0.01. For
reference, the disk-averaged 7g,s relation from K98 (dot-dashed line) and
the spatially-resolved g5 relations'ffom’BO8 and B10 are shown. At high
surface densities, where tg,5 < _10)Gyr, the gas consumption time scale
decreases with the SFE,.but the*dependence is sublinear, particularly for
neutral gas.

of the fgas relation is even smaller. The break in the neutral g, re-
lation shifts to higher surface densities when the SFE is increased.
The change in the break of the neutral zg, relation is caused by
the slightly increased velocity dispersion and temperature in the
simulations with higher SFE, likely because SN feedback is more
efficient when stars form more rapidly and at lower densities.
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Figure 17. Comparison of the spatially resolved (750 pc) neutral (left)
and molecular (right) median fg,s relations for different energies per core
collapse supernova (different colours). The shaded regions show the 16"
and 84t percentile scatter for the fiducial value of Eccsn = 2.5 X 103! erg.
For reference, the disk-averaged fg,s relation from K98 (dot-dashed line)
and the spatially-resolved tg5 relations from BO8 and B10 are shown. The
gas consumption time scale increases with the feedback energy, but the
dependence is weak except at very low surface densities. At high surface
densities the 7g,5 relations, particularly the molecular one, converge with
increasing EccsN-

4.2.3  Supernova feedback

Fig. 17 shows the neutral (left) and molecular (right) spatially-
resolved #ga relation for simulations with different values of Eccsn.
The neutral #gys relation shifts to about half a dex higher surface
densities when Eccgn is increased by a factor of 32 (= 1.5 dex).
Because the relation steepens towards low surface densities, a con-
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stant shift implies that the increase in the neutral gas consumption
is smaller at higher surface densities. At Ty 4, ~ 102 Mo pc_2
fgas increases by about 0.5 dex for an 1.5 dex increase in Eccsn.
The molecular gas consumption time scale also increases with
Eccsn, and more so at lower surface densities, but the depen-
dence is weaker than for the neutral gas. The two highest feedback
energies (Eccsn/ 1071 erg = 4 and 8) give nearly identical results.
Values of Eccsy ~ 1 —2 X 105! erg are most consistent with the
data.

The galaxy SF histories (Appendix B, Fig. B3) are much more
sensitive to the feedback energy than to the SF parameters. As we
have shown, the opposite is the case for the spatially resolved #gas
(or KS) relations. The latter are therefore a better calibration tar-
get for the SF model, while the SFRs (or, for cosmological initial
conditions, the stellar masses) can be used to calibrate the CC SN
feedback parameters. However, the 7g,5 relations are not indepen-
dent of the feedback energy. Furthermore, other subgrid feedback
parameters, like the fraction of energy injected in kinetic form, also
influence the spatially-resolved KS laws (Chaikin et al. 2023). This
means that care needs to be taken when calibrating subgrid mod-
els and that it may be necessary to recalibrate the SF model if the
feedback prescription is modified.

5 DISCUSSION

5.1 The impact of gravitational softening

To avoid unrealistic two-body scattering, the gravitational force be-
tween particles in our simulations is reduced for separations smaller
than a fixed gravitational softening length, €. This means that above
a certain density, where the separation between particles is smaller
than the softening length, we do not correctly simulate the collapse
of clouds. The density above which we begin to underestimate the
self-gravity of a gas cloud is

4n Mparticle X

IH,soft = 3 5 m_H’ (35)
Mparticle € -3

~ 16 -3 _Par ’ 36

om ( 105 Mg / \ 100 pc (36)

where we use X = 0.756. For clouds withthigher densities self-
gravity is not Newtonian (i.e. F«x r~2) while the gravitational
instability criterion presented in §3.3, is based on the Newtonian
Jeans (1902) mass. In Ploeckinger et al. (in prep) we introduced
the softened Jeans criteria‘'which’extends the Jeans (1902) to be ap-
plicable in the case of softened gravitational forces. In Ploeckinger
et al. (in prep) we studied gravitational (in)stabilities at the resolu-
tion limit of Lagrangian simulations assuming only thermal support
(i.e. pressure). Heretwe extend this analysis by including turbulent
support and applying the softened Jeans (1902) criterion to the SF
criterion.

To investigate the direct impact of softening on the SF criterion,
we'modify the derivation of the gravitational instability criterion
from §3.3 such that it is valid for the case of softened gravity in
the limit € > h. While the sound and turbulence crossing times
across a cloud with radius /2 and mass m remain identical, the free-
fall time of the collapsing cloud in Plummer-softened gravity (i.e.
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® o 1/Vr? + €2) becomes
-1/2
1 1 1
[ff,soft = - / ( - dr, (37)
V2Gm J Vi2+e2 Vh2+e?

~ 14/ 1 +2(%)3, (38)

which is the analog of equation (21). In the limit of € > h, we
obtain

€e\3/2
trsonx V2 (=) (39)
-1/2 3/2 -3/2
nyg € h
~ 64 M . (40
yr(lcm*3) (100pc) (IOOpc) @
Therefore, the gas cloud is gravitationally unstable when
32 h
Ve (£ < an
2 2
Tt + Tturb

Setting h = Aj g0 gives the Jeans (1902) length in the limit € > h,

o \' 350 0 5 \IF5
Ay soft = (32Gp) e/ (O—th + O—turb) > 42)
3 3 2/5
~3.2 % 102 pe nyg 78 € 3/5 Tt Taurb
c P\ T s 200 pc 10 km s~1
(43)
with a corresponding Jeans (1902) mass of
3/5
47 s, 67 o/5( 2, 2 \3
My ot = 5P [ (%) &/ (O'th+0'mrb) , (44)
> > 6/5
245 %10 M ( ny )2/5 ( € )9/5 Tin * Trurb
' °\Tem-3 200 pc 10 kms~!
45)

This implies that, at densities where self-gravity is strongly soft-
ened, the Jeans (1902) mass increases with the density and hence
gas that is classified as unstable by the unsoftened instability cri-
terion (discussed in §3.3) may actually be stable. A gas cloud is
gravitationally unstable when m > My, where m = (Npgp) Mparticle
is the mean mass in the kernel. Therefore, the analogue of equation
(27) in the limit 7 < € becomes

.02/569/5(0}%1 + o_irb)ys

Agoft = < Qcrit, softs (46)
G3/3 <Nngb>Mparticle
P02+ 02 )3 33
Qsoft = 2/5 < Qcrit, soft» 47
G3/5 <Nngb>MpartiCle Mparticle

where @rig,soft 18 @ constant of order unity given by @it soft =
3(32)3/5/(4n(67)3/5) ~ 0.33 (for unsoftened gravity we had
it ® 1.3). In the limiting case of oy, > 0Oy the instability
criterion becomes an upper limit on the temperature,

nyg )2/3 ((Nngb> )5/3 %

T<97x10°K 48
< (1 cm™3 65 (48)
Mparticle 33 5/3 € -3
105 Mo acril,soft 200 pc ’
49)

$20Z AInr £z uo 1sanB Aq 91181 ///06E | OBIS/SEIUW/EE0 ] "0 /IOP/0IIB-80UBADPE/SEIUW/WOD dNo"olWapeoe//:sdny WwoJj papeojumoq



18 F. S.J. Nobels et al.

5.0 7
Mparicle/ o = equilibrium temperature at Z = €= criterion
4.5 8% 10° --= Zs -== 107Zg J —— —0pc === criterion incl. gravitational softening (¢)
. — 105 - lo—lzo 10_42o
4.0 1.25%x10* === 1072, Zprim
v ‘\\ e =l wg==g

3.51
=
~
o 3.0 1
0
5]

2.5 1

2.0

1.5 1

NS (QRAY
nH, soft DESUAY R~
TRsSLNT
1.0 T T T T
-4 -2 0 2 4

logio ny [cm™]

logiony [cm™]

Figure 18. The gravitational instability criterion (. = 1) in temperature-density space for softened (dashed lines) and unsofténed (solid-dines) gravitational
forces assuming o, > Ourp. The left panel compares different particle masses (different colours) while keeping the ratio aricle / €3 fixed and @i = 1.
The right panel compares different gravitational softening lengths (different colours) at our fiducial particle mass of 10>, Mg and aeg{ = 1. For reference, we
plot the thermal equilibrium temperature curves for different metallicities (dotted lines, different colours) for the Ploeckinger et/al. (in prep.) cooling tables.
The arrows indicate ny of, the density above which self-gravity begins to be softened for our fixed ratio of Mpaicle/ &3 (lefty’and for different gravitational
softening lengths (right). Gas clouds with the minimum resolved mass, { Npgp ) Mparticle» With physical conditions falling.in,the regions below a given line are
gravitationally unstable. In between the solid and dashed lines, such gas clouds should be unstable, but softening keeps them stable. A smaller gravitational
softening length moves the softened gravitational instability curve to higher densities.

or

ny )‘2/ } (<Nngb> )5/3 y (50)

65
A/[particle/e3
105 Mg /(200 pc)?

T<9.7><103K( 3
cm—

Mparticle 23 5/3
105 Mo crit,soft

where we assumed a mean particle mass u = 1.3 and a hydrogen
mass fraction X = 0.756. Note that instability requires a/lower
temperature if the softening length is larger.

The limiting case of oy, > oy, gives an upperdimit on the
density of

[ (Nagn)|¥2
<7.4><103cm_3( Tturb ) ( ng ) X 51
" 5kms~1 65 D
Mparticle 32 5/2 € -
105 Mo crit,soft 100 pc
(52)
or
7 [(Nagb) |2
nig < 7.4 % 103 em | —Zturb ) ( ng ) x 53
H (Skms—l 65 (53)

3/2
(Mparticle ) 52 Mparlicle/63
105 Me erit,soft 105 Mo /(200 pc)3

This‘means that to resolve instabilities at higher densities the soft-
ening length is required to be smaller.

The' left panel of Fig. 18 shows the gravitational instability
eriterion derived in §3.3 in temperature-density space (solid lines)
for different values of the particle mass Mpariicle (different colours)
and ac = 1. This is compared with the softened gravitational
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Figure 19. Comparison of the spatially resolved (750 pc) neutral (left)
and molecular (right) median tg, relations for different gravitational soften-
ing lengths (different colours). The shaded regions show the 16 and 84"
percentile scatter for the fiducial value € = 100 pc. For reference, the disk-
averaged 7y relation from K98 (dot-dashed line) and the spatially-resolved
tgys relations from BO8 and B10 are shown. At low surface densities the gas
consumption time scale is almost independent of the gravitational softening
length as long as it is not too large (e < 400 pc). At high surface densities
the gas consumption time scale decreases systematically with increasing
force resolution, though the dependence is weak.

instability criterion in the limit oy, > 0oy and assuming € o
1/3
M.
particle
criterion we derived the limit of € > & and interpolate between this
regime and the normal gravitational instability criterion using 7¢ =
(T}:>l>e + TE’>1> h)’l. This ensures a smooth transition between the
two limiting cases. The left panel of Fig. 18 shows that the density

(dashed lines). For the softened gravitational instability
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above which the softened instability criterion starts to deviate from
the unsoftened criterion corresponds to ny gof; as expected.

Gas below the dashed curves in the left panel of Fig. 18 is grav-
itationally unstable®, while gas between the solid and dashed curves
should be unstable, but is stabilized by gravitational softening. The
thermal equilibrium temperatures (dotted lines) are located mostly
below the dashed curves, which suggests that in practice gravita-
tional softening will generally not directly prevent SF (assuming
Oth > Oyyp)- For our fiducial resolution, Mpariicle = 105 Mo, the
equilibrium temperature of metal-free gas does extend in the prob-
lematic regime between the solid and dashed curves and the same is
true for low-metallicity gas at very high densities, ng > 10% cm™3.
However, these problematic densities exceed ny sof¢ by many or-
ders of magnitude, which means self-gravity is unlikely to produce
them, though they may occur in pressure-confined clouds and in the
centres of clouds with mass > (Nygh) Mparticle OWing to the weight
of the overlying layers.

For fixed Mparticle/ €3, lower-resolution simulations, i.e. sim-
ulations using a larger Mpyrticle, are able to resolve gravitational
instabilities up to higher densities (i.e., the dashed instability curves
in the left panel of Fig. 18 shift to higher densities for a fixed tem-
perature). This may sound counterintuitive, but it is a consequence
of the fact that we evaluate the instability criterion at the resolution
limit, i.e. for a cloud mass that scales with the particle mass. This
suggests that keeping Mpuricle/ €3 fixed may not be desirable when
the particle mass is decreased to small values.

In the right panel of Fig. 18 we again show the unsoftened
and softened gravitational instability criteria in temperature-density
space for our fiducial resolution and assuming oy, >> 0,1, and com-
pare it with gravitational instability criteria for smaller gravitational
softening lengths, keeping the particle mass fixed at our fiducial
value. This shows that when the gravitational softening length is
a factor of two smaller, the softened gravitational instability curve
begins to deviate from the line corresponding to the unsoftened
gravitational softening length at a factor eight higher densities. This
is the opposite trend as was found by Ploeckinger et al. in prep. for
artificial collapse triggered by the minimum SPH smoothing lengthl
However, the impact at high densities is larger because equation(48)
scales strongly with € and we obtain a softening dependentdensity
at which 10 K gas is unstable given by

-9/2
) . (54)

This means that a factor of two in the gravitational softening length
at fixed particle mass will change the maximal density for which
the gas is unstable by 1.35 dex.

Fig. 19 shows the tgas relation for simulations with differ-
ent gravitational softening lengths. The #gas relations depend only
weakly on the gravitational softening lengths. The break in the re-
lations shifts to smaller melecular surface densities for the largest
gravitational softening.length, (800 pc). At high surface densities
the gas consumption time scales increase systematically with the
softening length; but the effect is small compared with the scatter.

Altogether wefind that a softened or unsoftened gravitational
instability/criterion selects almost the same gas when the softening
length-is,small enough for the mass resolution. The gas considered
stable,in-softened gravity is mainly at high densities and higher
temperatures than the equilibrium temperatures. Because of this,

43 T\
3.0x 10* em™ [ ——
PH,e < U0 em (10 K) (200 pe

9 However, it has a longer free-fall time than the Newtonian free-fall time,
so the collapse takes longer and follows equation (38).
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the impact on the star-forming gas is limited and the KS relations
are not influenced much.

If we want to resolve the same region in the p — 7 plane, we can
use equation (48) to give a relation between the particle resolution
and the gravitational softening length of

Moaricl 5/9

€ =200 pc —paricle (55)
105 Mg

which has a stronger dependence on the particle mass as compared

. o 1/3
to the typical scaling (i.e. € oc Mparticle

allow us to resolve higher density than the limit given by equation
(54). If we use a scaling of the gravitational softening length given
by

). However, this still does not

. n
€ =200 pc(w) , (56)
105 Mg

then it is required that n > 5/9 to resolve higher densitiesicorreetly
for higher resolutions. A slight increase gives a yalue of n = 2/3.
This would always resolve the same region of\p =T and would
allow us to resolve higher densities when we have higher resolu-
tion. However, using similar small gravitational softening lengths
for stellar particles could result in undesired artificial scattering of
stellar particles (Ludlow et al. 2019, 2020,,2021; Wilkinson et al.
2022).

5.2 Comparison with the literature

This is not the first attempt torunderstand the SF scaling relations in
hydrodynamical simulations. However, many impose an equation
of state to prevent the gas from cooling down to low (T' < 10* K)
temperatures (e.g. Springel & Hernquist 2003; Stinson et al. 2006;
Schaye”&"Dalla Vecchia 2008). Marinacci et al. (2019) showed
that'there are significant differences between hydrodynamical sim-
ulations'with and without an equation of state, such as a stronger
variation of the SFH on time scales of + ~ 20 Myr and a larger
scatter in XgpR at fixed gas surface densities. We therefore focus on
comparing our results with simulations that explicitly model cold
gas (T < 102 K).

Simulations of idealised disk galaxies indicate that the SFH is
insensitive to the SF criterion. This is the case for a wide variation
of SF criteria, such as density thresholds, temperature ceilings, con-
verging flows, #.o0] < tg, gravitational instability and combinations
thereof (e.g. Hopkins et al. 2013; Sillero et al. 2021; and our Fig. 14)
and it is also true for cosmological simulations (e.g. Hopkins et al.
2018, 2023) and cosmological simulations that use an equation of
state (Schaye et al. 2010). The SF criterion does however have a sig-
nificant effect on the physical conditions of the gas from which stars
form (e.g. Hopkins et al. 2013, 2023) and very strict criteria, like
density thresholds that are high relative to the numerical resolution,
can produce artificial features (e.g. Fig. 6 of Hopkins et al. 2023).
Furthermore, the combination of multiple SF criteria is dominated
by the most strict SF criterion (e.g. a density threshold in FIRE2
and a gravitational instability criterion in FIRE3, see Figs. 6 and A1l
of Hopkins et al. 2023). Becerra & Escala (2014) found that with
higher density thresholds the normalisation of the total #ga5 relation
decreases. This is opposite to what we are finding (see Fig. 15).
While a higher density threshold leads to stars forming at higher
surface densities and hence from gas with shorter consumption time
scales, the fraction of gas that is star forming decreases, which leads
to longer gas consumption time scales. Apparently, in our simula-
tions the latter effect wins, yielding higher normalisations of the
tgas relations for higher density thresholds.
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Matching the observed high-surface density slope of the
spatially-resolved and azimuthally-averaged neutral gas KS rela-
tion (Ngs =~ 1.4) or, equivalently, the slope of the fgas relation
(N = —0.4) is challenging. Some simulations agree with the canon-
ical values (e.g. Becerra & Escala 2014; Semenov et al. 2016, 2017,
Sillero et al. 2021), while we (N ~ —0.7, see Fig. 4) and others pre-
dict relations that are slightly steeper (N =~ —0.7, Orr et al. 2018).
Other simulations predict relations that are so steep that they do not
reproduce the observations (N ~ —1.5, Agertz & Kravtsov 2015;
N ~ =3 to —5, Marinacci et al. 2019; N ~ —1.5, Gensior et al.
2020; N ~ —1 to —4, Bieri et al. 2023).

The main ingredients responsible for the normalisation of the
tgas relation are the SFE and the radiative cooling. Prescriptions
for radiative cooling that do not form enough molecular gas de-
crease the normalisation of the molecular fg,s relation (similar to
the metallicity trend of Fig. 4). This seems to be the case for Se-
menov et al. (2017), who found that their molecular 7g, relation
has a 0.5 dex lower normalisation than observed, their neutral #gas
relation agrees with the data. The SFE does not change the average
SFR significantly for values between 1 and 100 per cent (e.g. Li
et al. 2020), but it can significantly change the normalisation of the
fgas relation as shown in Fig. 16. The FIRE2 simulations (Hopkins
etal. 2018) use an SFE of 100 per cent, which results in a molecular
fgas relation with a 1.5 dex too low normalisation (Fig. 2 of Orr
et al. 2018). Agertz et al. (2013) showed that a 10 per cent SFE
gives a too low normalisation while 1 per cent is in agreement with
observations. Similarly, Semenov et al. (2018) showed that a higher
SFE decreases the normalisation significantly (their Fig. 10) and an
SFE of 1 per cent is in agreement with the data. These results are
all in agreement with what we find. This suggests that using a low
SFE of ~ 1 per cent is required because we are still far away from
resolving the densities at which actual stars form and the efficiency
is close to 100 per cent.

5.3 Which SF criterion is best?

In §4.2.1 we showed that the spatially-resolved fg,¢ relation is an
excellent discriminator of SF criteria. Based on Fig. 15 aloneywe
find that at the resolution studied in this paper and for solar.metal-
licity, the gravitational instability criterion (for both aj¢'= 1 and 3)
and the temperature criterion (for 7.y < 103 K) all reproduce the
observed g5 relations (although the temperature critérion requires
an adjusted SFE). However, as shown in Fig. 9;afixed-criterion in
p-T space, which for gravitational instability attheresolution limit
implies a value of a4 that depends on‘the numerical resolution,
results in poor convergence of the zg,s relation.with the numerical
resolution. Instead, a gravitationaldnstability criterion with a fixed
value of ajt, which corresponds to different regions in p-T space
for different numerical resolutions;.reproduces the zg,s relation and
converges much better with the iumerical resolution.

For low-metallicity gas,'the/behaviour is significantly different
for a temperature ceiling and a gravitational instability criterion.
Very low metallicity gas requires very high densities to cool below
temperatures/of T = 10 K, particularly if an interstellar radiation
field is in¢luded. This means that cosmological simulations with a
temperature eriterion that do not resolve such high densities might
be unable to form any stars at all. A gravitational instability crite-
riomwith @i ~ 1 will however enable SF at higher temperatures
in regions with sufficiently low turbulent velocity dispersion and
sufficiently high densities.

While stars form in cold molecular clouds, generally not all
cold gas is gravitationally unstable. Cold gas with a large turbulent

dispersion will not be gravitationally unstable (see Fig. 1) and hence
should not be considered star forming. Therefore, situations that can
cause an increase in the turbulent velocity, like the presence of a
bulge or stellar feedback, will make it harder to form stars, e.g.
leading to morphological quenching (e.g. Martig et al. 2009, 2013)
or self-regulation. A temperature criterion that just determines if gas
is cold is less sensitive to such effects (though supersonic turbulence
may be converted to heat).

Overall, these points indicate that a gravitational instability
criterion (with a fixed agj; ~ 1) is the better choice for a SF
criterion.

5.4 Caveats

The gas and stellar disks in our idealised disk galaxies are initialized
with a constant density at a fixed radius. This means that any,spiral
structure in the gas is developed by internally triggered instabili-
ties. However, spiral structure can develop due todnteractions with
satellite galaxies (see Dobbs & Baba 2014, for a review), a nearby
galaxy cluster (e.g. Semczuk et al. 2017), asymmetries in the DM
distribution (Khoperskov et al. 2013), or tidalyperturbations from
DM subhaloes (e.g. Chang & Chakrabarti2011). Pettitt et al. (2020)
showed that including a satellite galaxy\does impact the structure
of the ISM at large radii (r > 3 kpe) producing higher densities in
the arms and lower densities between them. Similarly, the initial gas
fraction and metallicity are‘constant throughout the disk, which is
unlikely to be true for real galaxies.

Furthermore, our simulations lack a circumgalactic medium
(CGM), the presence, of cosmological accretion and a cosmological
environment«This ‘means outflows are able to escape with higher
velocities and te_larger distances than would be the case if a CGM
were included and that there is no replenishment of gas consumed
by SE:, Therefore a limitation of idealised galaxy simulations is that
they. are probably unsuitable for investigating the spatially-resolved
SE‘main sequence and gas main sequence.

Our adopted gas fraction of 30 per cent is high for galaxies
observed at z = 0. However, in order to test SF models, we need
a high enough Xy ,y, to reach the power-law regime of the KS
relations. A lower gas fraction would increase the stellar surface
density at fixed Ty 4H,, wWhich may push the break in the neutral
KS relation to slightly lower Xy H, . Note that this would improve
the agreement with the data.

Our disk galaxy does not contain a classical bulge component.
Real galaxies and galaxies formed in cosmological simulations con-
tain bulge components that vary in strength and are formed by the
collisions of galaxies or disk instabilities (see Brooks & Christensen
2016, for a review). The inclusion of a bulge component could sup-
press SF in the centre (e.g. Martig et al. 2009, 2013). We leave an
investigation of the effect of the bulge for future work.

Lastly, our simulations use a fixed gravitational softening
length €, while an adaptive gravitational softening length is of-
ten used (e.g. Price & Monaghan 2007 and models based on this
like Springel 2010; Iannuzzi & Dolag 2011). However, as we show
in Fig. 19 different gravitational softening lengths give almost iden-
tical results.

6 CONCLUSIONS

We have used SPH simulations of isolated Milky Way mass disk
galaxies that include cold, interstellar gas to test subgrid prescrip-
tions for star formation (SF). Our fiducial model consists of a gravi-
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tational instability criterion that includes both thermal and turbulent
motions and is evaluated at the mass resolution limit (equation 27
with @ = 1) combined with the Schmidt SF law (equation 1)
with an efficiency per free fall time of & = 0.01. Our fiducial simu-
lation assumes solar metallicity and uses a particle mass of 10° Mg,
and a gravitational softening length of 200 pc. We investigated the
impact of the numerical resolution, SF criterion, subgrid SF effi-
ciency, supernova feedback energy, metallicity, and the binning of
the observables on the predicted Kennicutt-Schmidt (KS) SF law
for neutral, molecular and atomic gas. The main conclusions we
draw are:

(i) Our fiducial model matches the observed neutral, molecular
and atomic Kennicutt-Schmidt (KS) relations well for both spatially-
resolved (Fig. 4) and azimuthally-averaged data (Fig. 6).

(ii) Varying the spatial bin size between 100 pc and 10 kpc shows
that the spatial averaging scale strongly affects the spatially-resolved
KS relations. As expected, the scatter decreases with the spatial bin
size. At low surface densities a smaller bin size results in a longer
median gas consumption time scale. However, for a given bin size
there is a surface density above which the neutral and molecular,
but not the atomic, KS laws converge to the corresponding KS laws
for larger bin sizes (Fig. 5). Azimuthally-averaged KS laws using
a bin size similar to the bin size used in observations (~ 750 pc)
resemble spatially-resolved KS laws using larger bin sizes (similar
to the disk scale length) (Fig. 6).

(iii) Decreasing the metallicity shifts the break in the neutral gas
KS relation to somewhat higher surface densities. For the molecular
KS law the effect is more dramatic, with lower metallicities yielding
shorter gas consumption time scales at fixed molecular surface den-
sity because the molecular density more strongly underestimates
the true gas density (Fig. 13).

(iv) Observational and theoretical studies of SF laws generally
ignore ionized gas. However, for neutral hydrogen surface densities
< 1 Mg pc~2 ionized gas dominates the total gas surface density
and at a neutral surface density of 10 Mg pc™2 ionized gas still
contributes about as much as molecular hydrogen does (for a spatial
averaging scale of 750 pc; Fig. 10).

(v) To investigate the numerical convergence, we vary the mass
(spatial) resolution by a factor of 4096 (16). We find good conver/
gence for the SF history (Fig. 7), for the neutral KS law, and at
Xy, > 10Mg pc‘2 also for the molecular KS law (Fig. 9) Even
though we show that gravitational softening does:modify the region
of p —T space that is unstable (Fig. 18), we findithatthe KS laws are
largely insensitive to the gravitational softening length (when varied
between 50 and 800 pc at our fiducial mass resolution). Although at
very high surface densities (2 102Mg pc~2) the gas consumption
time scale increases slightly with the'softening length (Fig. 19).

(vi) The gravitational instability_criterion selects different re-
gions of T — ny plane dépending on the mass resolution and the
value of a. Higher (lower).mass resolution means that gas with
higher (lower) densities.and lower (higher) temperatures is selected
to be star-forming (Fig. ). While this resolution dependence can
largely be circumvented by scaling @.j; with the resolution (Fig. 8),
we think it is.desirable to evaluate the SF criterion at the simula-
tion’s resolution limit, because it allows higher-resolution models to
directly simulate the physics up to higher densities. We thus argue
thatmumerical convergence is desirable for observables, but not for
the physical properties of gas that is labelled star-forming by the
subgrid model. In fact, we find that a fixed value of a,j; gives better
convergence for the KS laws than a value of a.j; that is scaled with
the resolution (Fig. 9).
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(vii) We compare simulations using the gravitational instability
criterion for different values of a(j; with simulations using a range
of density thresholds or temperature ceilings. While SF histories
are insensitive to the SF criterion (Fig. 14), the KS relations can
discriminate between different models (Fig. 15). Comparison with
the data rules out gravitational instability criteria with @ < 1
or agrjt > 1 and also all the models with a temperature ceiling
or density threshold. Additionally, we prefer the instability criterion
over a temperature ceiling because it is more robust for cosmological
simulations, where (nearly) metal-free gas may only cool to low
temperatures at very high densities that typically remain unresolved,
and because physically we do not expect all cold gas to form stars.

(viii) Varying the SF efficiency per free-fall time by a factor of.
103 shows that it has little effect on the SF history, but has a strong
impact on the normalization of and the break in the KS relations.
Comparison with observations constrains the SF efficiencyto-be of
order 1 per cent (Fig. 16).

(ix) Varying the strength of stellar feedback by a factot-of 32
shows that it has a large impact on the SF history and a non-
negligible effect on the normalization of the KS laws, particularly
for the neutral gas (Fig. 17).

In future work we plan to use our fiducial SF prescription in
cosmological simulations of galaxy formation. This will enable us
to include effects such as gas accretion and galaxy interactions, and
to investigate a wide range of galaxy*masses, gas fractions, and
morphologies.
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APPENDIX A: METALLICITY VARIATIONS
TEMPERATURE CRITERION

Fig. Al shows the metallicity dependence of the KS relation for a
temperature criterion (7" < 103 K). The dependence on metallicity
is slightly stronger thanfor-asgravitational instability criterion.

APPENDIX B:.STAR FORMATION HISTORIES FOR
DIFFERENT VARIATIONS

FigaB I'shows the 100 Myr moving average of the SFR for different
SFE. In general the SFH is affected mainly in the start by the SFE.
At later times, a £ = 1.0 has a lower value because it produces more
outflows that deplete the galaxy of gas.

Fig. B2 shows the 100 Myr moving average of the SFR for
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Figure Al. Comparison of the resolved (750 p¢) neutral and molecular
KS relation at different metallicities (different colouss) fot the temperature
criterion. The shaded region shows the 16" ‘and"84%" percentile scatter for
the solar metallicity simulation. We show ‘the disk averaged KS relation
from K98. The neutral KS relation changes almost two dex in the position
of the break while the molecular KS'relationshas a change in normalization
of more than two orders of magnitude compared to solar metallicity.
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Figure B1. Comparison of the star formation histories for the simulations

with different SFE (different colours). The lines show the 100 Myr moving
average of the SFR. The differences are small and are mainly.

different CC SN energies. A larger CC SNe energy results in a
lower SFR.

Fig. B3 shows the 100 Myr moving average of the SFR for dif-
ferent metallicities comparing primordial to solar metallicity. Lower
metallicities correspond to lower SFR, for and below metallicities
of 1 per cent the SFH is mostly unchanged.
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Figure B2. Comparison of the star formation histories for the simulations

with different CC SN energies (different colours). The lines show the 100
Myr moving average of the SFR.
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Figure B3. Comparison of the star formation histories forthe simulations

with different metallicities (different colours). The lines show the 100 Myr
moving average of the SFR.
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