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ABSTRACT

We present a novel, physically motivated sub-grid model for H 11 region feedback within the moving mesh code AREPO, accounting
for both the radiation pressure-driven and thermal expansion of the ionized gas surrounding young stellar clusters. We apply
this framework to isolated disc galaxy simulations with mass resolutions between 10% and 10° M  per gas cell. Each simulation
accounts for the self-gravity of the gas, the momentum and thermal energy from supernovae, the injection of mass by stellar
winds, and the non-equilibrium chemistry of hydrogen, carbon, and oxygen. We reduce the resolution dependence of our model
by grouping those H 11 regions with overlapping ionization front radii. The Stromgren radii of the grouped H 11 regions are at best
marginally resolved, so that the injection of purely thermal energy within these radii has no effect on the interstellar medium.
By contrast, the injection of momentum increases the fraction of cold and molecular gas by more than 50 per cent at mass
resolutions of 10°M , and decreases its turbulent velocity dispersion by 10 kms™. The mass-loading of galactic outflows

is decreased by an order of magnitude. The characteristic lifetime of the least-massive molecular clouds (M/M
10 Myr, indicating that H 11 region feedback is effective in destroying these clouds. Conversely, the
5 x 10°) are elongated by 7 Myr, likely due to a reduction in

is reduced from 18 to
lifetimes of intermediate-mass clouds (5.6 < 10* M/M

5.6 x 10%)

supernova clustering. The derived cloud lifetimes span the range from 10 to 40 Myr, in agreement with observations. All results
are independent of whether the momentum is injected from a “spherical’ or a ‘blister-type’ H 11 region.
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ISM.

1 INTRODUCTION

Stellar feedback is a crucial feature of realistic galaxy simulations,
from the cosmological scales of galaxy formation and evolution
down to the sub-galactic scales of molecular cloud formation and
dispersal. Comparable quantities of energy and momentum are
injected into the interstellar medium by the explosive destruction
of stars at the end of their lifetimes (supernovae), and by the
expansion of the heated, ionized gas surrounding massive stars (H 11
regions; see for details Matzner 2002; Dekel & Krumholz 2013).
Smaller but significant quantities are injected by the outflows of gas
generated within the stellar atmosphere (stellar winds). This energy
and momentum is responsible for the formation of a three-phase
interstellar medium (McKee & Ostriker 1977), for the generation of
galactic outflows (e.g. Keller et al. 2014; Kim et al. 2020b), and
for the dispersal of molecular gas surrounding young stars (e.g.
Kruijssen et al. 2019; Chevance et al. 2020). Its interplay with
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gravity determines the gas disc scale heights of galaxies and affects
the turbulent velocity dispersions of their cold neutral media and
molecular components (Ostriker & Shetty 2011). As such, stellar
feedback plays an important role in limiting the star formation
efficiencies of individual molecular clouds, and so the star formation
rates of entire galaxies.

The implementation of supernova feedback in galactic and cosmo-
logical simulations has historically presented a number of problems.
The inefficient conversion of thermal energy to momentum when the
momentum-generating phase of blast-wave expansion is unresolved
(the “overcooling problem’) leads to an underestimation of the kinetic
energy injected into the interstellar medium (e.g. Katz 1992; Navarro
& White 1993; Springel & Hernquist 2003; Scannapieco et al. 2006).
Overcooling can be most effectively resolved by explicitly injecting
the terminal momentum of the blast-wave (e.g. Kimm & Cen 2014),
and several different parametrizations of the terminal momentum
are available, derived from high-resolution simulations of supernova
remnants (e.g. Gentry etal. 2017; Gentry, Madau & Krumholz 2020).
Within clusters of stars, the distribution of supernova frequencies,
energies and ‘delay times’ between stellar birth and the first
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Feedback from marginally resolved H 11 regions

supernova detonation depends sensitively on the massive end of the
initial mass function (IMF) from which the stellar population is drawn
(Keller & Kruijssen 2020; Smith 2020; Smith et al. 2020). Variations
in the methods used to stochastically sample the IMF (e.g. Haas
& Anders 2010; Cervifio 2013; da Silva, Fumagalli & Krumholz
2014; Krumholz et al. 2015; Smith 2020) can therefore introduce
large variations in the final energy and momentum injected by
supernova feedback. For example, erroneously long delays will lead
to overly violent supernova explosions due to an increased degree
of supernova clustering, as well as to the overly slow removal of
gas from around young stars (e.g. Fujimoto et al. 2019). These two
factors will directly influence the giant molecular cloud lifetime, the
star formation efficiency within individual clouds, and so the star
formation efficiencies of galaxies.

In simulations of entire galaxies (Agertz et al. 2013; Stinson et al.
2013; Hopkins et al. 2018b; Marinacci et al. 2019; Smith et al. 2020),
supernova feedback on its own has been found inadequate to repro-
duce the observed properties of the three-phase interstellar medium.
This has led to the inclusion of *pre-supernova feedback’ mechanisms
in most such state-of-the-art hydrodynamical simulations, which
inject energy and momentum into the interstellar medium before the
detonation of the first supernovae. The mechanisms these recipes are
intended to model include the energy provided by direct and dust-
reprocessed radiation pressure, stellar winds, and photoionization.
The explicit injection of momentum from pre-supernova feedback,
at mass resolutions between 10% and 10* solar masses, is found to
make a qualitative difference to the large-scale properties of the
interstellar medium (e.g. Agertz et al. 2013; Aumer et al. 2013;
Agertz & Kravtsov 2015; Smith et al. 2020). However, it is likely that
these treatments substantially overestimate the effectiveness of direct
radiation pressure in driving gas away from young stars because they
do not resolve the radius of the dust destruction front (Krumholz
2018). In isolated disc galaxy simulations including purely thermal
energy injection from H1i regions (e.g. Goldbaum, Krumholz &
Forbes 2016; Fujimoto etal. 2019), pre-supernova feedback is unable
to drive dense gas away from young star particles, or to destroy
molecular clouds, implying that H 11 region feedback may suffer from
the same ‘overcooling problem’ as does supernova feedback, if the
Stromgren radii of the H 11 regions are unresolved or only marginally
resolved.

Disentangling the relative roles of supernovae and pre-supernova
feedback mechanisms from the spurious numerical variations of
each individual feedback mechanism is a work in progress. Here we
examine the relative effects of H 11 region feedback and supernova
feedback when the Strdmgren radii of the H 11 regions are marginally
resolved, at mass resolutions spanning the range from 10° down to
10° M per gas cell. To this end, we develop a novel, physically
motivated sub-grid model for the thermal energy and momentum
injected by H 11 regions at these resolutions, based on the analytic
theory of Krumholz & Matzner (2009). This explicitly includes the
momentum from both radiation and gas pressure, and we ensure that
our prescription is as close to convergence as possible, by introducing
a grouping prescription for simulated star particles with overlapping
ionization front radii. We investigate the effect of our feedback
prescription on the interstellar medium and on its giant molecular
cloud population, relative to the case of supernova feedback only. We
also test the effect of thermal versus kinetic energy injection from
the H 11 regions, and of the influence of H 11-region shape (spherical,
or ‘blister-type’, sitting at the edge of a giant molecular cloud).

The remainder of the paper is organized as follows. Our “control’
isolated galaxy simulation, without H 11 region feedback, is described
in Section 2. The analytic theory and numerical implementation of
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our H 11 region feedback model is detailed in Section 3. This section
also includes convergence tests for the individual components of the
model. In Section 4, we describe the impact of H 11 region feedback
on the large-scale properties of the interstellar medium and on the
cloud-scale properties of its cold molecular gas, across a range of
mass resolutions from 10% to 105 M per gas cell. Section 5 describes
the caveats of our model and compares our results to existing studies
in the literature. Finally, a summary of our conclusions is given in
Section 6.

2 BASIC SIMULATION SET-UP (NO H 11
REGION FEEDBACK)

We run the simulations presented in this work using the moving-
mesh hydrodynamics code AREPO (Springel 2010). Within AREPO,
the gaseous component of each simulation is modelled by an
unstructured moving mesh, defined by the Voronoi tessellation about
a discrete set of points. The mesh moves with the fluid flow in a way
similar to that of smoothed particle hydrodynamics codes, however,
its spatial resolution can be refined locally and automatically to
arbitrarily high levels without requiring large overdensities to be
present in the regions of interest, as in Eulerian codes. As such, a
high level of accuracy can be maintained in dealing with shock fronts
and low-density flows.

We use the isolated disc initial condition generated for the Agora
comparison project (Kim et al. 2014). This initial condition is
designed to resemble a Milky Way-like galaxy at redshift z
0. It has a Navarro, Frenk & White (1997) dark matter halo of
mass Mooy = 1.07 x 102 M , a virial radius of Rypy = 205 kpc,
a halo concentration parameter of ¢ = 10 and a spin parameter of
A = 0.04. The stellar bulge is of Hernquist (1990) type and has a
mass of 3.437 x 10°M , while the exponential disc has a mass
of 4.297 x 10'°M , a scale length of 3.43kpc, and a scale height
of 0.34 kpc. The bulge to stellar disc ratio is 0.125 and the overall
gas fraction is 0.18. The lowest resolution disc (LOW) has a star
particle mass (for the initial disc and bulge) of 3.437 x 10° M ,
and a dark matter particle mass of 1.254 x 10’ M . The medium-
resolution (MED) and high-resolution (H1) discs have stellar and
dark matter particle masses that are smaller by factors of 0.1 and
0.01, respectively. All discs were generated using the MAKENEWDISC
code (Springel, Di Matteo & Hernquist 2005). During runtime,
we set a softening length of 80pc for the LOW disc, 40pc for
the MED disc, and 20 pc for the H1 disc, with median gas cell
masses of 8.59 x 10% 8.59 x 10° and 859M , respectively,
following Kim et al. (2014). We set the initial gas temperature to be
10* K, however, this re-equilibriates within the first <10 Myr of run-
time, according to the state of thermal balance between line-emission
cooling and heating due to photoelectric emission from dust grains
and polycyclic aromatic hydrocarbons (PAHSs), as modelled by our
chemical network.

Our star formation prescription locally reproduces the observed
relation between the star formation rate and gas surface density (Ken-
nicutt 1998). The star formation rate density in a gas cell i with
volume density pj is given by
dp ' 1 Pi ,

= ffi

t
dt 0,

Pi = Phres
Pi < Pthres

@

where tg; = \/m is the local free-fall time-scale, and we
set the density threshold pesy for star formation at 1, 100, and
1000cm~2 for the LOW, MED, and H1 discs, respectively. Our
choice of puresh €nsures that the densest gas in each simulation is
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Table 1. The five simulations run in this work and their feedback prescriptions.

Simulation name

Feedback prescription

SNe (control)

H 11 heat

H 11 spherical mom.

H 1 beamed mom.

H 11 heat & beamed mom.

Supernovae only

Supernovae plus thermal H 11 regions

Supernovae plus spherical H 11 region momentum

Supernovae plus beamed H 11 region momentum

Supernovae plus thermal H 11 regions plus beamed H 11 region momentum

Jeans-unstable at the corresponding mass resolution. We set the star
formation efficiency at ¢ = 0.1, consistent with the upper end of the
observed range in dense, molecular gas (Zuckerman & Evans 1974;
Krumholz & Tan 2007; Krumholz, Dekel & McKee 2012; Evans,
Heiderman & Vutisalchavakul 2014; Heyer et al. 2016). We also
tested a value of # = 0.01 at the lower end of the observed range,
however, found that this produced much higher turbulent velocity
dispersions in the galactic mid-plane of up to 40 kms™, inconsistent
with observations of the Milky Way’s disc (e.g. Tamburro et al. 2009).

We follow the stellar evolution of each live star particle formed
during the simulation using the Stochastically Lighting up Galaxies
code (SLUG), described in da Silva, Fumagalli & Krumholz (2012),
da Silva et al. (2014), and Krumholz et al. (2015). Each star particle
of birth mass mp is assigned a ‘cluster’ that is populated with
N stars drawn randomly from a Chabrier (2005) IMF, where N is
chosen from a Poisson distribution with an expectation value of
Myirn/M, with M the mean mass of a single star. For a large number
of star particles, this procedure ensures that the IMF is fully sampled
across the stellar population, and that the total mass of populated
stars equals the combined mass of the star particles. Within each
cluster, SLUG evolves individual stars along Padova solar metallicity
tracks (Fagotto et al. 1994a,b; Vazquez & Leitherer 2005) with
starburst99-like spectral synthesis (Leitherer et al. 1999).

In addition to the model for H 11 region feedback described in the
following section, we include feedback from supernovae and mass
ejection from stellar winds. Our stellar evolution model provides the
number of supernovae N sy produced by every star particle, along
with the mass-loss m due either to supernovae or to stellar winds.
ForN gy =0, we treat the mass-loss as resulting from stellar winds,
and simply deposit m into the nearest gas cell. If N gy > 0, we
make the approximation that all mass-loss results from supernovae.
We do not resolve the energy-conserving, momentum-generating
phase of supernova blast-wave expansion in our simulations, such
that we must calculate the terminal momentum of the blast-wave
explicitly to prevent overcooling, following the prescription of Kimm
& Cen (2014). We use the (unclustered) parametrization of the
terminal momentum injected into the gas cells k neighbouring a
central cell j, derived from the high-resolution simulations of Gentry
etal. (2017), and given by

ne —006

Ptk — ' @)

W = 4.249 x 105Nj ,SN

where N; s is the cumulative number of supernovae received by a gas
cell j from all of the star particles for which it is the nearest neighbour.
This terminal momentum is then spread into the cells surrounding
the central cell, as in Keller & Kruijssen (2020), Jeffreson et al.
(2020), Jeffreson et al. (2021), with an upper limit set by Kinetic
energy conservation as the shell sweeps up the mass in the cells
surrounding the central one (see also Hopkins et al. 2018b; Smith,
Sijacki & Shen 2018, for similar prescriptions). A convergence test
for a single supernova explosion, implemented via the above method,
is presented in Appendix A.
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The chemical composition of the gas in our simulations evolves
according to the simplified network of hydrogen, carbon, and oxygen
chemistry described in Glover & Mac Low (2007a,b) and in Nelson
& Langer (1997). For each Voronoi gas cell, fractional abundances
are computed and tracked for the chemical species H, Hy, H*, He,
C*, CO, O, and e™. The chemistry is coupled to the heating and
cooling of the interstellar medium via the atomic and molecular
cooling function of Glover et al. (2010). The full list of heating
and cooling processes is given in their table 1. As such, the heating
and cooling rates in our simulations depend not only on the gas
density and temperature, but also on the strength of the interstellar
radiation field, the cosmic ray ionization rate, the dust fraction and
temperature, and on the set of chemical abundances tracked for each
gas cell. We assign a value of 1.7 Habing fields to the UV component
of the ISRF according to Mathis, Mezger & Panagia (1983), a value
of 3 x 107% s to the cosmic ionization rate (van der Tak & van
Dishoeck 2000), and assume the solar value for the dust-to-gas ratio.

3 Hit REGION FEEDBACK

In this section, we derive the momentum per unit time provided by a
single H 11 region to the surrounding interstellar medium. We develop
a novel sub-grid model for injecting this momentum in simulations
that do not resolve the median Stromgren radius. We also describe our
prescription for heating the interstellar medium within this radius.
Parts of the following prescription are used in the simulations ‘H 1l
heat’, “H 11 spherical mom.’, ‘H 11 beamed mom.’, and ‘H 11 heat &
beamed mom.’, as listed in Table 1.

3.1 Analytic theory

We consider the momentum injected into a molecular cloud by a
massive star or stellar cluster that produces ionizing photons of
energy o 13.6eV atarate S. We choose a system of coordinates
that is centred on the ionizing source, and following Krumholz &
Matzner 2009 (hereafter KMQ9), we parametrize the density profile
of the surrounding gas as a power law of the form p(r) = po(r/ro) .
A source may be fully ‘embedded’ within the host cloud, such that
it is surrounded on all sides by dense gas, or it may be located at
the edge of a molecular cloud, such that it produces a ‘blister-type’,
hemispherical H 11 region, for which we take p = 0 for the outward-
facing hemisphere. The photons from the source transfer their energy
to the surrounding gas via two primary mechanisms. First, Kinetic
energy is carried away by the products of ionization (free electrons,
hydrogen nuclei, and helium nuclei), heating the ionized material to
a temperature of Ty, (Spitzer 1978). As the sound speed ¢, in the
ionized gas is much higher than that in the surrounding neutral gas,
the initial expansion of the H 11 region sweeps up a thin shell of neutral
material that separates the ionized region from its surroundings.
Secondly, photons may be absorbed by dust grains and hydrogen
atoms, delivering a momentum Kick that accelerates the particles
away from the ionizing source. The radiative acceleration will always
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be highest closest to the source (KMO09), again contributing to the
production of a thin shell bounding the H 1 region. As such, the
momentum delivered to the dense gas outside the H1I region is
very well approximated by the momentum of this bounding shell.
The momentum equation for this shell may be written in the form
of Matzner (2002) as

dp _
dt
where Mg, = (2, 4)tr3p(ry) is the mass of neutral material swept
into the shell of ionization front radius ry, during its initial rapid
expansion, Aq, = (2, 4)mrf is its surface area, and p(r) = 3/(3 —
Ko)Po(r/ro)*e is the mean volume density inside a radius r in the
initial molecular cloud. The first value in the above parentheses
corresponds to the case of a blister-type H 11 region, in which the
gas pressure at the H1i-cloud interface is augmented by a thrust of
equal magnitude and direction, due to the flux of gas through the
opposing hemisphere. The equality of the pressure and thrust terms
depends on the assumption that the ejected gas can escape freely
from the H 1l region, such that its velocity relative to the velocity
f, of the ionization front tends towards the speed of sound within
the H 11 region (Kahn 1954). The second value in parentheses then
corresponds to the case of an embedded H 11 region, in which no
thrust is produced. The momenta delivered by thermal heating and
radiative acceleration are given in terms of a gas pressure Pg,s and a
radiation pressure Py,q, respectively. The gas pressure is given by

Pgas = (2, 1)pIIC|2|1 4)

where py, refers to the density of the heated, ionized gas inside the
swept-up shell. The radiation pressure term in equation (3) can be
written in the form of KMQ9 as
ftrap OS
Prag = -\
7 amer?

d .
&(Mshrll) = Ash[Pgas + Pragl, 3)

®)

where the factor fi,p quantifies the enhancement of the radiative force
via the trapping of photons and stellar winds in the expanding shell,
and c is the speed of light.

To obtain the momentum injected into the cloud per unit time, we
must solve the equation of motion for the expansion of the shell. We
assume that the contribution of Py, is well approximated by its value
in a gas pressure-dominated H 11 region, for which Pgas  Prag. In the
case that Pgas  Prag, the inaccuracy associated with this assumption
will be small in comparison to the radiation pressure. Once the rate
of expansion r;; slows to the speed of sound in the ionized gas,
the density inside the H 1 region equilibriates to a uniform value
on the sound-crossing time, and is described by the condition of
photoionization balance (Spitzer 1978), such that

4
3" riog
where og is the case-B recombination coefficient and ¢ is a
dimensionless constant that quantifies the effect of photon absorption
by dust grains.! The parameter n) is given by

91

" Vi @

IThis accounts for the 27 per cent of photons at Milky Way metallicity (Mc-
Kee & Williams 1997) that are absorbed by dust grains and so do not
contribute to the gas pressure. Following KMQ9, we assume that the gas
and dust are well coupled by the ambient magnetic field, so that the direct
radiation pressure does not depend on the gas-to-dust ratio. For further details,
see Appendix of KM09.
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where py+ is the mean mass per proton in the ionized region, [ is
the mean mass per free electron, and  is the mean mass per free
particle. Combining equations (4) and (6) to rewrite the gas pressure
term in equation (3) gives the momentum delivered to the host cloud
per unit time as

do_ d, . Fup oS :
at a(Mshrll) T @2 1c 1+x ®)
~(12,24)x 10°SeM kmsIMyr™ 1+x7 | )

where we define the dimensionless scale parameter as x;; = ry/ren
with

2 2

_ [of:} on flrap
" = 2@ )ne  keTn ¢ O (10)
= (0.5, 1.9) x 1072S,4 pc, (11)

which is the characteristic radius at which the gas and radiation
pressure make equal contributions to the rate of momentum injection.
To obtain the order-of-magnitude estimates for dp/dt and rg, in
equations (8) and (10), we have used the same fiducial values as
in KMO09, setting T,y = 7000 K, og = 3.46 x 107 cm® s™* and
¢ = 0.73, consistent with the Milky Way dust-to-gas ratio (McKee
& Williams 1997). We set fy,, = 8, consistent with observations of
the pressure inside young H 11 regions by Olivier et al. (2021). We
take | = 0.48,2 corresponding to a ten-to-one ratio of hydrogen to
helium atoms in the neutral gas, with the helium atoms singly ionized.
The ionizing luminosity has been rescaled as S = S/10*°s™1. We
assume that the volume density of the gas swept-up by the Hu
region is approximately uniform, so that k, = 0. The time evolution
of dp/dt can be computed by writing equation (8) in the following
non-dimensional form

d ko d “
E 1 E 1
where T = t/ty, for a characteristic time t;, at which the gas and
radiation pressure are equal, given by

=1+x/?, (12)

(= AMP(wo) o
‘ 3ftrap 0S h Ist,0
= (45, 333) A 5S40 YT, (13)

where rgo is the initial Stromgren radius and p(rs,o) is the mean
density inside r o in the initial molecular cloud. These two quantities
are related by equation (6) as

3([)8 1/3 l-lmH 2/3

4mog p(rso)n

= 2.5pc Sy N . (14)

Fsto =

To obtain equation (13), we have used the radial scaling of the mean
volume density to write Mg, = (2,4)nrﬁﬁ(rst,o)(r“/rst,o)‘kp. The
numerical value of tg, is obtained by writing pg o = 100pImyny 2
as in KM09, where t 1.4 is the mean molecular weight in the
ionized gas, my is the proton mass, and Ny » is the number density
of hydrogen atoms inside rg, in units of 100 cm~3,

Equation (12) has an approximate analytic solution that interpo-
lates between the gas-dominated and radiation-dominated cases to

2The condition for photoionization balance given in equation (6) differs from
equation (2) of KMO09 by a factor of n2 0.2, and therefore the value of re,
that we obtain is smaller than theirs by the same factor.
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Figure 1. Distributions of birth masses (left), ionizing luminosities (centre), and momentum injection rates (right) for the star particles (the thin lines) and FoF
groups of star particles with overlapping ionization front radii (the bold lines) in our three ‘H 11 heat & beamed mom.” simulations at time t = 600 Myr. Each
line colour corresponds to a different numerical mass resolution: 10° M (LOW, dark blue), 10* M (MED, grey), and 103 M (H 1, yellow). The arrows in the

left-hand panel point to the median mass resolution in each galaxy.

an accuracy of better than 5 per cent (Krumholz & Matzner 2009),
given by

1/3
3 25 6/5
Xi1,approx = ETZ + %TZ . (15)

With this solution, we may finally write the momentum equation as

d

— = (1.2,2.4) Syg < ms -Myr~
df (1.2,2.4) Syg x 10°M km s~ *Myr!
2 o5z o5

3
x 1+ -+ —— , 16
213, 28 t2, (16)

with te, given by equation (13). An H 11 region will deposit momen-
tum at this rate into the surrounding dense gas until its expansion
stalls (see Section 3.3). For a Galactic giant molecular cloud with
Nu2 1 and a star cluster with an ionizing luminosity of Ssg
100, this characteristic time is around 10000 yr, indicating that for
the majority of its lifespan (of order a few Myr), the momentum
output from such an H 11 region is dominated by gas pressure. The gas
pressure contributes over 90 per cent of the final injected momentum.
Only for the most luminous clusters (such as M82 L? in KMO09,
with t;, 10 Myr) does radiation pressure dominate the momentum
budget. We note that other sub-grid models for H 11 region feedback
at similar resolutions (e.g. Hopkins, Quataert & Murray 2011; Agertz
et al. 2013; Aumer et al. 2013; Hopkins et al. 2014; Agertz &
Kravtsov 2015) consider only the part of dp/dt due to radiation
pressure (the first term in the curly brackets in equation 16). In
order to inject significant quantities of momentum from H 11 regions,
they therefore inflate fi,, above observed values. This is discussed
further in Section 5.1.2.

3.2 Numerical implementation of H 11 region momentum
3.2.1 Grouping of star particles

The rate of momentum injection given in equation (16) does not scale
linearly with the cluster luminosity Ssg. This means that the total
momentum injected by the star particles in a numerical simulation
will not trivially converge with increasing mass resolution. As shown
in the left-hand panel of Fig. 1, the maximum stellar particle mass in
AREPO is equal to twice the simulation mass resolution (the median
gas cell mass, given by the solid vertical lines). Upon reaching the star
formation threshold presh, larger gas cells are decremented in mass
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and ‘spawn’ star particles at twice the simulation resolution, while
smaller gas cells are deleted and replaced by stars of equal mass. At
mass resolutions of 900 M , the largest stellar clusters are made up
of hundreds of star particles with overlapping ionization-front radii
ry, , each of which is given by

r, () = IchXi1,approx

= 0.5 % 107%S pc
) ) 6/5 1/3
e L S
ten, 28t

X
N w

wherets, isthe characteristic time for an individual star particle, (see
equation 13). Physically, a group of star particles whose ionization
fronts overlap should be treated as a single H 11 region with a single
birth density Ny, and luminosity S,, given that the density of the
ionized gas inside the bounding shell of a subsonic H 1l region
equilibriates on its sound-crossing time and becomes uniform. We
therefore substantially improve the resolution-convergence of our
momentum deposition (in a physically motivated sense) using a
friends-of-friends (FoF) linking algorithm between star particles,
with a linking length of ;.2 A sample of the FoF groups produced
by this algorithm in the low-resolution run is shown in Fig. 2.

In practice, the total momentum injected by an FoF-grouped H 11
region during a numerical time-step  ty,, is then given by

d
PHu = dif o tHu, (18)

with a momentum injection rate of

q N
P S (12,24)x10°x S M kmsMyr
dt FoF =1
2 6s5 /6
pe 1+ § ts -+ § ts s
2 tch,FoF 28 tch,FoF
(19)

3Note that this method cannot produce perfect resolution convergence because
the ionization front radii also depend weakly on both the stellar luminosity
Sag and the stellar birth density Ny ».
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Figure 2. FoF groups of H 11 regions with overlapping ionization front radii
ina (950pc) 3 box within the LOW-resolution simulation with spherical H
11 region feedback (H 11 spherical mom.) at 600 Myr (the galaxy is centred
at the origin). The coloured circles represent the ionization front radii of
individual H 1 regions, while the small black stars mark the positions of
unlinked H 11 regions (FoF group size of one) and the coloured stars mark
the luminosity-weighted centres of the linked H 11 regions (FoF group size
greater than one). The colour bar gives the z-position of the H 11 regions.

and a characteristic time of

N 7/3

(0.6, 33) Sus,

=1

ten For = 2 5 pcs? (20)
for each FoF group. The angled brackets ... s denote ionizing
luminosity-weighted averages over the star particles = 1..N in
the group, such that t s is the luminosity-averaged age of the star
particles. The momentum is injected at the luminosity-weighted
centre of the group, given by

N
—1 S49, X
—=r—
=1 S,

To ensure that all star particles in a single group have their ionizing
luminosities, ionization front radii and ages updated on the same
time-step, we set  ty, to be the global time-step for the simulation.
This means that we inject H 11 region feedback on global time-steps
only, which have a maximum value of 0.1 Myr for the simulations
presented in this work.*

In Fig. 1, we show the effect of grouping on the H 11 region masses
(left-hand panel), the ionizing luminosities (centre panel), and the
momentum injection rate (right-hand panel) in the low-resolution
(the dark blue lines), medium-resolution (the grey lines), and high-
resolution (the yellow lines) Agora disc simulations. Comparison
of the bold lines (FoF groups) and the thin lines (star particles)
demonstrates that the distributions of stellar birth masses Mpinn,
luminosities S49, and momentum injection rates dp/dt, are brought
closer to convergence by the FoF grouping. The ionization front radii

X s = (21)

4Due to the hierarchical time-stepping procedure used in AREPO (see Springel
2010, for details), the ionizing properties of different star particles from the
same FoF group would otherwise be updated at different time intervals. Our
global time-step has a maximum value of 0.1 Myr, and the peak ionization-
front expansion rate for the most massive star particles in our high-resolution
simulation ( 2> 10% M , see Fig. 1)is 20 pc Myr~1, so in the very worst
case, our FoF groups may be affected by an error of order 2 pc.

log (r/pc)

Figure 3. Distributions of ionization front radii (the solid lines) and
Stromgren radii (the dotted lines) for the star particles in our three ‘H 1
heat & beamed mom.” simulations at time t = 600 Myr. Each line colour
corresponds to a different numerical mass resolution: 105 M (LOW, dark
blue), 104 M (MED, grey),and 102 M  (H 1, yellow). The arrows
point to the median gas cell radius in each galaxy.

r; used to compute the groups are displayed for each simulation in
Fig. 3. We might also consider using the Stromgren radius rg (the
dotted lines, left-hand panel) as the FoF linking-length, however,
rsto IS more heavily dependent on the stellar birth density than is r,
(see equations 14 and 17), and so is more heavily dependent on the
simulation resolution, making it a less favourable choice.

While our FoF grouping corrects for the non-linear dependence of
equation (16) on the ionizing luminosity, and reduces the spurious
cancellation of the momentum injected between adjacent star parti-
cles, it does not address resolution-dependent variations in the spatial
distribution of stellar mass in our simulations, caused partly by the
variation in star particle mass, and partly by the suppressed clustering
of star particles at lower resolutions. These effects change the spatial
distribution of the energy injected by stellar feedback. As discussed
in Smith et al. (2020) and Keller & Kruijssen (2020), an increase in
the clustering of supernovae leads to burstier feedback with larger
outflows perpendicular to the galactic mid-plane. We discuss these
effects further in Section 5.

3.2.2 Injection of momentum from H n regions

We inject the radial momentum py,, from each star particle at
the luminosity-weighted centre x s of its FOF group via the same
procedure as used for supernovae, described in Keller & Kruijssen
(2020) and Jeffreson et al. (2020). Briefly, the algorithm proceeds as
follows:

(i) For each FoF group, find the nearest-neighbour gas particle j
to the luminosity-weighted centre of mass.

(ii) Increment the total radial momentum  pj 1, received by cell
j from all of the FoF groups it hosts, such that

Yo

FoF=1 dt ror

Pj Hu = tHu- (22)

(iii) For each gas cell j that has received H 11-region momentum,
find the set of neighbouring gas cells k with which it shares a Voronoi
face. Compute the fraction of the radial momentum received by each
facing cell according to

Pk,H = kaj ~k Pj.Hus (23)

MNRAS 505, 3470-3491 (2021)
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Figure 4. Energy (upper panel) and radial momentum (lower panel) of the
gas cells in a box of size (950 pc)® and density 100 cm® containing two
star particles of mass 1 x 10*M , separated by a distance of 5pc, as a
function of time. The star particles both inject spherical momentum from H 11
regions (no thermal energy injection) according to the prescription outlined in
Section 3.2. In the lower panel, the combined momentum from the individual
star particles (the dashed lines) is compared to the momentum injected by the
FoF-grouped pair (the solid lines). The resolution varies from a lowest value
of 10' M per gas cell (dark blue) up to a highest resolution of 103 M per
gas cell (yellow).

where fj _ is the unit vector from the centre of the host cell to the
centre of the cell receiving the feedback, and the weight factor wy
is the fractional Voronoi face area A; _,  shared between these cells,
such that
Ak

kA -k
Equation (23) ensures that the momentum injection is perfectly
isotropic, regardless of the distribution over the volumes of the
cells k.

(iv) Ensure conservation of linear momentum by subtracting the
sum of the injected momenta | pk,1y, from the momentum of the
central cell j.5

Wi = (24)

In Fig. 4, we check the numerical convergence of the momentum
and energy injected according to the algorithm described above, at
mass resolutions varying between 107 and 103 M per gas cell. We

SWe note that we do not account for a full tensor renormalization of the
injected momentum, as in Hopkins et al. (2018a) and Smith et al. (2018,
2020), for example.

MNRAS 505, 3470-3491 (2021)

take a box of side length 950 pc and uniform gas density 100 cm™3,
containing a single pair of star particles of mass 10* M each. We
record the radial momentum of the gas cells in the box as a function
of time when the stars inject momentum from their individual H 1
regions (the dashed lines, lower panel), and when the stars are
grouped via the FoF procedure described in Section 3.2.1 (the solid
lines, lower panel). We also record the kinetic and total energies of
the gas cells in the FoF-grouped case, represented by the thin and
bold lines, respectively, in the top panel of Fig. 4. The bottom panel
demonstrates that the radial momentum injected is converging to
within 1.1 dex in momentum per 3 dex in mass resolution in both the
FoF-grouped (the solid lines) and ungrouped (the dashed lines) cases,
for the mass resolutions between 10% and 10°M spanned by our
isolated disc galaxies. At lower resolutions the injected momentum
does not persist, but rather begins to drop steeply after about 10 Myr
of evolution. This is because the ionization front bounding the H 1
region is never resolved at mass resolutions of >10° M , and so
the neighbouring gas cells k have a combined mass much larger
than that of the swept-up shell. This greatly reduces their final
velocities/kinetic energies (shown in the top panel of Fig. 4), and
so the injected momentum is quickly lost. This behaviour is not
inaccurate, as entirely unresolved feedback processes should not
have any impact on the simulated interstellar medium.

3.2.3 Directional injection for blister-type H 11 regions

The weight factor wy in Section 3.2.2 results in isotropic momentum
injection, appropriate for embedded H1 regions. To mimic the
directional outflow from a blister-type H I region along an axis
Zror, We instead weight the momenta  pxn, by the following
axisymmetric factor:

Aj T (8)
w(H ,A = ok VK
(B, Ax) A (6
2 -1
fO)= log — (1+ 2-—cos’8) |, (25)

where  controls the width of the beam and 6 is the angle between
the beam axis and the unit vector f; . connecting cells j and k,
defined by

fj .« - Zror

|2F0F|

The opening angle is set to = /12 in our simulations, and the
beam axis vector 2 for each star particle is drawn randomly from a
uniform distribution over the spherical polar angles about the star’s
position, @ and 6 . This value is fixed throughout the star particle’s
lifetime, and the beam axis Zgr of each FoF group is calculated
as a luminosity-weighted average of Z across the constituent star
particles. In Fig. 5, we compare the density profiles for spherical-
(top row) and blister-type (bottom row) momentum injection, at
simulation times 1, 10, and 30 Myr after the birth of the stellar
cluster in a uniform medium of density 100cm™2. Qualitatively,
the blister-type momentum injection results in a faster and wider
ejection of gas away from the cluster centre than does the spherical
momentum injection, despite the fact that the ionization front radius
(the solid white lines) is only marginally larger. We note that in this
uniform-density box, the number of Voronoi cells surrounding the
star particle is relatively small, resulting in a deviation from perfect
spherical symmetry when the feedback is injected isotropically (top
row of Fig. 5, the momentum propagates along rays joining the star
particle to the centroids of the neighbouring cells). This effect will be

cosby = (26)
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Figure 5. Column density projections of the gas cells surrounding an H 11 region of stellar mass 10* M in a (950 pc)® box containing 128° gas cells at a volume
density of 100cm™3. The top row shows a spherical/embedded H 11 region, while the bottom row shows a beameqjblister-type H 11 region with momentum

injected accordering to equation (25), using an opening angle of
to the simulation z-axis.

less marked in the highly overdense star-forming regions of isolated
disc galaxies.

3.3 Stalling of H 11 regions

In computing the FoF groups via the method presented in Sec-
tion 3.2.1, we must be careful to exclude star particles whose
ionization fronts have stalled, and which are no longer depositing
significant quantities of momentum into the surrounding gas. Stalling
occurs when the rate of H 11 region expansion becomes comparable
to the velocity dispersion of the host cloud, at which point the
ionized and neutral gas are able to intermingle and the swept-up
shell loses its coherence (Matzner 2002). After this transition, it no
longer makes sense to include the stalled H 11 region in an FoF group
of expanding H 11 regions, as its radius and internal density are no
longer well defined. In particular, we want to avoid the case where
such an H 11 region links together two active H 11 regions, spuriously
shifting the origin of their momentum ejection to a position halfway
between the two particles. Before the FoF groups are calculated, we
therefore compute the rate of H 11 region expansion 1, for each star
particle, and if this is found to be smaller than the velocity dispersion
of the surrounding gas at the same scale, we flag the particle as
‘stalled’. Star particles with stalled ionization fronts are not allowed
to be FoF group members, but are still allowed to contribute to H 11
region feedback with what little remains of their ionizing luminosity.
Following KMO09, we approximate the ambient velocity dispersion
by considering a blister-type H 11 region centred at the origin of a
cloud with an average density of p(r) = 3/(3 — k,)po(r/ro) ™ and

=1/12 and axis aligned along (x = 1/ 2,y =1/ 2). All projections are computed parallel

a virial parameter ay; as measured on the scale of the H 11 region.
This gives a cloud velocity dispersion of

(xvir(-"»"vI (< rII)
5r

ou(rn)

21n _ 2-ky ky _2—k

TsaVier(rST,O)rch prst‘?oxu ’, (27
where we assume the cloud is in approximate virial balance with ay;,
=1, and we again take k, = 0. equations (10), (14), and (27) then
imply that the radius at which expansion stalls is given by

_
teh dt
= 8.8 1073 kms 1S, iy, 5° cm™/2x;;"%. (28)

We calculate the value of f;, = ry, / t numerically for each star
particle, where r; is the increment in the ionization front radius
during the particle’s time-step  t . When 1y, crosses o (ry, ), the
H 11 region is considered to have stalled.

3.4 Heating from H 11 regions

To examine the influence of momentum injection relative to thermal
energy injection for the H 11 region feedback, we run one simulation
with thermal H 1 region feedback (without H 11 region momentum,
‘H i thermal’), and one simulation with both thermal and kinetic H 11
region feedback (H 11 thermal + beamed mom). In these simulations,
we inject thermal energy associated with photo-ionization heating up

MNRAS 505, 3470-3491 (2021)
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to a temperature of 7000 K. To do this, we piggyback on the injection
procedure for the H 11 region momentum, depositing thermal energy
into the nearest-neighbour gas cell and its immediate neighbours. We
do not need to access gas cells beyond these immediate neighbours
because the Stromgren radii of the FoF groups in our simulations
are at best marginally resolved. We also do not need to deal with
overlapping Stromgren spheres once the FoF groups have already
been computed. We therefore proceed as follows:

(i) For each FoF group, find the nearest-neighbour gas particle j
for its luminosity-weighted centre of mass.

(ii) Increment the total number of photons S;, per unit time
received by this gas cell from all the FoF group centres it hosts,
such that the final value is Sjin =  for—y Sror, Where Seor is the
total ionizing luminosity of all stars in the FoF group, and N is the
number of FoF group centres hosted by j.

(iif) Compute the number of photons S;cons = 0gNjHN;e Per unit
time that can be consumed via the ionization of the material in gas
cell j, where N;y is the number of hydrogen atoms in the cell and nj
is the number density of electrons.

(iv) If Sjjin < Sjcons, then ionize cell j with a probability Sjin/S; cons-
This ensures that over a large number of gas cells, the number of
injected photons converges to Sjjin.

(V) If Sjin > Sjcons, ionize cell j and compute the ‘residual’
ionization rate Sjrs to be spread to the facing cells k, such that
Sjres = Sj,in — Sj,cons- Each ionized cell is heated to a temperature of
7000 K.

In the case that Sjin < Sjcons, the algorithm ends here. Otherwise we
continue as follows.

(vi) For each gas cell j with Sj s > 0, find the set of neighbouring
cells k with which it shares a Voronoi face. Compute the fraction of
photons it receives according to

Sk,in = Wksj,res- (29)

where wy = Aj_i/ Aj_k as for the injection of Hu region
momentum in Section 3.2.2.

(vii) lonize each facing cell k with a probability of Sy in/Sk cons-
Summed over the set of facing cells for many H 11 regions, this ensures
that the expectation value for the rate of ionization converges to S; res.

Subsequent to the above procedure for thermal energy injection, the
chemistry and cooling for each gas cell is computed using SGCHEM,
as described in Section 2. During this computation, we impose a
temperature floor of 7000 K, which is enforced until the next H1iI-
region update. We rely on the chemical network to collisionally
ionize the gas cells in a manner that is self-consistent with their
temperatures. This will only produce an ionization fraction of 1075
when cold gas is heated to 7000 K, but in the non-equilibrium case,
whereby gas cools from much higher temperatures to a floor of
7000 K, much higher ionization fractions can be achieved. After the
chemistry computation, the ionized cells are unflagged and are ready
to absorb more photons.

In Fig. 6, we check that at mass resolutions between 10° and
10" M , the above method ensures convergence of the quantity of
photoionized gas. We consider a box of side length 950 pc containing
a gas of uniform density 100 cm=2, along with 100 star particles of
mass 10°M each. We record the total cumulative value of Sy,
emitted by these particles as a function of time (the solid lines), as
well as the total cumulative Sy 4 absorbed by the surrounding gas
cells (the dashed lines). Cooling and chemistry are switched on. We
see that the bold and solid lines match at all resolutions, indicating
that none of the emitted photons are ‘wasted’ by our restriction of
photon injection to the set of facing cells k surrounding each star
particle. The offset for the lowest resolution (10’ M per gas cell)

MNRAS 505, 3470-3491 (2021)

log (t/Myr)

Figure 6. lonizing luminosity emitted by star particles (Sag, , the solid lines)
and absorbed by surrounding gas cells (Ss9,g, the thin lines) at a density of
100cm™2 in a box of size (950 pc)® containing 100 star particles of mass
1= 10*M ,asafunction of time. The star particles inject H 11 region heating
feedback according to the prescription outlined in Section 3.2. The resolution
varies from a lowest resolution of 10’ M per gas cell (dark blue) up to a
highest resolution of 103 M per gas cell (yellow). Note that lines for the
10% and 10* M  overlap.

case is due to the stochastic procedure for choosing the gas cells to
ionize: in the limit of a very large number of H 1 regions ( 100),
we would expect this offset to approach zero. The star particle mass
used in this test is in the 99th percentile for FoF grops in the highest
resolution isolated disc simulation used in this work (103 M per gas
cell), and the gas density is ten times lower than the birth density
of these star particles. If all photons are absorbed in this case, then
the algorithm described above is valid in its modelling of the heating
due to the vast majority of our marginally resolved H 11 regions.

4 RESULTS

In this section, we analyse the properties of the four simulated disc
galaxies with thermal H i region feedback (H 11 heat), spherically
injected H 11 region momentum (H 11 spherical mom.), blister-type
H 1 region momentum with = /12 (H 11 beamed mom.), and a
combination of blister-type momentum and thermal energy (H 11 heat
& beamed mom.), relative to our control simulation with supernova
feedback on its own (SNe only). The simulations are summarized in
Table 1. We consider the morphology, stability, global star formation
rate and phase structure of the interstellar medium (Section 4.1), and
the distribution of the lifetimes, masses, star formation rate densities,
and velocity dispersions of its molecular clouds (Section 4.2).

In this section, whenever we compare to observed quantities
involving molecular hydrogen, we use synthetic 2CO(J =1 — 0)
maps obtained by post-processing the simulations using the DESPOTIC
code (Krumholz 2014), rather than using the CO or H;, abundances
determined from the SGCHEM during run-time. We convert these
CO maps back to synthetic H, maps using a constant H,-to-CO
conversion factor aco = 4.3 M (Kkms™tpc=2)~%, mimicking the
procedures used in observations (Bolatto, Wolfire & Leroy 2013).
This allows a direct comparison of our results in Section 4.2 to ob-
served molecular cloud populations. Our motivation for this method
is that, while sGcHEM produces fully time-dependent chemical
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Figure 7. Column density maps of the gas at each resolution (LOW = 10° M per cell, MED = 10* M , H1=10% M ) and with each feedback prescription,
at t = 600 Myr. Momentum injection from H 11 regions changes the phase structure of the interstellar medium in the MED- and H I-resolution cases only. It also
improves the numerical convergence of the gas—disc scale height. Heating from H 11 regions makes no difference to the disc morphology at any resolution.

abundances, it does not calculate CO excitation or line emission,
whereas DESPOTIC includes a full treatment of the CO emission, out
of local thermal equilibrium. This allows us to capture the effects
of local variations in the CO luminosity per unit H, mass, which
may be important for comparing to observations. Full details of the
post-processing procedure are provided in Appendix B.

4.1 Galactic-scale properties of the interstellar medium

4.1.1 Disc morphology

The face-on and edge-on gas column densities across all simulation
resolutions and feedback prescriptions are displayed in Fig. 7. In
the medium- (centre row) and high-resolution (top row) cases, the

addition of momentum from H 11 regions visibly reduces the sizes
of the largest voids in the gas of the interstellar medium, blown
by supernova feedback. This corresponds to a qualitative reduction
in the amount of outflowing gas from the galactic mid-plane, as
seen in the edge-on view, and so to a visible reduction in the
gas disc scale height. The introduction of thermal energy from
H 1 regions without momentum (H 1 heat) has no effect on the
interstellar medium. In the low-resolution case (bottom row), the
difference between the simulations with and without H 1 region
momentum is eradicated. This can likely be attributed to the reduction
in supernova clustering with decreasing resolution, as discussed in
Section 5.

Fig. 8 quantifies the structure of the multiscale molecular gas
distribution in our simulations, relative to the distribution of young
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