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ABSTRACT
Increasingly, uncertainties in predictions from galaxy formation simulations (at sub-Milky Way masses) are dominated
by uncertainties in stellar evolution inputs. In this paper, we present the full set of updates from the FIRE-2 version of the
Feedback In Realistic Environments (FIRE) project code, to the next version, FIRE-3. While the transition from FIRE-
1 to FIRE-2 focused on improving numerical methods, here we update the stellar evolution tracks used to determine
stellar feedback inputs, e.g. stellar mass-loss (O/B and AGB), spectra (luminosities and ionization rates), and supernova
rates (core-collapse and Ia), as well as detailed mass-dependent yields. We also update the low-temperature cooling
and chemistry, to enable improved accuracy at T . 104 K and densities n � 1cm−3, and the meta-galactic ionizing
background. All of these synthesize newer empirical constraints on these quantities and updated stellar evolution and
yield models from a number of groups, addressing different aspects of stellar evolution. To make the updated models as
accessible as possible, we provide fitting functions for all of the relevant updated tracks, yields, etc, in a form specifically
designed so they can be directly “plugged in” to existing galaxy formation simulations. We also summarize the default
FIRE-3 implementations of “optional” physics, including spectrally-resolved cosmic rays and supermassive black hole
growth and feedback.
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1 INTRODUCTION

It is now well-established that “feedback” from stars – e.g. coupling
of stellar radiation, outflows/mass-loss, supernovae (SNe), etc., to
ambient interstellar medium (ISM) gas – plays an essential role in
galaxy formation. In the absence of stellar feedback, most of the
gas in the cosmic web would rapidly accrete onto galaxies, cool
on a timescale short compared to the dynamical time, collapse and
fragment and turn into stars or brown dwarfs (Bournaud et al. 2010;
Tasker 2011; Hopkins et al. 2011; Dobbs et al. 2011; Krumholz
et al. 2011; Harper-Clark & Murray 2011), producing galaxies with
properties grossly discrepant from observations (Katz et al. 1996;
Somerville & Primack 1999; Cole et al. 2000; Springel & Hernquist
2003; Kereš et al. 2009) almost independent of the “details” of star
formation (White & Frenk 1991; Kereš et al. 2009). Meanwhile ob-
served galaxies are seen to turn their gas into stars at a rate of just
a few percent per dynamical time (Kennicutt 1998), with molecular
clouds disrupting owing to feedback after just a few percent of their

mass becomes stars (Williams & McKee 1997; Evans 1999; Evans
et al. 2009), and then galaxies appear to expel a large fraction of
their mass into the circum-galactic medium (CGM; Aguirre et al.
2001; Pettini et al. 2003; Songaila 2005; Martin et al. 2010; Oppen-
heimer & Davé 2006; Werk et al. 2014; Tumlinson et al. 2017) in
observed galactic winds (Martin 1999, 2006; Heckman et al. 2000;
Newman et al. 2012; Sato et al. 2009; Chen et al. 2010; Steidel et al.
2010; Coil et al. 2011).

In the past decade there has been remarkable progress cap-
turing these feedback processes in simulations which attempt to
capture the multi-phase complexity of the ISM and CGM (Hop-
kins et al. 2012; Kim & Ostriker 2017; Grudić et al. 2019b; Ben-
incasa et al. 2020; Keating et al. 2020). These simulations have be-
gun to resolve the self-consistent generation of galactic outflows
and fountains alongside accretion onto galaxies (Narayanan et al.
2006; Anglés-Alcázar et al. 2017b; Hayward & Hopkins 2017; Mu-
ratov et al. 2017; Hafen et al. 2019b,a; Hopkins et al. 2021e; Ji
et al. 2020) and the turbulent processes within the ISM (Hopkins
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2 Hopkins et al.

2013b,c; Guszejnov et al. 2017; Escala et al. 2018; Guszejnov et al.
2018; Rennehan et al. 2019; Gurvich et al. 2020).

Specifically, there have been major advances in both numeri-
cal methods and understanding the key physics of how supernovae
(Martizzi et al. 2015; Gentry et al. 2017; Rosdahl et al. 2017; Hop-
kins et al. 2018a; Smith et al. 2018; Kawakatu et al. 2020), stel-
lar mass-loss (Wiersma et al. 2009b; Conroy et al. 2015; Höfner &
Olofsson 2018), and stellar radiation (Hopkins et al. 2011; Hopkins
& Grudić 2019; Hopkins et al. 2020a; Wise et al. 2012; Rosdahl
& Teyssier 2015; Kim et al. 2018; Emerick et al. 2018) couple to
the ISM. One such example is the Feedback In Realistic Environ-
ments (FIRE) project (Hopkins et al. 2014),1 which represents an
attempt to synthesize all of the major known stellar feedback chan-
nels directly from stellar evolution models, to combine them with
the known ISM thermo-chemical cooling processes and cosmolog-
ical initial conditions into predictive simulations of galaxy forma-
tion.

However, most of the galactic models above, including FIRE,
utilize stellar evolution “inputs” – e.g. stellar population synthe-
sis models that predict key inputs for feedback such as supernova
rates, mass-loss rates and yields, stellar population spectra – which
themselves rely on stellar evolution libraries whose isochrones and
mass-loss assumptions are, in turn, calibrated to observations that
are often several decades old. Common basic assumptions (that all
massive stars are single and non-rotating) are almost certainly incor-
rect, and some key empirical ingredients (e.g. calibration of giant-
star mass-loss rates) have been revised by more than an order-of-
magnitude in the past decade. Indeed, stellar astrophysics has seen
a revolution in the last decade, with truly transformative, qualita-
tively new data (and orders-of-magnitude increase in data volume)
coming from time-domain surveys such as Kepler (Howell et al.
2014; Silva Aguirre et al. 2015), astrometric distances from Gaia
(Huber et al. 2017; Gaia Collaboration et al. 2019), massive spec-
troscopic surveys such as SDSS and APOGEE (Ahn et al. 2014;
Majewski et al. 2017; Jofré et al. 2019), alongside an enormous
number of time-domain studies focused on binaries and explosions
such as PTF/ZTF and ASAS-SN (Jayasinghe et al. 2018; Bellm
et al. 2019), and now accompanying gravitational wave constraints
from LIGO. These radical improvements in observations have been
accompanied by explosive growth in theory and modeling, utiliz-
ing new codes and techniques and data to fundamentally revise our
understanding of e.g. basic stellar evolution and interior dynamics,
rotation, binarity, mass-loss, and the pre-explosion physics that is
crucial for nucleosynthetic yields (Paxton et al. 2015; Ness et al.
2016; Silva Aguirre et al. 2017; Marigo et al. 2017; Aerts et al.
2019; Aerts 2019).

Meanwhile there have been a number of other important ad-
vances for galactic “inputs,” e.g. better constraints on the redshift
evolution and shape of the meta-galactic UV background (e.g.,
Khaire et al. 2019; Worseck et al. 2019; Gaikwad et al. 2020)
and timing of reionization from CMB and Gunn-Peterson measure-
ments (e.g. Hoag et al. 2019; Planck Collaboration et al. 2020a,
and references therein), and an explosion of data on cold atomic
and molecular gas from facilities such as ALMA that can probe the
detailed thermo-chemical state of ISM metals and gas at densities
n� 1cm−3 and T � 104 K (e.g. Combes 2018).

The collection of these advances warrants updating the basic
input assumptions of our previous galaxy formation simulations.
In this paper, we therefore synthesize and present the updated set
of stellar evolution libraries, yields, cooling functions, and other
assumptions that underpin the FIRE simulations, constituting the
“FIRE-3” version of the FIRE simulation code. In § 2, we provide

1 http://fire.northwestern.edu

a brief overview of previous FIRE versions and motivations for this
study, and describe the range of applicability of the fitting functions
provided here. § 3 describes the updates to treatment of fluid dy-
namics (§ 3.1), the UV background (§ 3.2), stellar evolution tracks
(§ 3.3), Solar abundances (§ 3.4), cooling physics (§ 3.5), treatment
of HII regions (§ 3.6) and other radiative feedback channels (§ 3.7),
SNe (§ 3.8), stellar mass-loss (§ 3.9), star formation criteria (§ 3.10),
and nucleosynthetic yields (§ 3.11). We then summarize the FIRE-3
implementations of “optional” physics which will be used in some
(but not all) FIRE-3 runs, specifically explicit evolution of cosmic
rays (§ 3.12) and black hole accretion/feedback (§ 3.13). In § 4
we briefly compare the effects of the updates to the default FIRE-3
model on galaxy formation simulations, and conclude in § 5. Some
additional tests are presented in Appendix A, and additional details
of the mechanical feedback implementation are in Appendix B.

2 OVERVIEW & BACKGROUND

2.1 FIRE-1 and FIRE-2

The first version of the FIRE code – FIRE-1 – attempted to synthe-
size the core physics of stellar feedback from SNe (Ia & II), stellar
mass-loss (O/B & AGB mass-loss), and radiation (photo-heating,
ionization, and pressure) together with detailed cooling physics
from ∼ 10− 1010 K, into fully-cosmological simulations of galaxy
formation (Hopkins et al. 2014). Subsequent work used this code
to study a wide variety of topics ranging from detailed properties
of dwarf galaxies (Oñorbe et al. 2015; Chan et al. 2015; El-Badry
et al. 2016), elemental abundance patterns in galaxies (Ma et al.
2016), galactic outflows and the circum-galactic medium (Faucher-
Giguere et al. 2015; Muratov et al. 2015; Hafen et al. 2017; van de
Voort et al. 2016), the origins of star formation scaling relations (Orr
et al. 2017; Sparre et al. 2017), and high-redshift and massive galaxy
populations (Feldmann et al. 2016, 2017; Oklopčić et al. 2017).

These and related papers which developed the numerical meth-
ods (Hopkins et al. 2011, 2012) represented an initial attempt to di-
rectly take the outputs of stellar evolution models and apply them
in galaxy-scale simulations to model salient stellar feedback rates.
However, the input stellar evolution models from STARBURST99
(Leitherer et al. 1999), while widely-used at the time, generally re-
lied on stellar evolution tracks (e.g. Bruzual & Charlot 2003), which
assumed non-rotating, non-binary stellar populations, with mass-
loss rates which were calibrated to older observations that have
since been revised strongly (towards lower mass-loss rates; see e.g.
Smith 2014). Many of the key isochrone inputs and outputs were
calibrated to stellar observations from before 1990 (e.g. Weidemann
& Koester 1983; Weidemann 1987; Olnon et al. 1984; Knapp &
Morris 1985; Bloecker 1995). As a result, even some of the first
FIRE-1 studies noted that some quantities: e.g. detailed elemental
abundance patterns within galaxies, or the escape fraction of ioniza-
tion photons, were quite different if one considered more “state-of-
the-art” stellar evolution and/or yield models instead (see Ma et al.
2015, 2017). Moreover, some of the approximations used in FIRE-
1 (and FIRE-2) – for example, treating core-collapse SNe yields as
IMF-averaged, as opposed to tracking different yields from different
stellar mass progenitors, or treating low-temperature molecular gas
with a simple sub-grid molecular fraction estimator – significantly
limit the predictive power for modeling e.g. different detailed in-
ternal abundance spreads, or cold gas observables like CO (Bonaca
et al. 2017; Escala et al. 2018; Muley et al. 2020; Keating et al.
2020)

Nonetheless, the next version of FIRE, FIRE-2 (Hopkins et al.
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FIRE-3 Updates 3

2018b),2 attempted for the sake of consistency to keep the physi-
cal inputs (e.g. stellar evolution assumptions, feedback rates, etc.)
fixed to FIRE-1 values as much as possible, while updating instead
the numerical methods. This represented a major update to numer-
ical accuracy, utilizing a new hydrodynamic solver with a flexible
arbitrary Lagrangian-Eulerian method (Hopkins 2015) as opposed
to the Pressure-SPH method used for FIRE-1 (Hopkins 2013a), en-
abling the accurate numerical addition of new physics such as mag-
netic fields (Hopkins & Raives 2016), anisotropic diffusion (Hop-
kins 2017b), and cosmic rays (Chan et al. 2019; Su et al. 2020;
Hopkins et al. 2020b). It also made major improvements to the ac-
curacy of the gravitational force integration, and numerical treat-
ment/coupling of both mechanical (SNe and mass-loss; Hopkins
et al. 2018a) and radiative (Hopkins et al. 2020a) feedback “injec-
tion” which improved convergence. Together these enabled order-
of-magnitude higher-resolution simulations reaching ∼ 30M� res-
olution in small dwarfs and ∼ 3000M� resolution in Local-Group
(MW+Andromeda) halos (Wetzel et al. 2016; Garrison-Kimmel
et al. 2019a; Wheeler et al. 2019), and produced a large number
of detailed results studying a wide variety of galaxy properties,
including behavior of different ISM phases (e.g. El-Badry et al.
2018b; Moreno et al. 2019, 2021; Gurvich et al. 2020; Benincasa
et al. 2020), detailed galactic structure and scaling relations (e.g. El-
Badry et al. 2018a; Sanderson et al. 2020; Orr et al. 2018; Wellons
et al. 2020; Yu et al. 2021; Bellardini et al. 2021), satellite and dark
matter properties (e.g. Garrison-Kimmel et al. 2019b,a; Necib et al.
2019; Samuel et al. 2020; Santistevan et al. 2020), and properties
of the circum-galactic medium (e.g. Hafen et al. 2019b,a; Ji et al.
2020; Li et al. 2021; Stern et al. 2021).

2.2 FIRE-3

In this new version of FIRE, FIRE-3, our goal is not to change our
core numerical methods, nor to change the fundamental physics be-
ing simulated. Instead, it is to update the “known” microphysics,
particularly the treatment of stellar evolution, yields, ISM cooling
and chemistry, to more accurate and complete inputs that enable
more detailed observational predictions. We stress that this is not a
numerical methods paper. All of the relevant numerical methods for
the default version of FIRE-3 are described and extensively tested
in the lengthy FIRE-2 numerical methods papers, specifically the
series Hopkins et al. (2018b,a, 2020a), but also including the up-
dates for various “non-default” physics (e.g. black holes, cosmic
rays, etc.) where relevant in Anglés-Alcázar et al. (2017c); Ma et al.
(2018); Su et al. (2018b); Garrison-Kimmel et al. (2019a); Chan
et al. (2019); Hopkins et al. (2020b). We do make some minor nu-
merical modifications to the “default” treatment in FIRE-3 for im-
proved accuracy, all of which we describe below, but even these
are all modifications proposed and tested specifically in the FIRE-2
numerical methods papers above. We also stress that all of these up-
dates are driven by more accurate theoretical and empirical inputs
to the “microphysics,” rather than any “desired” result on galactic
scales.

As with previous versions of FIRE, we implement all physics
here in the GIZMO code (Hopkins 2015).

2.3 Utility & Range of Applicability of Inputs

For the sake of making the updated models public in the most useful
form for other galaxy formation simulations, we have endeavored
to reduce as much as possible the new stellar evolution and cooling
physics to simple, easily-implemented fitting functions, which can

2 The FIRE-2 simulations are publicly available via Wetzel et al. (2022) at
FIREpublicurl
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Figure 1. Comparison of the meta-galactic UV background (UVB) pho-
toionization rates versus redshift z for HI (ΓHI; thick) and HeII (ΓHeII, mul-
tiplied by 100 for ease of comparison; thin), in FIRE-2 (blue dotted) and
FIRE-3 (black solid), per § 3.2. Updated observational constraints modestly
increase the photoionization rates at intermediate redshifts. The sharp drops
in the HI and HeII ionization rates in FIRE-3 at z > 7 and z > 3, respec-
tively, come from more accurately accounting for the large optical depth of
the Universe to these photons when HI or HeII ionization is not yet complete
(see Faucher-Giguère 2020).

be immediately inserted into different numerical simulation codes
and/or semi-analytic models for galaxy and star formation.

The types of models for which these are applicable are those
with resolution broadly in the range ∼ 10− 106 M� (mass) or ∼
0.1−100pc (force/spatial), which attempt to explicitly treat/resolve
some of the multi-phase structure of the ISM and/or CGM (e.g.
the existence of giant molecular cloud complexes), and spatially-
and-time resolved galactic star formation and SNe/stellar feedback
events (e.g. the time between individual SNe in a single star particle
is generally much larger than its numerical timestep), but with insuf-
ficient resolution to actually model/predict individual (proto)stellar
collapse and masses and accretion/evolution tracks (aka forward-
modeling stellar accretion and the IMF). For significantly higher-
resolution simulations, different algorithms such as those in e.g.
STARFORGE (Guszejnov et al. 2021; Grudić et al. 2020) are re-
quired which can correctly treat every star as an evolving-mass sink
particle and deal with accretion and feedback from individual proto
and main-sequence stars along independent stellar evolution tracks.
For significantly lower-resolution simulations, different algorithms
like those in MUFASA or SIMBA (Davé et al. 2016, 2017, 2019;
Thomas et al. 2019) which treat stellar feedback as a continuous,
collective processes integrating implicitly over (rather than trying
to directly numerically resolve) different star-forming regions and
ISM phases, are more appropriate.

3 UPDATES FROM FIRE-2 TO FIRE-3

We now describe all updates from FIRE-2 to FIRE-3. “Default”
FIRE-2 should be understood to be the version presented and stud-
ied extensively in Hopkins et al. (2018b). Any details that we do
not explicitly describe as modified in this section remain identical
in FIRE-3 and FIRE-2.

3.1 Fluid Dynamics, Magnetic Fields, Conduction, and
Viscosity

Improved Face Error Detection: The fluid dynamics solver is
largely unchanged, using the same meshless finite-mass (MFM)
method as FIRE-2. The only change is a slightly improved treatment
of special cases, discussed in Hopkins (2015), where one simulta-
neously has (1) strong fluxes, (2) elements with extremely differ-
ent densities (hence kernel/cell sizes) interacting directly, and (3) a
pathological spatial configuration of neighboring elements (e.g. all
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∼ 32 nearest cell centers nearly aligned in a plane). In this case,
the matrix inversion procedure needed to determine the effective
faces for hydrodynamic fluxes becomes ill-conditioned, and float-
ing point errors can lead to artificially large (or small) fluxes. We
have improved the procedure from Hopkins (2015) for dealing with
such cases, by simultaneously (1) pre-conditioning the matrices to
reduce floating-point errors, (2) adaptively expanding the neighbor
search to ensure dimensionless condition numbers (as defined in
Appendix C of Hopkins 2015) . 103, and (3) limiting the effective
face area to the maximum possible geometric area between neigh-
bor cells. This newer treatment is the default behavior in the pub-
lic GIZMO code (see Hopkins 2017a),3 but was not implemented
in FIRE-2 to ensure code-consistency. But in any case, this occurs
rarely and has small effects.

Additional “Default” Physics: In FIRE-3, certain physics that
were “optional” in FIRE-2 are now “default.” This includes turbu-
lent transport of passive scalars (e.g. metals), following Hopkins
et al. (2018b) Appendix F3 (see Colbrook et al. 2017; Su et al.
2017; Escala et al. 2018, for validation tests), and kinetic magneto-
hydrodynamics (MHD), i.e. magnetic fields (see Hopkins & Raives
2016; Hopkins 2016, for the GIZMO MHD methods) with fully-
anisotropic Spitzer-Braginskii conduction and viscosity as in Hop-
kins (2017b) (with the coefficients given in Hopkins et al. 2020b,
scaling appropriately with the plasma state, accounting for satura-
tion and limitation by plasma instabilities; Cowie & McKee 1977;
Komarov et al. 2018; Squire et al. 2017). As shown in Su et al.
(2017, 2018a); Hopkins et al. (2020b); Chan et al. (2019); Ji et al.
(2020), while important for predicting certain properties and regu-
lating e.g. cosmic ray transport, these physics generally have small
effects on bulk galaxy properties. FIRE-3 also includes, by de-
fault, the abundance “tracers” (following an additional set of pas-
sive scalars to model trace metal species) model of Wetzel et al., in
prep.

3.2 UV Background

FIRE-2 adopted the meta-galactic ultraviolet background (UVB)
spectrum, as a function of redshift, from Faucher-Giguère et al.
(2009). Since this time observational constraints on the UVB have
greatly improved. For example, the tabulation used in FIRE-2 pro-
duced a redshift of HI reionization z∼ 10, consistent with WMAP-
7 constraints (Komatsu et al. 2011) but too high compared to
more recent Planck data and other measurements which imply a
lower reionization midpoint z . 8 (e.g. Planck Collaboration et al.
2020b). For FIRE-3, we update the assumed UVB to the more re-
cent Faucher-Giguère (2020) model which synthesizes and better
reproduces a number of different empirical constraints including
updated luminosity functions, stellar spectra including binary stars,
obscured and non-obscured AGN (following Shen et al. 2020), in-
tergalactic HI and He II photoionization rates measured at z∼ 0−6,
and the local X-ray background. As demonstrated in Oñorbe et al.
(2017) and Puchwein et al. (2019), UVB models that assume the
intergalactic medium (IGM) is optically thin will produce earlier
reionization than intended if applied without correction in simula-
tions like ours to the pre-reionization Universe (which is opaque to
ionizing photons and not yet in ionization equilibrium). The UVB
tabulation we use for FIRE-3 therefore adopts the “effective” pho-
toionization and photoheating rates calibrated to match correctly
the Planck 2018 reionization optical depth and recent constraints
from quasar absorption spectra on HeII reionization (Khaire 2017;
Worseck et al. 2019). These effective rates produce more accurate

3 The public version of GIZMO is available at http://www.tapir.
caltech.edu/~phopkins/Site/GIZMO.html

redshifts of HI and HeII reionization in the simulations; these cor-
respond to the sharp drops in the HI and HeII photoionization rates
at z> 7 and z> 3 for the FIRE-3 model in Figure 1.4

The effects of the changed background intensity and shape are
generally minor except for e.g. detailed CGM or Lyα forest studies.
The most important effect of the updated UVB is later reionization,
which can significantly influence dwarf galaxy star formation histo-
ries in the ultra-faint regime especially. These effects (and the role
of remaining uncertainties in the UVB) will be studied in detail in
future work.

3.3 Stellar Evolution Tables

Updated Isochrones & Stellar Models: Our stellar feedback mod-
els take their inputs in the form of SNe and stellar mass-loss rates,
stellar luminosities, and spectra, directly from standard stellar evo-
lution models as a function of stellar population age, mass, and
metallicity. The tabulations adopted in FIRE-2 are all described in
detail in the Appendices of Hopkins et al. (2018b). We have re-fit all
of the salient stellar evolution tables for improved (1) physical accu-
racy (using more recent and detailed stellar evolution models), (2)
numerical accuracy (using more accurate fitting functions), and (3)
consistency (using more recent models that make simultaneous pre-
dictions for more diverse quantities). Wherever possible, we use the
results from the January 2021 version of STARBURST99 (Leitherer
et al. 2014), adopting a 3-part Kroupa (2001) IMF (with slopes
(0.3, 1.3, 2.3) from (0.01− 0.08, 0.08− 0.5, 0.5− 100)M�), an
8M� SNe cutoff (120M� BH formation cutoff), the preferred “evo-
lution” wind model, using the updated Geneva 2013 rotating stel-
lar model isochrones (which are designed to reproduce many of
the effects attributed to binarity as well, in massive stellar pop-
ulations, and therefore show much smaller differences compared
to models like BPASS from Eldridge et al. 2017, as compared to
the older models), sampled as densely as possible at all metallic-
ities available. We have also compared the results using all avail-
able isochrone sets published in the last decade in either STAR-
BURST99 or BPASS, to ensure we do not fit any spurious features.
All quantities below are IMF-integrated, with M∗ = M∗(t) the star-
particle mass at time t (t its age at a given timestep) – i.e. all quanti-
ties are corrected to be multiplied by the instantaneous stellar mass,
without needing to correct “back to” the initial mass – and z̃ the
appropriate metal abundance of the star particle (defined precisely
below).

Stellar Luminosities: The updated bolometric luminosities
per unit stellar mass L/M∗ are well fit by:

L/M∗
L�/M�

=


aL,1 (t ≤ tL,1)

aL,1 (t/tL,1)
ψL,1 (tL,1 < t ≤ tL,2)

aL,2 (t/tL,2)
ψL,2 fL,2 (tL,2 < t)

(1)

where

ψL,1 ≡
ln(aL,2/aL,1)

ln(tL,2/tL,1)
,

ψL,2 ≡−1.82
[

1−0.1
{

1−0.073 ln
(

t
tL,2

)}
ln
(

t
tL,2

)]
,

fL,2 ≡ 1 + 1.2 exp

[
− (ln(t/tL,3))

2

a2
L,3

]
,

with (aL,1, aL,2, aL,3) = (800, 1100 z̃−0.1, 0.163) and
(tL,1, tL,2, tL,3) = (1.2, 3.7, 1200)Myr.

4 The updated UVB model is available in the TREECOOL file
with the public GIZMO code (http://www.tapir.caltech.
edu/~phopkins/Site/GIZMO.html) or alternatively at https://
galaxies.northwestern.edu/uvb-fg20/
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Figure 2. Comparison of the single-stellar-population (SSP) bolometric
light-to-mass-ratio L/M∗ (top), SNe rate (middle), and cumulative SNe
number (bottom), vs. SSP age, at solar abundances, in FIRE-2 (blue dot-
ted) and FIRE-3 (black solid), per § 3.3. These depend only weakly on
metallicity. Rotation and updated calibrations for stellar isochrones lead
to relatively small changes in either L/M∗ or the core-collapse SNe rate
(SNe before . 44Myr). The Ia rate (middle) is appreciably different: the
more realistic and well-motivated delay-time-distribution (DTD) scaling as
t−1.1 in FIRE-3 leads to a significant enhancement in the Ia rate between
∼ 100− 3000Myr, although the Hubble-time-integrated Ia number is only
a factor ∼ 1.6 larger (bottom).

The bolometric ionizing photon flux is given by Lion ≡ fion L
with a fraction fion = fion,1 at t < tion,1, fion = fion,1 (t/tion,1)

−2.9

for tion,1 ≤ t ≤ tion,2, and fion = 0 at t > tion,2 with fion,1 = 0.5 and
(tion,1, tion,2) = (3.5, 150) Myr. The ratio of FUV/NUV/optical flux
to bolometric, needed for our five-band radiation treatment, remains
identical to FIRE-2.

These fits are similar to FIRE-2, as shown in Fig. 2, with
slightly reduced (by∼ 40%) zero-age main sequence (ZAMS) bolo-
metric luminosities (but only ∼ 20% reduced in FUV+ionizing
bands, with harder spectra favored by many observations; see e.g.
Steidel et al. 2016) owing to rotation, and a slightly stronger optical
feature (the “bump” at t ∼ 1Gyr, owing to giants, though this has

little effect on the integrated output) followed by slightly more rapid
decline (with the integrated photon energies integrated to 10Gyr re-
duced by just ∼ 20%).

Core-Collapse Rates: The updated core-collapse supernova
(CCSNe) rate is well-fit by:

RCC/M∗
Gyr−1 M−1

�
=


0 (t < tS,1 or t > tS,3)

aS,1 (t/tS,1)
ψS,1 (tS,1 ≤ t ≤ tS,2)

aS,2 (t/tS,2)
ψS,2 (tS,2 ≤ t ≤ tS,3)

(2)

where ψS,1 ≡ ln(aS,2/aS,1)/ ln(tS,2/tS,1), ψS,2 ≡
ln(aS,3/aS,2)/ ln(tS,3/tS,2), (aS,1, aS,2, aS,3) = (0.39, 0.51, 0.18),
(tS,1, tS,2, tS,3) = (3.7, 7.0, 44) Myr. In FIRE-2 each CC SNe carried
an identical IMF-averaged ejecta mass 8.72M�, metal yield, and
ejecta energy E = 1051 erg. In FIRE-3 the ejecta masses, yields,
and energies vary as described below (§ 3.11). These are treated
numerically (accounting for thermal and kinetic energy in detail)
per § 3.8.

While this interpolates the declining CC SNe rates more accu-
rately between t ∼ 10− 40Myr compared to our FIRE-2 fit (both
are compared in Fig. 2), the duration of the CC phase, total number,
mass, and energetics of CC SNe are all identical to within < 10%
(the total CC energy is ∼ 7% larger at Solar metallicity).

Ia Rates: The Ia rate is not given by STARBURST99: we up-
date the FIRE-2 model taken from Mannucci et al. (2006) (which
has a small prompt component, and under-predicts the cosmological
Ia rate by a factor ∼ 2 compared to more recent observational esti-
mates) to the fits to various constraints on the Ia rate from Maoz &
Graur (2017), with an integrated number 1.6×10−3 of Ia’s per so-
lar mass over a Hubble time, and a t−1.1 dependence including both
prompt and delayed contributions. The “initial” delay time (time of
first Ia) remains unconstrained so long as it is . 100Myr; for con-
sistency, we set this to be equal to the time of the last CCSNe. The
Ia rate is then:

RIa/M∗
Gyr−1 M−1

�
=

{
0 (t < tIa,1)

aIa,1 (t/tIa,1)
ψIa,1 (tIa,1 ≤ t)

(3)

where tIa,1 = tS,3 = 44Myr, ψIa,1 = −1.1, aIa,1 = 0.0083. All Ia’s
carry 1051 erg of initial ejecta kinetic energy (coupled numerically
in the same method as CCSNe), a total ejecta mass = 1.4M�, and
yields given below.

This Ia delay time distribution differs appreciably from the
FIRE-2 fit, as seen in Fig. 2 (for additional tests of this model in
FIRE, see Gandhi et al. in prep.): the onset time for Ia and rates at
∼ 50Myr and∼ 5Gyr are similar, but the smooth decline means the
Ia rate in the new fits between∼ 0.08−2Gyr is much higher, while
the rate at ∼ 10Gyr is a factor 2− 3 lower. Integrating these rates
from age 0 to age 1, 10, 13.7 Gyr, the new fit gives a factor of 2.4,
1.8, and 1.5 (respectively) more Ia’s per unit mass.

OB & AGB Mass-Loss Rates: The updated total stellar mass-
loss rate (including all massive-star/OB and late-time, lower-mass
AGB mass loss processes) is well-fit by:

Ṁw/M∗
Gyr−1 =


aw,1 (t ≤ tw,1)

aw,1 (t/tw,1)
ψw,1 (tw,1 < t ≤ tw,2)

aw,2 (t/tw,2)
ψw,2 (tw,2 < t ≤ tw,3)

aw,3 (t/tw,3)
ψw,3 (tw,3 < t)

(4)

+ aA,1

{[
1 + (t/tA)1.1

] [
1 + aA,2 (t/tA)−1

]}−1

where ψw,1 ≡ ln(aw,2/aw,1)/ ln(tw,2/tw,1), ψw,2 ≡
ln(aw,3/aw,2)/ ln(tw,3/tw,2), ψw,3 = −3.1, (tw,1, tw,2, tw,3, tA) =
(1.7, 4.0, 20, 1000)Myr, and (aw,1, aw,2, aw,3, aA,1, aA,2) =
(3 z̃0.87, 20 z̃0.45, 0.6 z̃, 0.01, 0.01). The first (piecewise power-
law) term represents the dominant contribution from line-driven
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Figure 3. Continuous mass-loss rate Ṁw (e.g. including O/B and AGB out-
flows, but not SNe; top) and mean initial ejecta mass-loss velocity vw (e.g.
kinetic luminosity (1/2)Ṁw v2

w; bottom) from § 3.3, vs. SSP age in FIRE-2
(blue dotted) and FIRE-3 (black solid), as Fig. 2. We compare two differ-
ent initial metallicities (assuming solar abundance ratios). The O/B winds
(. 40Myr) are similar, with the FIRE-3 models interpolating more smoothly
in Z or [Fe/H] dependence owing to better model isochrone sampling, and
rotation slightly delaying/weakening some outflows. The major change is
to the AGB winds, which in the models used for FIRE-2 turned on very
strongly at & 100Myr. The actual input AGB-star observations used to cal-
ibrate these stellar tracks were almost all from before 1990; the tracks used
for the FIRE-3 model have been updated with observations from the past two
decades which have significantly reduced the inferred mass-loss rates, and
all models we survey using observations from the last decade show similar
reductions.

OB winds, hence its strong scaling with progenitor metallicity,
while the second (aA... term) represents the dominant contribution
from AGB outflows, which in modern models depends negligibly
on progenitor abundances.5 The updated continuous input momen-
tum (Ṁw vw, inj) and kinetic energy (Ṁw v2

w, inj/2) fluxes associated
with this mass-loss at injection are fit by:

vw, inj

kms−1 = z̃0.12
[

3000
1 + (t/tv,1)2.5 +

600
1 + z̃3 (t/tv,2)6 + 11.2 z̃1.5 + 30

]
(5)

with (tv,1, tv,2) = (3, 50)Myr. Yields are also updated, as described
below.

Though qualitatively similar, this differs quantitatively from
the FIRE-2 fits, as shown in Figs. 3 & 4: the metallicity depen-
dence is more accurate, and following a broad range of recent direct

5 Note that we ignore the detailed timing of some particular narrow
pulsational-related features in the AGB mass loss rates, as these vary enor-
mously in timing and strength between models, and in the models used here
contribute negligibly to the integral. However we do ensure the best-fit total
mass loss rate integrated to a Hubble time exactly matches the full stellar
evolution model.
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Figure 4. Cumulative fractional mass-loss (fraction of the initial SSP mass
returned to the ISM as a function of time) vs. SSP age in FIRE-2 (dotted)
and FIRE-3 (solid), at Solar metallicity, as Fig. 3. O/B outflows (dominant at
t� 20Myr), then core-collapse SNe are similar to each other and in FIRE-2
and FIRE-3, returning∼ 20% of the SSP mass. The Hubble-time-integrated
AGB mass-loss (dominant at & 100Myr) is reduced by a factor of a few,
from ∼ 10% to ∼ 2%.

and indirect observational constraints (see e.g. Kriek et al. 2010;
Melbourne et al. 2012; Zibetti et al. 2013; Smith 2014; Höfner &
Olofsson 2018), the integrated stellar mass loss rates are signifi-
cantly reduced compared to older models. We stress that this result
is robust across all models we have surveyed in this paper that have
been calibrated to observations from the last ∼ decade. In contrast
the model tracks used to generate the stellar populations for FIRE-2
were calibrated largely to decades-older observations, as described
in § 2. At solar abundances, pre-SNe (t . 4Myr) OB wind strengths
are reduced by ∼ 40% in these FIRE-3 fits compared to FIRE-2,
but their duration is extended, owing to rotation (producing simi-
lar total mass-loss integrated to 100Myr, but factor ∼ 2− 3 lower
mass-loss at low metallicities). The AGB mass-loss rates are sys-
tematically lower compared to FIRE-2 (by factors ∼ 10− 20 at
∼ 100Myr and factor ∼ 3 at ∼ 10Gyr), reducing the total (time-
and-IMF-integrated) OB+AGB mass lost by a factor ∼ 2 at solar
abundances (and as much as ∼ 10 in extremely metal-poor popula-
tions). As a result, in the newer models, integrated AGB mass loss
from 0.1−10Gyr is just ∼ 2% of the initial SSP mass.

Abundances for Stellar Evolution Scalings: The reference
stellar evolution models do include progenitor metallicity depen-
dence, but exclusively assume solar abundance ratios. To scale with
metallicity we must therefore choose a reference abundance. In
FIRE-2, we defined the reference abundance for stellar evolution ta-
bles as Z/Z�. However, the actual stellar physics processes which
scale significantly with abundance (e.g. resonant-line-driven mass-
loss rates and ionizing photon production rates) are strongly dom-
inated by iron, since this dominates the opacities in the relevant
portions of the spectrum. In FIRE-3 we therefore scale the stel-
lar evolution models specifically off the iron abundance, defining
z̃ ≡ 10[Fe/H]. This can be important for winds and radiative feed-
back in dwarf galaxies, where [α/Fe]> 0 typically (so e.g. Z/Z�
can be much larger than z̃).

3.4 Reference & Initial Metallicities

FIRE-2 adopted the older Anders & Grevesse (1989) reference val-
ues for solar composition, with e.g. Z ∼ 0.02. In FIRE-3 we follow
the newer stellar evolution models and scale to the Asplund et al.
(2009) proto-solar abundances (see also Lodders 2019), with mass
fractions of (Z, He, C, N, O, Ne, Mg, Si, S, Ca, Fe) = (0.0142,
0.2703, 2.53e-3, 7.41e-4, 6.13e-3, 1.34e-3, 7.57e-4, 7.12e-4, 3.31e-
4, 6.87e-5, 1.38e-3).

In FIRE-2, owing largely to difficulty capturing metal-free
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Figure 5. Phase diagram (density n≡ ρ/mp, vs. temperature T ) of ISM gas
(within < 10kpc of the galaxy center) in simulations where we re-start a
high-resolution FIRE-2 simulation of a Milky-Way like galaxy (m12i from
Hopkins et al. 2018b) at z = 0.05 and evolve it to z = 0 with FIRE-3 (not
following full cosmological evolution but allowing us to see the effect on the
ISM for identical initial conditions). We focus on warm/cold gas and com-
pare FIRE-2, where low-temperature cooling was parameterized by a sim-
ple polynomial fit, to FIRE-3, where we update the cooling to follow non-
equilibrium molecular chemistry, detailed molecular and atomic and metal-
line and free-electron processes, self-consistently calculate dust tempera-
tures from ISM radiation, and more accurately calculate UVB self-shielding
and HII region equilibrium temperatures (see § 3.5). While the total mass of
“cold” gas is similar, we see it has a quite different phase structure, with a
much clearer separation between warm neutral and cold neutral or molecu-
lar medium phases. These are not dynamically important (thermal pressure
is never dominant in the cold, dense ISM) but has significant implications
for observational diagnostics of neutral gas.

cooling, we initialized our simulations with a uniform metallicity
floor Z = 10−4− 10−5 Z� with solar abundance ratios. In FIRE-3
this is no longer necessary, so we begin from pure primordial gas
(potentially relevant for abundances of ultra-faint dwarfs at early
times).

3.5 Cooling & Neutral Gas Physics

In FIRE-2, gas cooling at low temperatures (. 104 K) and/or high
densities (& 1cm−3) was treated using a particularly simple fitting
function to tabulated CLOUDY (Ferland et al. 1998) results, as a
function of the local density, temperature, and metallicity; all details
are given in the appendices of Hopkins et al. (2018b). In FIRE-3,
we update this to follow the thermal state of the cold ISM in more
detail. Note temperatures T below are in K and units are cgs.

• Cooling from Mostly Neutral Gas: In FIRE-3, we model
the cooling from mostly neutral molecular gas using the com-
bination of detailed scalings from several sources. We replace
the simple fitting function for ΛCold in Hopkins et al. (2018b)
Appendix B with Λneutral = (ΛZ + ΛH2 + ΛHD)ergs−1 cm3,
representing molecular+fine structure cooling from metals,
H2 and HD. Here ΛH2 ≡ fmol Λ

thin
H2
/(1 + ñ) where fmol is the H

molecular-to-nucleon number ratio (so scales from 0< fmol < 1/2),
ñ ≡ Λthin

H2
/Λthick

H2
, Λthin

H2
≡
∑

i fi Λ
thin
H2 , i sums over the cooling rates

from interactions between H2 and species i = (e−, H+, H2, H,
He) with number-to-nucleon ratio fi. For Λthin

H2 , i and i = (e−,
H+, H2, He) we adopt the fits from Glover & Abel (2008)
assuming a fixed 3:1 ortho-para ratio (Table 8 therein), with
log10 [Λthin

H2 ,H] ≡ −103 + 97.59x + 48.05x2 + 10.8x3 − 0.9032x4

from Galli & Palla (1998) where x ≡ log10 T . We take
Λthick

H2
≡ 10−22 (cm−3/nH) [6700e−5.86/T3 + 16000e−11.7/T3 +

0.03e−0.51/T3 + 9.5T 3.76
3 e−0.0022/T 3

3 (1 + 0.12T 2.1
3 )−1] for

T3 = T/1000 (Hollenbach & McKee 1979). For HD,
ΛHD ≡ fHD Λthin

HD/(1 + ñHD), ñHD ≈ ( fHD/ fmol) ñ, fHD ≈
MIN(0.00126 fmol, 0.00004 fneutral), fneutral the neutral H frac-
tion, , Λthin

HD ≡ 10−25 [(1.555 + 0.1272T 0.77)e−128/T + (2.406 +

0.1232T 0.92)e−255/T ]e−T 2
3 /25, following Galli & Palla (1998).

For metals, ΛZ ≡ zC [ fa ΛZ, atomic + (1 − fa)ΛZ,mol], ΛZ, atomic ≡
fa 10−27 [(0.47T 0.15 + 4890xe T−0.5)e−91.211/T + 0.0208e−23.6/T ]
(from Wilson & Bell 2002; Barinovs et al. 2005; Hocuk
et al. 2016, adopting a depletion factor of 0.5 for C
onto dust), xe is the free electron fraction per H nu-
cleon. Here fa = 1/[1 + (nH/G0 340cm−3)2 T−0.5] (Tie-
lens 2005) where G0 is the local FUV radiation flux (as
propagated for photo-electric heating) in Habing units.
ΛZ,mol ≡ 2.73 × 10−31 T 1.5/(1 + nH/ncrit) (from Hollenbach
& McKee 1979)6 with ncrit = 1.9×104 cm−3 T 0.5/(1 + Σgas/Σcrit),
Σcrit = 3× 10−5 gcm−2 T/zC, where zC ≡ 10[C/H] is the carbon
abundance and Σgas is the column density integrated to infinity with
the same Sobolev approximation used for shielding (Hopkins et al.
2018b). We have verified that these expressions give similar results
for similar conditions and processes to e.g. more complicated
networks like those in Glover & Clark (2012); Richings et al.
(2014); Gong et al. (2017).
• Molecular Fractions: Although our neutral gas cooling func-

tions do not include all possible processes, the dominant uncertainty
is not the neglect of particular chemical channels, but the molec-
ular fraction fmol. In FIRE-2 we estimated fmol using the particu-
larly simple expression from Krumholz & Gnedin (2011), which is
a function only of metallicity Z and Σgas (making assumptions about
how typical radiation fields and gas density structure behaves with
these quantities), and does not correctly extrapolate to low fmol� 1
(it gives unphysical values at low density or low Z), which can be
important for primordial gas cooling.

In FIRE-3, we update this to explicitly follow and allow for non-
equilibrium H2 chemistry, with a simplified H-only chemical net-
work depending on the local gas, dust, cosmic ray, and radiation
fields. After operator-splitting advection and hydrodynamic terms,
we approximate the rate equation for the evolution of the molecular
hydrogen H2 number density by:

dn̄H2

dt
= αZ fdg C2,dg n̄n n̄HI +αGP C2 n̄HI n̄H− +α3B C3 n̄2

HI

(
n̄HI +

n̄H2

8

)
−ΓH2 n̄H2 − ξH2 n̄H2 −

∑
i

βH2 , i C2 n̄H2 n̄i (6)

Here, we must account for finite-resolution effects: n̄x ≡ 〈nx〉i =
Ni, x/Vi is the volume-averaged number density of x within a simu-
lation cell i (what is actually evolved), and Cm ≡ 〈nm〉/〈n〉m is the
m-th order clumping factor.

In the above, several of the rate factors (α, β) are compiled from
a variety of sources (Hollenbach & McKee 1979; Dove & Mandy
1986; Martin et al. 1998; Glover & Jappsen 2007; Glover & Abel
2008; McKee & Krumholz 2010; Christensen et al. 2012; Forrey
2013; Sternberg et al. 2014; Indriolo et al. 2015; Wakelam et al.
2017; Nickerson et al. 2018), and we collect and update them here.
Above, αZ ≡ 3×10−18 T 0.5 {[1+0.04(T +Tdust)

0.5 +0.002T +8×
10−6 T 2] [1 + 104 exp(−600/Tdust)]}−1 is the dust reaction rate co-
efficient (Glover & Jappsen 2007) with fdg ≡ ρdust/0.01ρgas the
solar-scaled dust-to-gas ratio which we take to be = Z/Z�, Tdust

is the dust temperature (defined below), C2,dg is the micro-physical
dust-gas clumping factor (which we take = C2 for simplicity, al-
though micro-physical simulations of dust-gas interactions suggest
it could deviate by a large factor in either direction; see Moseley

6 Specifically ΛZ,mol comes from Hollenbach & McKee (1979) for for CO
cooling, re-calibrated by a factor of 1.4 to better fit the results from the
full chemical network of Glover & Clark (2012, 2014) including CH, OH,
H2O, and other species. Note Glover & Clark (2012) show the resulting
cooling rate for the same C abundance is nearly identical in the range of
interest regardless of the form in which C and O and “locked,” so we do not
distinguish between these particular C and O molecular species.
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et al. 2019; Hopkins et al. 2020c), nn is the number density of nucle-
ons, and nHI is the number density of atomic HI. Next the αGP term
represents the gas-phase formation rate which depends on the abun-
dance of H−, for which we follow Glover & Jappsen (2007) and as-
sume local equilibrium with n̄H− ≈ k1 n̄HI n̄e/[(k2 +k16) n̄HI +(k5 +
k17) n̄H+ +k15 n̄e +R51] with αGP = k2, where n̄e is the number den-
sity of free thermal electrons and nH+ is the ionized H fraction, and
the coefficients kn(T ) and R51 (which represents photo-dissociation
scaling with Γ below) are taken from Glover & Jappsen (2007).
The termα3B = 6×10−32 T−0.25 +2×10−31 T−0.5 represents three-
body formation. The

∑
i term sums over collisional dissociations

between H2 and species i = (e−, H+, H2, HI, HeI, HeII), with coef-
ficients βH2 , i from Glover & Abel (2008) (Eqs. 7-11, 24-25, 37-39
in Table A17). Meanwhile ξH2 represents ionization & dissociation
by CRs: this is calculated directly from the resolved CR spectra fol-
lowing Gould (1972); Mannheim & Schlickeiser (1994) in our sim-
ulations which explicitly include cosmic rays, otherwise we assume
a uniform ξH2 = 7.5× 10−16 s−1 as inferred from observations of
Milky Way molecular clouds (Indriolo & McCall 2012). ΓH2 repre-
sents dissociation+ionization by Lyman-Werner (LW) and ionizing
photons (expressions from Glover & Jappsen 2007), for which we
use the explicitly-evolved local LW and ionizing photon intensities
in the simulations.

We model the un-resolved clumping factors as in Lupi
et al. (2018)8 by making the standard assumption that turbu-
lence generates a log-normal local density PDF giving Cm =
exp[m(m−1)S/2] where S = ln [1 + (bM)2] (e.g. Vazquez-
Semadeni 1994; Scalo et al. 1998; Federrath et al. 2010; Hopkins
2013c) where S is the log-variance, b a geometric constant reflect-
ing the compressive to solenoidal ratio (here b = 1/2 as expected
for a “natural mix” of modes; Schmidt et al. 2008; Federrath et al.
2008), and M is the sonic Mach number of a cell i estimated in
the same manner as our usual local turbulent velocity estimation
(M)i = ‖∇⊗ v‖i ∆xi/cs, i). For Γ, we separate the ionizing radi-
ation (handled identically to HI ionizing radiation for convenience
here; see Hopkins et al. 2018b for details) and LW radiation. For
the LW band we must calculate the mean incident radiation field
on each molecule accounting both for shielding by dust and local
self-shielding by H2. The former is self-consistently accounted for
in our radiation-transport approximations in-code, giving the dust-
attenuated incident intensity ĨLW. For the latter we attempt to ac-
count for turbulence as well as thermal broadening and their ef-
fects on line overlap following Gnedin & Draine (2014): we take
ΓLW = 3.3×10−11 SH2 G0 with G0 given by the dust-attenuated ĨLW

in Habing units and SH2 = (1− ω2)(1 + ˜̀1/2 x/b5)
−2 + ω2 (1 +

x)−0.5 exp[−(1 + x)0.5/1180] is the H2 self-shielding factor with
ω2 = 0.035, x ≡ NH2/5× 1014 cm−2, NH2 ≡ n̄H2 L the H2 column,
L is given by our Sobolev-type density gradient length calculation
= ∆xi + ρi/|∇ρ|i, b5 ≡

√
2σv, therm (where σv, therm is the thermal

Maxwellian velocity dispersion of molecular H2 at the cell tem-
perature T ), and ˜̀≡MIN[`s/L, 1] ≈ [1 +M2]−1 accounts for the
difference between the (unresolved) sonic length `s (∼ 0.1pc, typ-
ically) and L to model the effects of a supersonic (Burgers 1973-
type) cascade on the velocity coherence of line overlap.

We update Eq. 6 fully-implicitly every timestep alongside our
cooling and chemistry calculation: we can assume local equilib-
rium if desired (setting dn̄H2/dt = 0 and solving for n̄H2/n̄HI), but in

7 Note Glover & Abel (2008) Eq. A1-7 should read ln, not log, per Savin
et al. (2004)
8 See Appendix A2 for an example of the effects of the Cm terms on the
gas phase diagram, and Lupi et al. (2018) for explicit demonstration of
the importance of accounting for these terms in simultaneously reproduc-
ing molecular and atomic scalings with star formation rate in simulations at
these resolution scales.

our default simulations we allow for non-equilibrium chemistry by
evolving nH2 directly. Note that our Riemann solver allows for arbi-
trary equations-of-state, and we account explicitly for a variable gas
adiabatic index depending on the molecular fraction (Grudić et al.
2020).
• Free Electron Fractions: In FIRE-2, we evolved the free elec-

tron fraction xe explicitly in detail, including collisional and photo-
ionization for H and He, but neglecting free electrons from heavier
species. This can significantly under-estimate xe in dense, cold gas,
which is generally not important for the cooling rates (except for
. 100K gas at n ∼ 102− 104 cm−3), but can be important for ac-
curately capturing effects like ambipolar diffusion and Hall MHD.
In FIRE-3, we calculate the contribution from these electrons and
CR ionization following Wardle (2007); Keith & Wardle (2014) and
add them to the free electron budget. This involves solving for the
equilibria for the heavy ion number density ni, free electron density
ne, and mean charge per dust grain Zg: ṅi = ζ nn−kei ni ne−kig ng ni,
ṅe = ζ nn− kei ni ne− keg ng ne, Żg = kig ni− keg ne, subject to charge
neutrality ni− ne + Zg ng = 0. Here kxg = π 〈ag〉2

√
8kb T/(πmx),

mi the mean molecular weight of the relevant ions (dominated by
Mg under conditions where these terms are significant, with total
Mg abundance scaled from our explicitly-evolved abundances), the
grain number ng ≈ 0.01(Z/Z�)ρ/(4π/3 ρ̄g 〈ag〉3) scales with the
dust-to-gas ratio (hence Z), ρ̄g = 2.4gcm−3 is the material grain
density and 〈ag〉 is an effective weighted grain size taken to be
= 0.1µm (Draine & Li 2007), ζ is the CR ionization rate defined
below, kei ≈ 9.77× 10−8 cm3 s−1 in the regimes of relevance (e.g.
McKee 1989), and nn is the neutral number density. Comparing to
the results of more detailed chemical network calculations from e.g.
Glover & Clark (2012); Xu et al. (2019) over their appropriate den-
sity ranges, our simple model agrees reasonably well in xe at densi-
ties from n� 10−8 cm−3 to n∼ 1018 cm−3.
• Ionized Atomic Gas Cooling/Heating: In FIRE-2, we fol-

lowed ionized metal-line cooling at high temperatures (in e.g.
mostly-ionized, un-shielded gas) using the Wiersma et al. (2009a)
cooling tables from CLOUDY at T > 104 K (with a strict cutoff be-
low that temperature). In FIRE-3 we extend these following Rich-
ings et al. (2014) to include ionized gas metal-line cooling and/or
heating (with rates scaling with the ionized gas fraction and free
electron abundance) down to arbitrarily low temperatures. Like in
FIRE-2 these are tabulated and calculated species-by-species for the
separately-tracked species C, N, O, Ne, Mg, Si, S, Ca, Fe, Note that
this generally has appreciable effects only on the lowest-density
cool gas, because almost all the cold gas at T � 104 K is self-
shielded. The tables are included in the public GIZMO code.
• Dust Temperatures: Dust-gas collisions and cool-

ing/heating are included as in FIRE-2, with Λdust = 1.12 ×
10−32 ergs−1 cm3 (T −Tdust) T 1/2 (1 − 0.8 exp(−75/T ))(Z/Z�)
(Meijerink & Spaans 2005; assuming a dust-to-gas ratio scaling
linearly with metallicity). In FIRE-2, we assumed a constant dust
temperature = 30K. In FIRE-3, we calculate the dust temperature
self-consistently assuming local equilibrium between absorbed
and emitted radiation, including the sum of incident radiation
from all tracked bands in our RHD approximation (treating the
opacity in each as band-centered), plus the CMB, assuming a
β = 1 opacity law,9 and assuming the incident IR radiation field

9 Specifically, we assume the grain absorption efficiency Q scales ∝ λ−1,
giving an opacity law κ ∝ Tβeff with β ≈ 1 for an effective temperature Teff
of each band, which is a reasonable approximation for many grain composi-
tions assuming peak absorption/emission wavelengths from∼ 0.1−100µm
(Draine & Lee 1984; Ormel et al. 2011) and empirically fits observations of
molecular clouds in the density and temperature range of interest (Schnee
et al. 2014; Liseau et al. 2015; Webb et al. 2017). In simulations where
we instead evolve the radiation using explicit methods (e.g. M1, see Hop-
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has the same radiation temperature as the local dust temper-
ature. This gives Tdust as the solution to the quintic equation:
(Tdust/2.92K)5 ≈

∑
i (Trad, i/K)(erad, i/eVcm−3), where Trad, i is the

effective radiation temperature for each band (roughly the tempera-
ture corresponding via Wien’s law to the absorption-weighted mean
band wavelength, for narrow bins) and erad, i is the local radiation
energy density in the band from our radiation transport, including
the 5 bands we explicitly evolve (infrared, near-IR and optical,
near-UV, photo-electric, and photo-ionizing), plus the CMB (at
the cosmologically-evolved temperature Tcmb ≈ 2.73(1 + z) K and
energy density ecmb ≈ 0.262(1 + z)4 eVcm−3, i.e. ignoring CMB
attenuation), where Trad in the IR is equal to Tdust.10 This generally
has small dynamical effects in FIRE simulations, as dust-gas
coupling only dominates cooling at n� 106 cm−3.
• Cosmic Ray (CR) Heating: In simulations with explicitly-

evolved CR dynamics we calculate the CR heating (including the
thermalized components of e.g. Coulomb, pionic/spallation, and
ionization interactions) from the evolved CR spectra following
Gould (1972); Mannheim & Schlickeiser (1994). In our simula-
tions without explicit CR dynamics, we calculate this from an as-
sumed CR background spectrum updated from the older Goldsmith
& Langer (1978) estimate used in FIRE-2 to the newer estimates
based on the interstellar Voyager I & II data, following Cummings
et al. (2016). The net effect is that the CR thermal heating rate in
neutral gas is systematically lower by a factor ≈ 0.34 using the
newer data. This has small effects, because CR heating is almost
always sub-dominant at resolved scales.
• Photo-Electric Heating: We follow photo-electric heating as

in FIRE-2, tracing the UV radiation from stars to each resolution
element. In FIRE-3, we add the (appropriately self-shielded) contri-
bution from the UVB in the relevant wavelength range (integrating
over the assumed UVB spectrum). This is generally small compared
to the contribution from stars within a galaxy, but can have a mi-
nor effect in rare situations with metal-enriched (dusty) warm neu-
tral medium gas at very large galactic-centric radii (e.g. cooling of
galactic outflows at galacto-centric radii� 30kpc). We also update
the opacities as described below.
• Temperature Floor & CMB Effects: In FIRE-2 we enforced

a minimum temperature of 10K, owing to cutoffs in our cooling
tables. In FIRE-3 we allow cooling, in principle, to arbitrarily small
temperatures, though a negligible amount of gas reaches � 10K
within galaxies. Note that gas can in principle cool to temperatures
below the CMB via e.g. adiabatic processes, but it is coupled to the
CMB both directly through Compton scattering of CMB photons
which we include as in FIRE-2 (see Hopkins et al. 2018b Eq. B20 or
Rybicki & Lightman 1986), and through dust heating/cooling where
the dust temperatures are sensitive to the CMB as described above.
To account for the effects of the CMB on radiative cooling as T →
Tcmb (and heating/excitation by the CMB when T < Tcmb), motivated
by Bromm et al. (2002) we take Λrad→ Λrad (T −Tcmb)/(T + Tcmb)
for the purely-radiative molecular and atomic cooling rates Λrad.
• UVB Self-Shielding: Because our simulations are “zoom-

ins” we cannot self-consistently follow the UVB and so assume
a uniform meta-galactic background as noted above, with a self-
shielding correction. FIRE-2 used a simple local-Jeans-length based
criterion for self-shielding from the UV background (see Hopkins

kins et al. 2020a) we calculate dust temperatures using the detailed evolved
opacities at each wavelength for the resolved spectrum as in Grudić et al.
(2020).
10 For reference, if one wished to adopt a constant Galactic background to
estimate dust temperatures, the Draine (2011) interstellar radiation field can
be reasonably approximated for these purposes as a two-component model
with erad,1 ≈ 0.31eVcm−3, Trad,1 ≈ 30K, and erad,2 ≈ 0.66eVcm−3,
Trad,2 ≈ 5800K.

et al. 2018b). In FIRE-3, we update this to the more accurate expres-
sions (calibrated to radiation transport experiments) from Rahmati
et al. (2013) with some updates. The UVB is reduced by a factor
fshield = 0.98(1 + y1.64)−2.28 + 0.02[1 + y(1 + [nH/10]4)]−0.84 with
y≡ 400(nH/cm−3)T−0.173 (ΓHI/10−12)−0.66 where ΓHI is the usual
optically-thin photo-ionization rate including both the UVB and lo-
cal sources, and the n4

H term is added based on our own RHD sim-
ulations of dense GMCs (Hopkins et al. 2020a; Hopkins & Grudić
2019; Grudić et al. 2020) to ensure sufficient shielding in dense gas
nH & 100cm−3 (several dex larger densities than the original Rah-
mati et al. 2013 calibration).

Fig. 5 shows the effects of these changes on the phase (density-
temperature) diagram of a Milky Way-like galaxy at z = 0. Al-
though extensive, these changes do not overall produce a large
change in the dense/cold gas dynamics (as thermal pressure is es-
sentially always sub-dominant to gravity, turbulence, magnetic and
other pressures in cold ISM gas, see Hopkins et al. 2018b; Gurvich
et al. 2020), nor in the total mass of cold/dense gas, but they do lead
to the cold/dense gas having a more clearly-defined phase structure
(as more detailed features in the cooling functions and transitions
from atomic-to-molecular can be followed). This produces, for ex-
ample, a much more obvious warm-vs-cold neutral medium delin-
eation. This could have important implications for accurate predic-
tions of observational diagnostics of cold and/or neutral ISM gas.

3.6 Treatment of HII Regions

FIRE-2 and FIRE-3 implement photo-ionization heating in compact
HII regions similarly. In simulations where each star particle repre-
sents an IMF-averaged population, and star and gas elements have
approximately equal mass, then any compact HII regions (sourced
by a single star particle) with density & 100cm−3 are necessarily
un-resolved. As a result we adopt a probabilistic approach to treat
HII regions (stochastically determining if a particle is fully-ionized
if the HII region mass is less then one gas cell) to statistically cap-
ture the proper expansion dynamics of ionized bubbles. However
FIRE-3 makes two improvements to the FIRE-2 model.

• In FIRE-2, compact HII regions identified as above were sim-
ply forced to be fully-ionized and to maintain a constant mini-
mum temperature T = 104 K for the duration of the timestep. In
FIRE-3, upon initial ionization, the cell has its temperature set to
the minimum of either the current temperature plus the heat added
from the energy of initial ionization, or the equilibrium HII re-
gion temperature from standard collisional cooling Teqm/104 K ≈
MIN{6.62, 0.86/(1 + 0.22 ln[Z/Z�])} (Draine 2011). It is then
immediately passed to the cooling & chemistry routine, where the
incident ionizing radiation and FUV flux is set to the “Stromgren
value” (value needed to maintain full ionization) and self-shielding
is set to zero, where the exact ionization states and temperatures can
be self-consistently solved.
• In FIRE-2, the gas element first selected for this stochastic

ionization was selected uniformly among the nearest gas elements
to the star. In Hopkins et al. (2020a), comparing this approximate
method to explicit radiation-hydrodynamics calculations with the
M1 solver and other tests, we showed that this tended to slightly
under-estimate the effects of radiative feedback, as (given our La-
grangian numerical method with approximately equal-mass gas el-
ements) this is biased towards “expending” the photons on denser,
less volume-filling structures near the star (which require more pho-
tons to ionize), while more detailed calculations show ionization
primarily in the lower-density cavities/bubbles/channels. In FIRE-3,
we therefore select the lowest-density neighbor of the overlapping
neighbor gas cells for this procedure.
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3.7 Treatment of Other Radiative Feedback Channels

Other radiation feedback terms (single and multiple-scattering ra-
diation pressure, photo-electric and photo-ionization by stars out-
side of compact HII regions) are treated as in FIRE-2. We have
made a number of algorithmic improvements in FIRE-3, to al-
low for more accurate integration of the short range radiation-
pressure terms, allow for more accurate estimation of the absorp-
tion in the kernel around the star (independently evaluating each
direction, following Hopkins & Grudić 2019), and to more accu-
rately follow the metallicity dependence of opacities in each step
of the long-range photon transport.11 FIRE-3 also adds standard
Thompson and Kramers opacities from H and He for the evolved
bands (FUV/NUV/optical-NIR/IR) which were in FIRE-2 assumed
to have pure dust opacity (proportional to Z) – these essentially set
minimum opacities below Z . 10−3 Z�. We have also re-calculated
the effective weighted dust opacities for all bands using the new
stellar spectra/SEDs from our updated stellar evolution models with
the Draine & Li (2007) dust models (so the dust extinction opaci-
ties at e.g. Lyman-Werner, photoelectric, NUV, optical-NIR, mid-
far IR are (900, 720, 480, 180, 6.5)cm2 g−1, multiplied by Z/Z�).
The primary effect here results from FIRE-3 adopting a MW-like
dust model as opposed to the FIRE-2 SMC-like dust model, which
lowers the UV dust opacities by a factor of ∼ 2− 3. These have
small effects, generally tending to make single-scattering radiation
pressure slightly weaker in low-metallicity young stellar environ-
ments, and slightly stronger in old high-metallicity environments
(Hopkins et al. 2020a).

3.8 Numerical Coupling of Supernovae

FIRE-2 and FIRE-3 both implement SNe numerically as described
in Hopkins et al. (2018a), expanding on the method first proposed
in Hopkins et al. (2014) to accurately account for SNe mass, met-
als, energy, and momentum fluxes, accounting for cooling and un-
resolved expansion, and manifestly conserving mass and momen-
tum and ensuring numerical isotropy (avoiding imprinting preferred
directions) even in arbitrary mesh configurations. In FIRE-3, we
use by default the extended method described in Appendix E of
Hopkins et al. (2018a), which includes an extra neighbor loop in
assigning fluxes from a SNe to neighbor cells to manifestly con-
serve total coupled energy (and mass and momentum) in the limit
where the relative motion of the star and inflow/outflow motion of
mesh cells around the star is large compared to the ejecta veloc-
ity (so non-linear corrections to the total kinetic energy of the gas
from the coupled momentum of a single SNe must be included).
We make some minor improvements to this including an additional
predictor-corrector loop to maintain conservation even when multi-
ple star particles attempt to update the same gas cell simultaneously,
as detailed in Appendix B; the implementation of this algorithm is
provided in the public version of GIZMO. FIRE-2 by default used
the simpler default method in the main text of Hopkins et al. 2018a,
which is manifestly energy-conserving in the limit of uniform or
negligible or divergence-free motion of gas towards/away from the
star particle. As shown in Hopkins et al. (2018a), the two methods
converge to identical behavior at sufficiently high resolution, but the
new method is more accurate at intermediate resolution (albeit with
added computational expense).

As discussed and tested in detail in Hopkins et al. (2018a), to
accurately deal with unresolved “PdV” work during expansion of
the SNe to the numerically-resolved coupling radius, we require

11 In FIRE-2, the metallicity used for the short-range kernel opacity was the
stellar metallicity (assuming the kernel was uniform); in FIRE-3 each cell
uses its own metallicity and opacity.

an analytic expression for expected SN cooling radius or termi-
nal momentum pt as a function of SN energy, ambient gas den-
sity and metallicity. In FIRE-1 & FIRE-2 we adopted that from
Cioffi et al. (1988), pt ∝ (ESN/1051 erg)13/14 (n/1cm−3)−0.14 Z̃−0.21

(with Z̃ = max[0.01, Z/Z�]), testing the normalization directly for
Z = Z�, n = 1cm−3, ESN = 1051 erg. In FIRE-3 we update this to
better match the calibration from more recent studies of resolved
simulations of SNe in inhomogeneous media (Martizzi et al. 2015;
Walch & Naab 2015; Haid et al. 2016; Gentry et al. 2019), giving
pt ∝ (ESN/1051 erg)(n/1cm−3)−0.14 Z̃−0.12 (normalized to the same
value for ESN = 1051 erg, n = 1cm−3, Z̃ = 1). This slightly reduces
the momentum of the lowest-metallicity SNe, but the effect is weak.

In FIRE-3, we also update the ionization state of shocked gas
in SNe (and stellar mass-loss) immediately, rather than waiting for
the cooling step later in the timestep; this produces negligible dif-
ferences.

3.9 Numerical Coupling of Stellar Mass-Loss

As with SNe, we update the numerical treatment of stellar mass-loss
(continuous OB/AGB-winds) using the additional Hopkins et al.
(2018a) Appendix E correction terms for kinetic energy, and up-
date the ionization states immediately in shocks; this generally has
a small effect for mass-loss.

In FIRE-2 we applied the same scaling for “PdV work” done
in an un-resolved momentum-conserving stage for SNe to stellar
mass-loss: this amounts to converting some coupled thermal energy
into kinetic, representing the work done by an energy-conserving
shell below the resolution limit and cooling radius, when that cool-
ing radius is unresolved. This importance of this term for SNe is
reviewed in Hopkins et al. (2018a). However, the scalings used (see
also Martizzi et al. 2015; Rosdahl et al. 2017; Haid et al. 2016)
assume discrete energy injection events, so quantities like the cool-
ing radius depend on Einjected ∼ 1051 erg. As such these scalings be-
come ill-defined in the true continuum limit for continuous stellar
mass-loss, if applied every timestep (where ∆Einjected ∼ Ė∆t is dis-
tributed continuously over a resolved extended period of time). In
that continuous limit the correct solution can be quite different (see
e.g. Weaver et al. 1977; McKee et al. 1984; Murray et al. 2005;
Faucher-Giguère & Quataert 2012). And it has long been recog-
nized empirically that observations of massive wind bubbles do not
appear to be consistent with a large energy-conserving phase which
could do significant “PdV” work (Harper-Clark & Murray 2009;
Lopez et al. 2011; Townsley et al. 2011; Rosen et al. 2014; Olivier
et al. 2020), and recent high-resolution simulations of individual
winds appear to support this (see Lancaster et al. 2021a,b, and ref-
erences therein). Since our simulations reach resolution sufficient
to resolve the stellar mass-loss timescales and outflow expansion
times, in FIRE-3 we simply couple the injected energy and momen-
tum for continuous mass-loss directly without assuming a sub-grid
conversion/“PdV work” model. This can have a significant effect in
some of our galaxies (not all), reducing stellar masses by as much
as a factor ∼ 2, in a highly non-linear manner: by effectively mak-
ing early stellar mass-loss feedback weaker (because less momen-
tum is coupled), self-gravitating gas clumps collapse slightly further
and form more stars before disrupting, leading to more bursty star
formation and more strongly clustered SNe explosions, which pro-
duces more effective galactic outflows (Fielding et al. 2017).

3.10 Star Formation Criteria

In FIRE-3, we allow star formation in gas which meets all of the
following three criteria:

(i) Self-Gravitating: Following Hopkins et al. (2013a),
we calculate the virial parameter αi(ti) ≡ (‖∇ ⊗ v‖2

i +
2[ki v f , i]2)/(8πGρi) at time ti, where ki ≡ 1/∆xi, is the cell
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Figure 6. Probability distribution function (PDF) of ISM gas densities n, for
the same controlled restart of a Milky Way-like galaxy (m12i) as Fig. 5,
for FIRE-2 (blue dotted) and FIRE-3 (black solid), again for gas inside
r < 10kpc. We compare the PDF weighted by gas mass (thin) and by star
formation rate (SFR; thick). FIRE-2 requires gas to exceed an explicit den-
sity threshold n > ncrit = 1000cm−3 to form stars, leading to the obvi-
ous “spike” at ∼ ncrit in the SFR-weighted PDF, and forcing some lower-
density gas to “pile up” at these densities before it can form stars (pro-
ducing the slightly-elevated high-n tail in the mass-weighted PDF). This
sharp numerical feature could artificially impose features on e.g. properties
of GMCs or star clusters formed. In FIRE-3, per § 3.10, we remove the ex-
plicit density threshold, allowing gas at any densities to fragment and form
stars if it is a converging flow, locally self-gravitating/bound at the resolu-
tion scale, and Jeans unstable with a thermal Jeans mass in the stellar mass
range. Although this still effectively restricts SF to dense, collapsing, cold
(T . 100K) gas, that gas can come from a wider range of n (with a median
to n ∼ 200− 300cm−3, at this resolution), without numerically “forcing”
that gas to get denser before it is assumed to fragment to stellar-mass scales.

wavenumber, ∆xi ≡ (ρi/mi)
1/3 the cell size in terms of the gas

cell density and mass, v2
f , i ≡ c2

s, i + v2
A, i is the fast wavespeed in

terms of the thermal sound speed cs, i and Alfvén speed vA, i, ∇⊗ v
the velocity gradient tensor and ‖∇⊗ v‖2 ≡

∑
i j |∇i ⊗ v j|2 the

Frobenius norm. The normalization is chosen so that α = KE/PE,
the ratio of kinetic to potential energy, exactly for a uniform
density/temperature sphere with a uniform velocity gradient tensor
(and this reduces to the usual Jeans criterion when kinetic energy
is negligible). Note this includes kinetic, thermal, and magnetic
energies explicitly: we do not include radiation or cosmic ray
energies as the diffusion/streaming escape time for those is vastly
faster than the free-fall time. We then require αi < 1.

(ii) Jeans Unstable: We require the thermal Jeans mass mJ, i ≈
M� (cs, i/0.2kms−1)3 (ρi/3000mp)

−1/2 be less than the maximum
of 100M� or the cell mass mi. Physically, this requires that ther-
mal fragmentation (which sets the smallest scale to which struc-
tures should fragment) should occur and can go down to un-resolved
scales (so resolved collapsing structures are still captured), or to the
mass scale of actual stars.

(iii) Converging Flow: Since star formation occurs via un-
resolved fragmentation in a turbulent medium, there is no reason
it should strictly require that the flow on larger (resolved) scales be
globally converging (Hopkins 2013b; Guszejnov & Hopkins 2016;
Vázquez-Semadeni et al. 2019), and indeed in simulations which
resolve ISM or GMC turbulence this tends to be an essentially
“stochastic” random variable on cloud scales (Hopkins et al. 2013a;
Murray et al. 2017). However, to help ensure against star formation
in regions being rapidly disrupted, we do not allow star formation in
cells with ∇· v > 0 (using our standard higher-order gradient esti-
mator) if the expansion timescale 1/∇·v is shorter than the longer
of the star formation or self-gravitating free-fall time (this is also
large enough to ensure spurious stochastic fluctuations do not dom-
inate). Conversely, to help ensure against artificially delaying star

formation in rapidly collapsing regions, we set the star formation
time to the minimum of the free-fall time or the compression time
−1/∇· v in regions with ∇· v < 0. We show in Appendix A1 that
this criterion is largely redundant with the existing virial+Jeans cri-
teria and has little effect on our results.

The effects of the different FIRE-3 and FIRE-2 star-formation
criteria on the density distribution of star-forming gas are illustrated
in Fig. 6. In FIRE-2, we adopted similar (slightly simpler) versions
of the self-gravity and Jeans criteria (see Hopkins et al. 2018b, Ap-
pendix C). The main difference in those particular criteria is the
slightly stricter (including magnetic energy and more accurately ac-
counting for thermal energy) version of the self-gravity criterion
in FIRE-3. However in FIRE-2 we also required the gas (1) ex-
ceed a density threshold n > 1000cm−3, and (2) was molecular
(scaling the SFR with the molecular mass fraction 2 fmol). How-
ever, regarding (1) as discussed in Hopkins et al. (2013a,b) and a
number of other studies, any constant-density SF threshold intro-
duces an arbitrary scale and resolution-dependence to the simula-
tion, which has no particular physical motivation, and as shown in
Grudić et al. (2019a, 2018b) this can imprint artificial features on
e.g. the density distribution and sizes of star clusters and GMCs.
Moreover it cannot deal well with situations like merging galaxy
nuclei where all gas exceeds the threshold, nor un-resolved frag-
mentation in clouds where the mean density is below-threshold but
local peaks would arise if one had sufficient resolution. In prac-
tice, the combination of a self-gravity and Jeans threshold sets a
strong effective density threshold; in Milky Way-like galaxies, us-
ing the FIRE-3 model, most of the star formation arises from gas
with nH ∼ 102−103 cm−3 at our standard resolution of∼ 7000M�
in Fig. 6, so SF is still strongly clustered and peaked in high-density
gas, without an arbitrary constant threshold applied. Regarding (2),
numerous studies (see e.g. Glover & Clark 2012) have consistently
shown that molecular gas does not necessarily play a causal role in
star formation: molecules simply serve as an effective tracer of gas
that is dense (self-gravitating) and able to self-shield and cool ef-
fectively to low temperatures (hence Jeans unstable). At best, then,
including a molecular SF criterion is redundant with our self-gravity
and Jeans criteria; at worst, scaling SF with fmol can artificially
suppress star formation in low-metallicity/high-redshift or irradi-
ated/starburst environments where molecule formation is inefficient
but atomic and/or dust cooling are still effective.

Note that we have experimented with various other criteria, to
be discussed in future work. In particular we have also explored
various “multi-free-fall” models from e.g. Padoan et al. (2012) (as
implemented in Semenov et al. 2018) or e.g. Federrath & Klessen
(2012) and Hopkins (2012) (as implemented in Nuñez-Castiñeyra
et al. 2020), in which the SF efficiency per freefall time is a continu-
ous function of the virial parameterα (and potentially Mach number
M) rather than a step function. However we find these models result
in some pathological behaviors applied outside of where they were
originally calibrated: the Padoan et al. (2012) model, for example,
predicts fully “normal” star formation (global galaxy-averaged ef-
ficiency ε > 0.01) in laminar hot halo or thick-disk hot gas with
negligible cooling and Toomre Q � 10 if the scale-lengths are
marginally resolved, while the Federrath & Klessen (2012) or Hop-
kins (2012) models predict extremely high efficiencies (ε� 1) in
un-bound gas which is part of a SNe shell or wind undergoing a free
expansion phase (with α� 1 butM� 1). Without re-calibrating
models for the range of galactic cases, we adopt the more conserva-
tive step-function in α.

3.11 Yields

SNe Ia: Although evidence has recently emerged for variation in
SNe Ia yields (Kirby et al. 2019; de los Reyes et al. 2020), the
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Figure 7. A few example yields (§ 3.11) for FIRE-2 (dotted) and FIRE-3
(solid) vs. SSP age for SNe (top, core-collapse (CC) at t < 44Myr and Ia
at later times, as Fig. 2) and continuous mass-loss (bottom; primarily O/B
at t . 30Myr and AGB later, as Fig. 3). Yields are defined as fraction fX
of ejecta mass in species X . The SNe yields do not depend significantly
on progenitor metallicity (differences between models are larger than the
mean trend); the AGB yields for CNO do, so we show both Solar (thick)
and 0.1Z� (thin) progenitor abundances. Ia yields are time-independent
as we assume all Ia’s are identical; core-collapse & mass-loss yields were
time/IMF-averaged in FIRE-2 but depend on progenitor mass and/or time
in FIRE-3. For core-collapse the time-dependence is important for detailed
abundance-ratio predictions but the IMF-integrated yields are similar. For
mass-loss, the progenitor metallicity-dependence of O was not captured in
FIRE-2, although this is a sub-dominant source of O compared to SNe.

models remain highly uncertain and the relevant species where dif-
ferences emerge can be modeled with our tracer-element approach
in post-processing (they do not have a large dynamical effect on
cooling), so we treat all Ia’s as identical explosions in-code, with
ejecta mass 1.4M�. In FIRE-2 we take the mass fraction in (Z, H,
He, C, N, O, Ne, Mg, Si, S, Ca, Fe) = (1, 0, 0, 3.50e-2, 8.57e-
7, 0.102, 3.21e-3, 6.14e-3, 0.111, 6.21e-2, 8.57e-3, 0.531) from
Iwamoto et al. (1999) (their “W7” model).

For consistency we update this to the newer results from the
same group using updated nuclear cross sections and reaction rates,
specifically averaging the W7 and WDD2 models from Leung &
Nomoto (2018) as advocated and updated in Mori et al. (2018) (who
argue direct SNe constraints are best matched by an equal mix of
these models), giving (Z, H, He, C, N, O, Ne, Mg, Si, S, Ca, Fe) =
(1, 0, 0, 1.76e-2, 2.10e-6, 7.36e-2, 2.02e-3, 6.21e-3, 0.146, 7.62e-
2, 1.29e-2, 0.558). For all species which we follow where Ia’s have
any significant contribution to galactic abundances, this is extremely
similar to yields from other groups such as the favored N100 model
in Seitenzahl et al. (2013). The effect of changing the Ia yield is
minimal (see Fig. 7).

Core-collapse SNe: In FIRE-2 (per Hopkins et al. (2018b),
Appendix A) we adopted IMF-averaged yields for core-collapse
SNe (CCSNe) from Nomoto et al. (2006), treating each CC-
SNe identically, with total mass M = 10.5M� and mass frac-

tions (He, C, N, O, Ne, Mg, Si, S, Ca, Fe) = (3.87, 0.133,
0.0479 MAX[Z/Z�, 1.65], 1.17, 0.30, 0.0987, 0.0933, 0.0397,
0.00458, 0.0741). Here we update our fits to account for the fact
that CCSNe at different SSP ages correspond to different progeni-
tor masses and therefore different yields. Because each star particle
represents a well-sampled IMF, it is convenient to parameterize the
yields as a function of SSP age t and progenitor metallicity.

We compare the time-dependent SNe yields from four inde-
pendent sources: the NuGrid compilation (Pignatari et al. 2016),
S16 (Sukhbold et al. 2016), N13 (Nomoto et al. 2013), and LC18
(Limongi & Chieffi 2018, using the interpolation in rotation rates
as a function of mass and metallicity from Prantzos et al. 2018). Of
these, the compilation of S16 samples much more densely in pro-
genitor mass, and importantly is the only model set that includes the
entire progenitor mass range of interest from ∼ 8−120M�, so we
use this as our baseline to define the time dependence at solar metal-
licity. Beginning from the S16 tables for stellar mass-loss and ejecta
yields at different stellar masses, we add late-stage, post-He burn-
ing wind production of intermediate and heavy elements (after sub-
tracting the progenitor surface abundance mass loss) to SNe ejecta,
as these come in an extremely short period of time pre-explosion
and are not included in our OB mass-loss yields, and sum differ-
ent stable isotopes. We then re-bin the model grid weighting by our
adopted IMF and the model sampling, with narrow bins sampling
broadly similar explosion times and equal numbers of models, since
the models can have sharp discontinuous behaviors with ∆M as
small as 0.1M� which our galaxy-scale simulations cannot resolve.
We then use a mass-lifetime relation consistent with the adopted
Leitherer et al. (2014) isochrones used for SNe rates to map to time
of explosion, and re-bin the time intervals to sample uniformly in
time, and re-normalize ejecta masses of H & He to match those as-
sumed in the Leitherer et al. (2014) models (as these are sensitive
to the mass-loss models) conserving heavy-element masses, then
fit each to a five-component piecewise power-law. At solar abun-
dances, most of the models agree at least qualitatively once this is
done.

However, there are a couple of species, most notably Mg,
where the models from S16 (and related models from the same
group, including NuGrid and Woosley & Weaver 1995) pro-
duce systematically low IMF-integrated yields (such that the IMF-
averaged core-collapse-only yield of Mg from S16 gives [Mg/Fe].
0, and thus it is essentially impossible to produce α-enhanced popu-
lations as observed; see discussion in Ma et al. 2016 and Muley et al.
2020). This arises in part because of the assumption in these models
that most more massive stars (& 20M�) do not explode, giving rise
to low “effective” yields. We therefore more carefully interpolate
these yields only between the models that do explode and extrapo-
late this to stars that we assume to explode in our SNe rate models
(but not in S16). This increases the IMF-integrated yields for Mg,
Ne, and Si to be closer to those from models like N13 which adopt
a somewhat higher mass threshold for implosion.

Finally, we follow a similar procedure to FIRE-2 to evalu-
ate whether any predicted dependence on progenitor metallicity is
robust: specifically, we compare the three model sets which sam-
ple a range of progenitor Z at fixed progenitor mass M (NuGrid,
N13, and LC18). We fit each Z dependence to a linear or quadric
in log-space and ask whether all three models are consistent with
the same sign of the dependence (e.g. whether all are statistically
consistent with a yield that increases, or decreases, with progen-
itor Z). We find that almost no species passes this test: all three
models predict a weak enhancement in O yield (∝ Z−(0−0.2)) from
intermediate-mass (15− 25M�) stars at low progenitor Z, but oth-
erwise the models either disagree on the qualitative sign of the Z
dependence or predict no trend. We therefore default to assum-
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Table 1. Fitting-Function Coefficients for Core-Collapse
Yields in Eq. 7

Species acc, j,1 acc, j,2 acc, j,3 acc, j,4 acc, j,5

He 0.461 0.330 0.358 0.365 0.359
C 0.237 8.57e-3 1.69e-2 9.33e-3 4.47e-3
N 1.07e-2 3.48e-3 3.44e-4 3.72e-3 3.50e-3
O 9.53e-2 0.102 9.85e-2 1.73e-2 8.20e-3
Ne 2.60e-2 2.20e-2 1.93e-2 2.70e-3 2.75e-3
Mg 2.89e-2 1.25e-2 5.77e-3 1.03e-3 1.03e-3
Si 4.12e-4 7.69e-3 8.73e-3 2.23e-3 1.18e-3
S 3.63e-4 5.61e-3 5.49e-3 1.26e-3 5.75e-4
Ca 4.28e-5 3.21e-4 6.00e-4 1.84e-4 9.64e-5
Fe 5.46e-4 2.18e-3 1.08e-2 4.57e-3 1.83e-3

Time Boundaries tcc, j,n [Myr]
– tcc, j,1 tcc, j,2 tcc, j,3 tcc, j,4 tcc, j,5
– 3.7 8 18 30 44

ing no progenitor-Z dependence for metal yields. These models
and the STARBURST99 isochrones used for the CC rates (§ 3.3)
do consistently predict a very weak dependence of ejecta energy
on progenitor Z with the median best-fit E = εz 1051 erg, where
εz ≈ max[(z̃ + 10−4)−0.12, 1], though any small effects of this are
almost entirely offset by the slightly weaker dependence of SNe
terminal momentum on metallicity adopted in FIRE-3 (§ 3.8).

The total ejecta mass per event is well-fit by Mej =
10M� (t/6.5Myr)−ψCCM with ψCCM = 2.22 for t ≤ 6.5 Myr and
ψCCM = 0.267 for t > 6.5Myr. The metal yields in dimensionless
mass-fraction-of-ejecta units ycc, j for species j are fit by continuous
piecewise power-laws of the form:

ycc, j =



0 (t ≤ tcc, j,1)

acc, j,1 (t/tcc, j,1)
ψcc, j,1 (tcc, j,1 < t ≤ tcc, j,2)

... ...

acc, j,n (t/tcc, j,n)
ψcc, j,n (tcc, j,n < t ≤ tcc, j,n+1)

0 (t ≥ tcc, j,n+1)

(7)

withψcc, j,n≡ ln(acc, j,n+1/acc, j,n)/ ln(tcc, j,n+1/tcc, j,n), and tcc, j =(3.7,
8, 18, 30, 44) Myr. The coefficients acc, j,n for species tabulated are
given in Table 1.

The results for a couple species of interest are shown in Fig. 7.
While the IMF-integrated yields are broadly similar to FIRE-2, the
progenitor mass-dependence can lead to a order-of-magnitude dif-
ferent ratios of e.g. [Mg/O] or [Mg/Fe] for SNe which explode at
different SSP ages, which is important for predicting detailed inter-
nal abundance patterns and spreads of galaxies (Muley et al. 2020).

Stellar Mass-Loss: Continuous mass-loss yields (from e.g.
OB and AGB outflows) are treated as follows. Given some total
mass-loss rate Ṁ, the mass fraction in each species X is given by
fX. For heavy elements, models predict negligible enrichment in
dredged-up outflows, so fX = fX,0, the initial surface abundance.
Of the species tracked, however, we follow more complicated re-
turns for He, C, N, O. In FIRE-2 we adopted the age-independent
stellar mass (IMF) and Hubble-time-integrated values given in Hop-
kins et al. (2018b) Appendix A: ( fHe, fC, fN, fO)=(0.36, 0.016,
0.0041, 0.0118 MAX[Z/Z�, 1.65]). This notably ignores any dis-
tinction between OB and AGB outflows, let alone more detailed
progenitor mass (hence time, in a population sense) dependence. In
FIRE-3, we update this to follow the full time-dependence follow-
ing the combination of the same models used for the mass-loss rate
tabulation from Leitherer et al. (2014) and a comparison yield set
given by the compilation of AGB+OB winds from Cristallo et al.
(2015) and Limongi & Chieffi (2018) as sampled and interpolated
after calibration to observational constraints on rotation and other
properties in Prantzos et al. (2018). We follow a similar procedure

as for CCSNe to rebin the latter models in time, and to vet the metal-
licity dependence, including only dependences where both models
are consistent with the same sign of the progenitor metallicity de-
pendence (and in those cases using the mean of the logarithmic de-
pendence of yield on progenitor Z).

While we could use a pure look-up table for the yields, we
prefer to parameterize these in the following manner, as it aids in
physical interpretation and also guarantees against un-physical ex-
trapolation of yields beyond pre-computed values in the references
above. For He, fHe = fHe,0 (1− yHeC) + yHHe fH,0, i.e. some He can
be lost to heavier species (yHeC) and some produced by H burning
(yHHe). For N, fN = fN,0 + yCN fC,0 + yON fO,0, i.e. we model sec-
ondary production of N from both initial C and O. For C and O,
fC = fC,0 (1−yCN)+yHeC fHe,0 +yHC fH,0 (1−yHHe), fO = fO,0 (1−
yON), i.e. the amount going into secondary N is lost (subtracted)
while some primary C is produced. In the above, yHeC = yHC,
yCN = MIN[1, 0.5yCNO (1 + xOC)], yON = yCNO +(yCNO− yCN)x−1

OC ,
xOC = fO,0/ fC,0. The yields are then entirely determined by the ini-
tial abundances and yHHe, yCNO, yHC which can be fit as a function of
population age and metallicity to continuous piecewise power-laws
similar to those used for the wind mass-loss rates,

y j=(HHe,CNO,HC) =


a j,1 (t/t j,1)

ψ j,0 (t ≤ t j,1)

a j,1 (t/t j,1)
ψ j,1 (t j,1 < t ≤ t j,2)

... ...

a j,n (t/t j,n)
ψ j,n (t j,n < t ≤ t j,n+1)

(8)

with ψ j,n ≡ ln(a j,n+1/a j,n)/ ln(t j,n+1/t j,n) required by continu-
ity for n > 0. For yHHe: ψHHe,0 = 3, tHHe,n =(0.0028, 0.01, 2.3,
3.0, 100) Gyr, aHHe,n =(0.4 MIN[(zCNO + 0.001)0.6, 2] , 0.08, 0.07,
0.042, 0.042). For yCNO: ψCNO,0 = 3.5, tCNO,n =(0.001, 0.0028,
0.05, 1.9, 14, 100) Gyr, aCNO,n =(0.2 MIN[z2

CNO + 10−4, 0.9], 0.68
MIN[(zCNO + 0.001)0.1, 0.9] , 0.4, 0.23, 0.065, 0.065). For yHC:
ψHC,0 = 3, tHC,n =(0.005, 0.04, 10, 100) Gyr, aHC,n =(10−6, 0.001,
0.005, 0.005). These are summarized in Table 2. Here the metal-
licity of primary interest is the CNO metallicity, as this drives
the dependence of the light element fusion, so we take zCNO =
(ZC,0 + ZN,0 + ZO,0)/(ZC + ZN + ZO)�.

The resulting fits for CNO are shown in Fig. 7. The dynami-
cal effect of the new yields is minimal given the smaller mass-loss
rates relative to FIRE-2, but they capture a number of phenomena in
detail (with both time and progenitor-metallicity dependence) that
were not captured in FIRE-2, and the new fits are more robust to
prevent extrapolation to un-physical regimes (e.g. excessive N re-
turn at high progenitor Z if C and O are relatively depleted).

3.12 Optional Physics: Cosmic Rays

As noted above, some FIRE-3 simulations explicitly evolve the cos-
mic ray (CR) population and dynamics. While our focus here is
on the “default” FIRE-3 methods, we summarize the default CR
implementation for completeness. In FIRE-2 simulations with ex-
plicit CR dynamics (Su et al. 2019, 2020, 2021; Chan et al. 2019,
2021; Hopkins et al. 2020b, 2021e,f,g; Ji et al. 2020, 2021; Trapp
et al. 2021), we treated CRs with a simplified approximation de-
veloped in Chan et al. (2019): we evolved just the total CR en-
ergy density as a relativistic fluid obeying a simple two-moment
equation with a somewhat ad-hoc “streaming plus diffusion” ap-
proximation. In FIRE-3 simulations including CR dynamics, our
treatment of CRs is updated to match that presented in Hopkins
et al. (2021c): we evolve the full CR distribution function/spectrum
for multiple species with a recently-derived rigorous two-moment
formulation including all terms up to leading order in O(u/c)
(where u is the MHD fluid velocity). Specifically, we explicitly
evolve the distribution function of a gyrotropic population of CRs
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Table 2. Fitting-Function Coefficients for Stellar Mass-Loss Yields in Eq. 8

Term x j,1 x j,2 x j,3 x j,4 x j,5 x j,6

HHe (yHHe; ψHHe,0 = 3)
tHHe,n [Gyr] 0.0028 0.01 2.3 3.0 100 –
aHHe,n 0.4 MIN[(zCNO + 0.001)0.6, 2] 0.08 0.07 0.042 0.042 –
CNO (yCNO; ψCNO,0 = 3.5)
tCNO,n [Gyr] 0.001 0.0028 0.05 1.9 14 100
aCNO,n 0.2 MIN[z2

CNO + 10−4, 0.9] 0.68 MIN[(zCNO + 0.001)0.1, 0.9] 0.4 0.23 0.065 0.065
HC (yHC; ψHC,0 = 3)
tHC,n [Gyr] 0.005 0.04 10 100 – –
aHC,n 10−6 0.001 0.005 0.005 – –

f = f (x, p, t, s, ...) as a function of time t, position x, CR mo-
mentum/rigidity/energy p, and species s, using the two-moment
closure scheme derived formally from the full CR equations of
motion in Hopkins et al. (2021a), which accurately captures both
the strong-scattering and free-streaming regimes, with the appropri-
ate (anisotropic) forces on the gas from Lorentz force and parallel
scattering terms and thermalized collisional/radiative losses as de-
scribed in Hopkins et al. (2021c). We follow the full CR spectrum
from ∼MeV-TeV energies, including all relevant adiabatic, diffu-
sive re-acceleration, streaming loss, catastrophic, spallation, pio-
nic, annihilation, radioactive decay, ionization, Coulomb, secondary
production, and radiative loss (inverse Compton, Bremstrahhlung,
synchrotron) processes, using the local plasma properties (e.g. B,
nion, urad) determined self-consistently in-code. First-order Fermi
acceleration is treated as injection with a single power-law spectrum
∝R−4.2 in rigidity, with 10% of the initial ejecta kinetic energy from
SNe and fast stellar winds injected at reverse shock formation (and
2% of that in leptons). Following standard practice in the Galactic
CR literature, by default in FIRE-3 we assume the effective (pitch-
angle averaged) scattering rate can be approximated with a simple
power-law as ν̄ = 10−9 s−1β (R/GV)−0.6 (though variations with
spatially-variable diffusion coefficients, such as those in Hopkins
et al. 2021d, can be studied as well). This is calibrated in Hopkins
et al. (2021c) to simultaneously reproduce, for MW-like galaxies,
observations of the CR spectra, γ-ray emissivities, ionization rates,
and secondary-to-primary ratios for a wide range of species (elec-
trons, positrons, protons/H, anti-protons, 7Be, 9Be, 10Be, B, C, N,
O) at energies∼MeV-TeV. In FIRE-3, if we are not trying to model
specific MW observations, we only explicitly simulate the proton
and electron spectra (sufficient for predicting observables such as
synchrotron, γ-ray emission, as well as CR effects on gas).

3.13 Optional Physics: Black Holes

A number of FIRE-3 simulations will also include supermassive
BHs/AGN growth and feedback processes, as compared to the
purely stellar feedback processes described above. All of the nu-
merical methods used for our BH simulations have been presented
and extensively tested in a series of papers (Hopkins & Quataert
2010a,b, 2011; Hopkins et al. 2016, 2021b; Anglés-Alcázar et al.
2017c; Angles-Alcazar et al. 2020; Su et al. 2020, 2021; Torrey
et al. 2020; Grudić et al. 2020; Guszejnov et al. 2021; Ma et al.
2021; Wellons 2021). However many of these studies only consid-
ered one aspect of BH growth or feedback or dynamics, and others
considered or compared a variety of methods. Therefore for clar-
ity and convenient reference we summarize the complete default
numerical implementation of BHs adopted for FIRE-3 simulations
with “live BHs” here. This is largely motivated by the theoretically
and empirically preferred models identified in the extensive study of
∼ 1000 FIRE-2 simulations in Wellons (2021) and Su et al. (2021).

3.13.1 Seeding, Dynamics, & Mergers

(i) Seeding: When a gas cell meets all criteria to create a
star particle of mass ∆m, it can instead be converted into a
BH seed with a probability strongly weighted to high acceler-
ation/surface density scales and low metallicities, pBH ≡ [1 −
exp{−(∆m/M0) fs,Z(Z/Zs,0) fs,a(āgrav/ās,0)}]Θ. Here Θ = 0 or
= 1 is a step function which requires (1) the cell meets all of the star
formation criteria (the gas flow is locally-converging, the cell is self-
gravitating and bound including thermal+kinetic+magnetic support,
and Jeans unstable); (2) no other BH already exists within a dis-
tance r = 10Rs,0; and (3) the local acceleration scale āgrav ≡ |〈a(<
Rs,0)grav〉| ≡GMenc, tot(r < Rs,0)/R2

s,0 (where Menc, tot(r<Rs,0) is the
total mass of all species inside Rs,0) exceeds 0.01 ās,0. The func-
tions fs,Z(x) = (1 + x + x2/2)−1 and fs,a(x) ≡ 1− exp(−x2) are
arbitrary but chosen to give a steep (but not step-function like) cut-
off at Z > Zs,0 and āgrav < ās,0, where we choose Zs,0 = 0.001 and
ās,0 = 2〈ṗ∗/m∗〉 ∼ 2× 10−7 cms−2 (equivalent to an “effective
surface density” Σeff ≡ Menc, tot(r < Rs,0)/πR2

s,0 ∼ 5000M� pc−2,
with 〈 ṗ∗/m∗〉 defined below). We take Rs,0 ≡ MAX[100pc, Hs]
(where Hs is the interaction kernel12 radius of compact support)
and M0 ≈ 106 M� (a constant which determines the average num-
ber of seeds formed per unit stellar mass). This is motivated by
models where BHs form preferentially in very high-acceleration (or
high-surface density/“gravitational pressure”) regions where dense,
bound/long-lived star clusters form (Grudić et al. 2018a, 2019a; Li
et al. 2019; Shi et al. 2020; Ma et al. 2021), ensuring they do not
simply “wander” about the galaxy as random stars. All seeds are
formed with an initial BH mass MBH = 100M�, zero “reservoir”
mass, and total dynamical mass of the spawning cell.

(ii) Dynamics: BHs follow the usual gravity equations with force
softening set to 1/2 the minimum star particle softening. As shown
explicitly in Ma et al. (2021), realistic IMBHs cannot efficiently
“sink” under the influence of dynamical friction if they are “free
wandering” through the galaxy in a timescale shorter than the
Hubble time unless they are already super-massive, with masses
& 107 M� (where our numerical resolution can easily capture the
relevant dynamical friction processes). But IMBHs as low mass
as ∼ 100M� can remain firmly “anchored” (modulo effects like
gravitational recoil from mergers) at the center of dense, bound
star clusters where (by construction) we attempt to model their for-
mation. However, at FIRE resolution, we only marginally resolve
dense star clusters and certainly cannot resolve processes important
to this “anchoring” like mass segregation and core collapse within
the cluster (which depend on individual stellar N-body processes in
the cluster center), so we employ the method from Wellons (2021)
where the BHs are artificially “drifted” at a fraction of the local ve-
locity dispersion towards the local stellar+DM+BH binding-energy

12 A cubic spline with Hs = 4∆xgas where ∆xgas is the mean inter-gas-cell
spacing of the cells inside the kernel.
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extremum, in order to prevent them from being artificially ejected
from under-resolved clusters.

Within the interaction kernel of the BH “a,” it identifies all colli-
sionless (star, DM, BH) neighbors “b” (we exclude gas because the
gas can be in outflows up to∼ 105 kms−1, which easily leads to spu-
rious “forces”), and identifies the neighbor with the minimum total
energy (not potential) in the frame of the BH, weighted by a spa-
tial kernel, i.e. the minimum of Ψb ≡ w̃−1

ab (Φb + (1/2) |vb− va|2)
(where w̃ab ≡ 1 + |xb− xa|2 (h−2

a + [4εa]−2), with ha ∼ Ha/3 the
mean inter-particle separation in the kernel and εa the BH force
softening above). This prevents the BH being “pulled” to neigh-
bors moving with very large velocities (which can easily occur
in e.g. mergers) or very large separations. The BH then does not
“jump” to position xb but moves smoothly, with xa → xa + (xb−
xa)(1− exp[−vs ∆ta/|xb−xa|])≈ xa + x̂ba vs ∆ta where ∆ta is the
timestep, and vs = MAX(v f f , c0) with c0 = 10kms−1 (a typical
sound speed, set as a minimum) and v2

f f = −2Ψb (the free-fall ve-
locity into the local potential minimum). This effective velocity is
artificial, and strong kicks can still produce “over-shoot” of BHs,
so it decays as va→ va + 〈δv〉(1−exp[−as ∆ta/|δv|]), where 〈δv〉
is the mean kernel-weighted relative velocity of the particles b, and
as = MIN[|δv|/τ , MAX[GMk

a/H2
a ,−2Ψb/Ha]] (where Mk

a is the
total mass in the kernel, so the latter two terms represent two esti-
mates of the local free-fall acceleration on the scale of the kernel
Ha, and the decay time of the velocity is limited by the |δv|/τ term
to not be faster than τ ≡ 1Myr).

(iii) Mergers: Similarly, because we cannot resolve their small-
scale dynamics, two BH particles are merged in a timestep (conserv-
ing all relevant quantities) if they reside within the same interaction
kernel, have overlapping force softenings, and are gravitationally
bound to one another.

(iv) Timesteps: In addition to all the usual dynamical timestep
criteria (for gravity, etc.), we impose additional timestep restric-
tions on the BH particles to ensure (1) their accretion rate and/or
wind outflow rates do not exceed the equivalent mass flux of < 0.1
gas element per timestep, that (2) the BH and/or disk cannot grow
by more than ∼ 1% per timestep, and (3) that the BH cannot take
a longer timestep than the shortest timestep of an interacting gas
element.

3.13.2 Accretion

BH accretion follows the methods described in Wellons (2021).
Each BH particle evolves an accretion “reservoir” (e.g. an un-
resolved Shakura & Sunyaev 1973-type disk) of mass Macc, separate
BH mass MBH, and total bound dynamical mass Mdyn = mi.

Accretion from the ISM: The reservoir accretes continuously
from the surrounding gas at a rate

Ṁacc ≡ ηacc
(
1− fw,∗

)
Mgas Ω (9)

ηacc ≡
0.01[(MBH + Macc)/Md]1/6

1 + 3(Mgas/Md)(Md/109 M�)1/3 (10)

fw,∗ ≡
[

1 +
āgrav

〈ṗ∗/m∗〉

]−1

(11)

where Mgas, Md, Ω =
√

GMenc, tot/R3 refer to the gas and disk
mass and dynamical frequency evaluated within a radius R.13 The

13 We measure properties such as Mgas, Md, Ω inside the BH interaction
kernel (R = Hs). We estimate the “disk” mass Md following Hopkins &
Quataert (2011), assuming cold gas forms a disk and using the total an-
gular momentum Jtot,∗ of collisionless stars (and dark matter) in the ker-
nel to decompose into an isotropic+thin disk combination with Md,∗ =
min[Mtot,∗, 7 |Jtot,∗|/4(GMtot,∗R)1/2]. Alternatively we can use the kine-
matic decomposition in Anglés-Alcázar et al. (2017a,c), with similar results,
but some extra computational cost.

efficiency parameter ηacc is calibrated from orders-of-magnitude
higher-resolution simulations in Lodato & Natarajan (2006); Levine
et al. (2010); Hopkins & Quataert (2010b, 2011, 2010a); Hopkins
et al. (2016, 2021b); Angles-Alcazar et al. (2020) that directly re-
solve gas inflows on scales between the “true” accretion disk and
resolved scales here (∼ 0.01− 100pc), and physically represents
the effects of dominant “gravitational torques” driving angular mo-
mentum loss in gas as the key accretion process (Angles-Alcazar
et al. 2020). The term fw,∗ represents the fraction of gas lost by
ejection from stellar feedback on un-resolved scales before reach-
ing the accretion disk, calibrated again to high-resolution simula-
tions (Grudić et al. 2018a; Wada et al. 2009; Hopkins et al. 2016;
for a review see Hopkins et al. 2021b): here āgrav/〈 ṗ/m∗〉 is just the
dimensionless ratio of the gravitational acceleration inwards āgrav

to the momentum flux per unit mass 〈ṗ∗/m∗〉 ∼ 10−7 cms−2 from
e.g. radiation and winds from a young stellar population, which de-
termines what fraction of the gas inside the un-resolved kernel can
remain bound (Colín et al. 2013; Gavagnin et al. 2017; Geen et al.
2017; Kim et al. 2018; Grudić & Hopkins 2019). Finally, we ac-
count for the fact that if Macc � MBH the newly-accreted reservoir
gas would fragment and form stars (e.g. Goodman 2003), so we im-
pose an upper limit Macc ≤ 10MBH and do not allow accretion into
the reservoir to exceed this, but this has weak effects.

Accretion onto the BH: Motivated by a simple analytic Shakura
& Sunyaev (1973) α-disk model, the BH then accretes from the
reservoir at a rate

ṀBH ≡
Macc

tacc
(12)

tacc ≡ 42Myr
[

1 +
MBH

Macc

]0.4

(13)

We have tested making tacc a factor ∼ 10 shorter, or changing the
power-law index from 0.4 to 0 or 1, which have small effects (al-
though changing the normalization by large factors does somewhat
regulate the “burstiness” of feedback, see e.g. Rosas-Guevara et al.
2015); the salient feature is that ṀBH becomes comparable to the
Eddington limit when Macc ∼ MBH, and smaller when Macc is very
small. Because this expression naturally asymptotes at around the
Eddington limit for a massive disk, we find it makes no difference
to our results if we impose a strict Eddington limit to accretion (and
therefore opt not to do so).

Angular Momentum: We track the total angular momentum JS

of each sink (mass MS = MBH +Macc). When the sinks lose mass (to
e.g. outflows or radiation), lacking information about detailed angu-
lar momentum transport within the sink, we simply assume the mass
lost carries the same specific angular momentum, i.e. jS = JS/MS

is constant. When two sinks are merged, JS is added directly, along
with the total angular momentum of the pair of sinks in the center-
of-mass frame (exactly conserving total J following Hubber et al.
2013). Because the accretion rate Ṁacc is calculated continuously
from the integral/mean gas properties within the BH kernel, we up-
date JS → JS + (Ṁacc ∆t)〈jkernel〉 from accretion continuously as-
suming the accreted gas has the same mean specific angular mo-
mentum of the gas in the kernel 〈jkernel〉.

We refer to Wellons (2021) for an extensive survey of accre-
tion models, but simply note as reviewed therein that our default
model is both well-motivated physically by basic physical argu-
ments (e.g. angular momentum transfer physics), but it also pro-
vides a much better match to small-scale simulations compared to
e.g. Bondi-Hoyle scalings (which can be incorrect by ∼ 4− 8 or-
ders of magnitude in regimes where they do not apply),14 as well as
BH-host galaxy scaling relations.

14 It is worth noting that our favored accretion model does reduce, up to the
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Figure 8. Comparison of a fully-cosmological FIRE-2 (with MHD active,
or pure hydrodynamic [HD]) and FIRE-3 simulations of an LMC-mass
dwarf galaxy (m11i) from z ∼ 100 to z = 0 (see § 4). Top: Archeologi-
cal SFR vs. cosmic time (averaged in ∼ 100Myr intervals). Second: Stellar
mass vs. scale factor a. Numbers give the value log(M∗/M�) at z = 0.
Third: Mean stellar metallicity vs. a. Numbers give 〈[Z∗/H]〉 at z = 0.
Fourth: Spherically-averaged radial density profile of all mass (including
dark-matter; thin) and baryonic (thick) at z = 0, versus galacto-centric ra-
dius r. Numbers give the stellar effective radius Reff,∗ in kpc at z = 0. Bot-
tom: Circular velocity (V 2

c ≡GMtot(< r)/r) profile. In FIRE-2 and FIRE-3,
MHD effects are weak. FIRE-3 features slightly more early (high-z) star for-
mation in small dwarf progenitors, compared to FIRE-2, owing to improve-
ments in the UVB, metal-free cooling physics, star formation criteria, SNe
treatment, and stellar isochrones (see § 4).

3.13.3 Feedback

Radiative Feedback: We assume the accretion disk emits a bolo-
metric luminosity

ĖBH
rad ≡ L≡ εBH

r ṀBH c2 (14)

with εBH
r = 0.1 by default. This is injected at the BH location, then

the radiation transport and its effects are numerically treated with
the same RHD method as the stellar radiative feedback (Hopkins
et al. 2020a), assuming the template from Shen et al. (2020) for
an un-obscured AGN spectrum at wavelengths from radio through
γ-rays, so it self-consistently couples to dust (accounting for sub-
limation above dust temperatures Tdust > Tsub ≈ 2000K), photo-
electric, photo-ionization, Lyman-Werner, and Compton heating
mechanisms,15 as well as single and multiple-scattering radiation
pressure (with the total coupled photon momentum flux usually
∼ 1L/c). The fraction of the mass converted into radiation (=
[εBH

r /(1− εBH
r )]ṀBH) is removed from the reservoir.

Mechanical Feedback (Non-Relativistic): Non-relativistic
mechanical outflows from the accretion disk are treated with the
numerical method described in detail in Grudić et al. (2020) (see
also Su et al. 2021; Wellons 2021). We assume an outflow with
mass-loading

Ṁw,BH = ṀBH (15)

is launched from the disk, with an at-launch velocity

vw = v3000 3000kms−1, (16)

giving a kinetic energy-loading

ĖBH
w ≡ εBH

w ṀBH c2 ≈ 5×10−5 v2
3000 ṀBH c2 (17)

corresponding momentum-loading ∼ 0.1v3000 L/c, and a much
smaller specific internal thermal (Tw ∼ 104 K) and magnetic (Bw

set to the local ambient ISM value) energy.16 The mass Ṁw,BH

is removed from the reservoir and injected onto the domain via
the creation or spawning of new hyper-resolved wind-cells which
are created around the BH with the desired mass, energy, veloc-
ity, etc. These hyper-cells have an initial mass resolution ∼ 1000
times better than the typical gas cell mass ∆m0 in our simulations
(∆mhyper ≈ 0.001∆m0), designed to ensure that phenomena such

usual order-unity-prefactor ambiguity, to the Bondi-Hoyle accretion rate in
the limit where Bondi-Hoyle accretion would actually be the correct sub-
grid accretion model: namely when the Bondi radius is resolved, the BH
dominates the gravity (over gas+stars+dark matter) on resolved scales and
gas self-gravity is negligible, the gas is homogeneous, and gas has negligible
angular momentum. But our accretion rate estimator is also valid in limits
where e.g. gas is in a cold, self-gravitating disk, a situation in which the
Bondi-Hoyle estimator fails catastrophically.
15 In our default LEBRON RHD method, photo-ionization essentially fol-
lows a Stromgren approximation around the BH with (for our spectral tem-
plate) Ṅion = 5.5× 1054 s−1 (Lbol/1045 ergs−1). Photo-electric heating is
evolved but only important for shifting gas from CNM to WNM (temper-
atures < 104 K) in a narrow range around the BH before the UV flux is
fully-absorbed by dust. For the Compton terms we calculate an obscuration-
independent Compton temperature ≈ 4× 107 K (see also Sazonov et al.
2004) with appropriate heating/cooling rates as a function of the local ra-
diation energy density (Faucher-Giguère & Quataert 2012). For radiation
pressure, we first calculate the short-range single-scattering absorption as
L0

abs = (1− e−〈τν〉)L with 〈τν〉 evaluated from the flux-mean opacity in
the kernel around the emitting particle, before propagating the un-absorbed
and re-radiated luminosity. Given our resolution limitations we make the
conservative assumption that single-scattering occurs within this kernel and
only re-radiated IR (LIR = L0

abs) is allowed to exert radiation pressure out-
side the kernel (acceleration a = κF/c = κIR LIR r̂/(4π cr2)).
16 Metallicity and other “passive” scalar fields are also taken to have ambi-
ent ISM values.
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Figure 9. Comparison of the z = 0 stellar masses of a subset of initial FIRE-
3 simulations compared to their identical counterparts run with the FIRE-
2 models, as a function of peak halo mass (only centrals plotted, so this
is present virial mass). We compare observational constraints from abun-
dance matching, lensing, & kinematics (shaded). Brook et al. (2014) from
the local group, and Read et al. (2017) from local field (lighter region is
extrapolated) do not consider scatter in M∗(Mhalo), so shaded range shows
the uncertainty in their mean relation. Nadler et al. (2020) and Behroozi
et al. (2019) explicitly model scatter so we show the±1σ (darker) and±2σ
(lighter) regime. Note the absolute values here can be significantly altered
by other physics (e.g. cosmic rays, AGN). But consistent with Fig. 8, we
see very similar masses at intermediate/high halo masses, while for small
dwarfs with [Z/H].−2 we somewhat enhanced star formation in FIRE-3.

as diffuse jet/wind cavities and reverse shocks can be resolved; they
are de-refined when they mix fully with ambient gas. The outflows
are perfectly-collimated at injection, with positions and velocities
following along the bipolar axis jS of the net specific angular mo-
mentum of the BH, spawned symmetrically (in pairs with at most
one pair per timestep) to ensure manifest linear momentum conser-
vation.

Jets (Relativistic Mechanical Feedback): In simulations
which explicitly evolve CR dynamics, relativistic jets are treated
as in Su et al. (2021) by injecting CRs in an infinitely-collimated
jet, attached to the spawned mechanical feedback hyper-cells. The
injection properties (e.g. spectral shapes) are, for simplicity, taken
to be identical to acceleration in SNe shocks (§ 3.12), except the CR
acceleration efficiency is given by

ĖBH
cr ≡ εBH

cr ṀBH c2 (18)

with (by default) εBH
cr ∼ 10−3. This corresponds to ∼ 0.2− 2% of

the kinetic energy of accreting gas at the ISCO, depending on BH
spin (as compared to e.g. the canonical∼ 10% of SNe shock energy
which goes into accelerating CRs). Again, the rest mass converted
into energy is removed from the reservoir.

4 ILLUSTRATIVE EXAMPLE OF THE EFFECTS ON
GALAXY FORMATION

Fig. 8 shows a preliminary example of the combined effect of all
of the updates to the “default” FIRE-3 model synthesized in this
paper on a fully-cosmological simulation. Specifically, we simu-
late the halo m11i from Hopkins et al. (2018b, 2020b); El-Badry
et al. (2018a), which was well-studied in FIRE-2, with the default
or “base” version of the FIRE-3 code (e.g. not including explicit
CR dynamics or BHs), from its cosmological initial condition at
z∼ 100 to z = 0 (with mass resolution∼ 7000M�). This is a dwarf
galaxy with a final stellar mass broadly similar to e.g. the LMC, and
a convenient test owing to (a) relatively low computational cost and
(b) being intermediate-mass (low-enough mass that e.g. metallicity-
dependence and UVB effects can be important, but high-enough

mass that it has sustained star formation to z = 0 and non-trivial gas
phase structure).

We stress that it is not our intention in this paper to present a
detailed survey of the effects of the updated FIRE-3 physics on all
galaxy formation properties, halo masses, etc., nor is it to present
a new “suite” of simulations – rather it is to clearly document the
changes in the code from FIRE-2, and provide useful fitting func-
tions for all of the various terms (updated cooling functions, stel-
lar evolution tabulations, yields, etc.) for use by the community.
Nonetheless it is useful to see at least one example of how the col-
lective effect of these changes influences the formation of a galaxy.

We compare both the MHD and hydrodynamic (HD) versions
of the same galaxy. We can see that in FIRE-3, like FIRE-2, MHD
makes little difference to global galaxy properties (Su et al. 2017;
Hopkins et al. 2020b). The clear systematic difference is that FIRE-
3 robustly produces somewhat stronger star formation at early times
(high redshifts) in small, low-metallicity dwarf galaxy progenitors.
This owes to a combination of effects: later reionization, more ac-
curate accounting for metal-free atomic+molecular cooling, weaker
“early” stellar mass-loss feedback at low metallicities, the more ac-
curately total-energy conserving SNe treatment (which limits the
coupled SNe momentum in super-bubble situations with strong out-
flows), and less restrictive star formation criteria, in FIRE-3. We
have tested swapping each of these “pieces” of FIRE-3 with their
FIRE-2 analogues and find that no single one explains the entire
difference, but each contributes comparably, with the improved SNe
treatment playing the largest individual role (owing to the scaling of
SNe terminal momentum with density and metallicity, the effects of
the improved algorithm are strongest in extremely low-mass, low-
metallicity systems), followed by the more accurate treatment of
cooling in the extremely metal-poor (H2-dominated) limit. The en-
hanced earlier star formation in FIRE-3 leads to slightly larger stel-
lar masses by z = 0, and slightly higher central galaxy densities and
circular velocities, but the effect by z = 0 is modest (a factor∼ 1.5).
The SFRs are actually quite similar between FIRE-3 and FIRE-2
after z . 2− 3, when the FIRE-2 galaxy has reached a metallic-
ity Z ∼ 0.01Z�, which is well after reionization, and high enough
metallicity that metal-line cooling dominates over molecular, mini-
mizing the differences between the cooling physics and also making
it much easier for both runs to cool to ∼ 10K (minimizing the dif-
ferences between the SF criteria, as the simulations can more easily
meet the Jeans criteria).

In Fig. 9, we compare the z = 0 stellar masses of our galaxies
with their peak (z = 0 virial) halo masses, in an initial subset of a
few runs. We only plot the one or two most-massive (best-resolved)
central galaxies in the high-resolution region, for the volumes m09,
m10v, m10q, m11a, m11d, m11f, m11h, m11i, m11q, m12i, from
our FIRE-2 study in Hopkins et al. (2018b), using identical defini-
tions and ICs as therein. These have a mass resolution ≈ 250M�
for all the halos with masses . 2× 1010 M� and ≈ 7000M� at
higher masses. We compare to various observational estimates of
the stellar mass-halo mass relation at z ∼ 0, for reference. Our in-
tention here is not to compare with observations in detail (which
requires a larger sample where we can analyze scatter and evolution
in these relations, separating satellites vs. centrals, etc., and can de-
pend systematically on other physics not included in these runs but
described above, such as cosmic rays and AGN), but to identify any
systematic trend in FIRE-2 versus FIRE-3 results. Consistent with
Fig. 8, we see that at the lowest z ∼ 0 stellar masses (and metallic-
ities), . 106− 107 M�, the FIRE-3 simulations produce systemati-
cally higher stellar masses by up to a factor of a few. The differences
owe to the same changes producing the higher SFRs/masses at early
times in Fig. 8 (when that galaxy is also lower-mass). Naively, the
increase actually appears to bring the FIRE-3 galaxies into some-
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what better agreement with observationally inferred stellar masses,
and is still smaller than the difference between various observation-
ally derived M∗−Mhalo relations at the lowest (ultra-faint) masses
(compare e.g. Read et al. 2017 and Nadler et al. 2020).

Above intermediate z∼ 0 stellar masses & 106−107 M�, there
is little difference in the z∼ 0 stellar masses, until we reach the most
massive (∼ 1012 M�) halos, where the stellar masses decrease by up
to a factor of ∼ 2 (again in slightly better agreement with observa-
tions). Preliminary low-resolution simulations of other Milky Way-
mass halos suggest this result is robust.17 At masses� 1012 M� we
have not yet run any high-resolution FIRE-3 simulations to z ∼ 0
but preliminary low-resolution tests confirm the expected behavior
from FIRE-2 (e.g. Wellons et al. 2020; Parsotan et al. 2021), namely
that although the stellar masses are somewhat reduced in FIRE-3
versus FIRE-2, simulations without AGN feedback such as those
here invariably produce excessively large central stellar densities,
velocity dispersions/circular velocities, and stellar masses at halo
masses� 1012 M�.

In summary, the net effect of this is that (absent AGN and
CRs) FIRE-3 produces a slightly “flatter” M∗−Mhalo relation below
∼ 1012 M�, with M∗ ∝ M2.1

halo in FIRE-2 and M∗ ∝ M1.8
halo in FIRE-

3 (with the same normalization around Mhalo ∼ 1010.5− 1011 M�).
The offset is small, but appreciable over a sufficiently large dynamic
range in Mhalo. We have also validated the arguments above by run-
ning a limited series of low-resolution experiments where we adopt
FIRE-3 physics but arbitrarily multiply the SNe energies by a fac-
tor ∼ (0.1Z�/Z)0.3 (i.e. making feedback slightly stronger at low
metallicities, and slightly weaker at high metallicities), which we
find eliminates most of the differences in both stellar masses and
star formation histories between FIRE-3 and FIRE-2.

5 CONCLUSIONS

We have presented an extensive update of the treatment of stel-
lar evolution physics and nucleosynthetic yields, as well as low-
temperature/high-density ISM cooling and chemistry, which to-
gether constitute the FIRE-3 version of the FIRE project. We
present all of the changes from FIRE-2 to FIRE-3, and insofar as
possible, provide detailed and accurate fitting functions for all quan-
tities in a form which can be directly implemented in other galaxy
formation models, and synthesize our survey of state-of-the-art up-
dates to e.g. stellar evolution tracks.

This paper has two purposes. First, to serve as a reference for
future FIRE-3 studies, which will use these updated models to study
a wide variety of problems in galaxy formation, as with FIRE-2. Fu-
ture work will study in detail how the updated stellar models alter
galaxy formation (if at all), although as we noted above, most of
the qualitative conclusions of FIRE-2 are unlikely to change, as the
updates here for many of the “most important” quantities are mi-
nor. Integrated SNe rates and energetics, stellar total luminosities,
and integrated total metal yields change by at most tens of percent,
while quantities like the detailed cooling and chemistry of dense,
cold (< 104 K) ISM gas are largely irrelevant to ISM dynamics
in metal-rich galaxies (like the Milky Way) so long as the cool-
ing times are shorter than dynamical times (see e.g. Hopkins et al.

17 We have confirmed that the change in stellar masses at Mhalo & 1012 M�
owes primarily to the explicit accounting for the gas relative velocities
around SNe in FIRE-3 (§ B). Specifically, when there is net inflow towards
a region with SNe (β < 0, in Eqs. B15 & B17) and the inflow speed be-
comes comparable to the shell velocity at which a SNe remnant in a sta-
tionary medium would become radiative (∼ 200kms−1, which can occur
in the central regions of massive galaxies), then the SNe shock energy and
temperature are enhanced by this relative velocity and the onset of the cool-
ing/snowplow phase is delayed, leading to somewhat more efficient stellar
feedback (see e.g. Ostriker & McKee 1988).

2018b), although they can be important at early times or in dwarf
galaxies at low metallicities. But the updated models here are still
important both (a) because they represent more accurately our best
attempt to represent the state-of-the-art inputs from stellar evolution
and nucleosynthetic yields, so we can “anchor” the galaxy forma-
tion models as best as possible in what we believe we know about
stars, and (b) because they enable improved predictive power for
observational tracers and diagnostics (e.g. CO or CII emission, or
detailed stellar abundance patterns within galaxies).

Our second purpose is to make public these updated inputs in
a convenient form which can be used easily and directly in other
codes, to improve the accuracy with which these physics are treated
in other non-FIRE simulations as well. It is worth noting that almost
all of the fitting functions here – especially those for stellar evolu-
tion and yields – are new and have not appeared previously in the
literature. Most involve considerable effort to synthesize multiple
sources and identify the most robust/stable trends, vetting to remove
erroneous or extraneous extrapolations (in order to cover the entire
dynamic range of interest accurately), and additional modeling to
translate them into a convenient form for galaxy simulations (see
e.g. § 3.11).

We stress that in no way do we intend to imply that the physics
here are “complete” or “final.” In future work, we will continue to
explore the role of other physics not part of the “default” or “base”
FIRE-3 model, e.g. cosmic rays (§ 3.12) and supermassive black
holes (§ 3.13). Meanwhile, stellar astrophysics remains an incredi-
bly active and rapidly-evolving field, with an exponentially-growing
amount of new data from massive spectroscopic and astrometric and
time-domain surveys as well as new probes such as gravitational
waves. It is therefore almost certain that the input stellar evolution
and nucleosynthetic models here will continue to evolve: our goal
here is update our galactic models to “catch up” with advances in
our understanding of stellar evolution from the last two decades,
with the intention of future updates reflecting the state-of-the-art in
the field.
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Grudić M. Y., Guszejnov D., Hopkins P. F., Offner S. S. R., Faucher-
Giguère C.-A., 2020, MNRAS, submitted, arXiv:2010.11254, p.
arXiv:2010.11254

Gurvich A. B., et al., 2020, MNRAS, 498, 3664
Guszejnov D., Hopkins P. F., 2016, MNRAS, 459, 9
Guszejnov D., Hopkins P. F., Ma X., 2017, MNRAS, 472, 2107
Guszejnov D., Hopkins P. F., Grudić M. Y., 2018, MNRAS, 477, 5139
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Figure A1. PDF of star-forming gas (weighted by SFR), as Fig. 6, in oth-
erwise identical FIRE-3 simulations with different SF criteria. We com-
pare our default criteria, which include a converging flow (∇ · v), locally
self-gravitating (virial), and thermally-unstable/fragmenting to stellar scales
(Jeans) criteria (§ 3.10), to runs which additionally time-average the virial
criterion, add a tidal Hill (gravitational forces converge along all axes) or
density maximum criteria, or runs which remove each criteria (§ A1). Tidal
hill, converging flow, and Jeans criteria are secondary. The virial criteria
dominates of our default. The density maximum produces artificial collapse
of entire GMCs around their density peak, rather than allowing fragmenta-
tion: the densities run away until we force them to stop (in the run here, we
simply turn everything at & 105 cm−3 into stars immediately, to prevent the
timesteps from becoming too small).

APPENDIX A: COMPARISON OF SF CRITERIA AND
SUB-GRID COOLING PHYSICS

A1 Effects of Different SF Criteria

Briefly, we test how different SF criteria influence our FIRE-3 re-
sults. We first note that our virial criterion, based on the local
velocity field, can change rapidly (on of order a few timesteps),
so we consider a model following Grudić et al. (2019b); Gusze-
jnov et al. (2020) where we replace the “instantaneous” virial pa-
rameter αi with a rolling time-average ᾱi(t) defined by dᾱi/dt =
(αi− ᾱi) [(1 + ᾱi)/(1 +αi)]τ−1, where τ ≡ tff, i/8 is shorter than
the local free-fall time tff, i (so that the indicator ᾱi can adjust before
collapse to infinite density occurs). This has only a small effect on
the distribution of star-forming densities, slightly reducing star for-
mation in low-density gas owing to the “time lag” of a few τ before
ᾱi can decay to match αi when e.g. gas cools rapidly. In some very
rare circumstances, however, we find this lag can become compara-
ble to the free-fall time, artificially suppressing star formation until
collapse proceeds to extremely high densities.

We next consider two additional SF criteria. First, a “tidal Hill”
criterion as implemented in Grudić et al. (2020): specifically requir-
ing that the tidal tensor T(x)≡∇⊗g(x) (where g(x)≡∇Φgrav(x)
is the gravitational acceleration field at position x) has three nega-
tive eigenvalues. This physically means that the gravitational tidal
field is compressive along all three directions, so we can think of
it as a stricter version of our convergent flow (∇· v) criterion. But
we see in Fig. A1 this has little effect: this is because essentially all
the gas that meets our virial criterion must also meet this tidal Hill
criterion, and the virial criterion is more strict because it allows for
non-gravitational forces resisting collapse. Thus although this can
catch some special edge cases important for single-star formation
simulations like those in Grudić et al. (2020), we find it is redun-
dant in FIRE-3, and do not include it by default.

Second, we consider a “density maximum” criterion – requir-
ing that a cell be the highest-density of all its interacting neighbors
(all cells which could interact hydrodynamically with it). This can
lead to unphysical behaviors shown in Fig. A1. What occurs is the
following: in a marginally-resolved GMC, this criterion essentially

means that only the global density maximum of the entire GMC
is eligible to form stars. But recall, the SF timescale we impose is
the free-fall time, which of course is (by definition) also the same
timescale that an isothermal self-gravitating, collapsing cloud (re-
quired by our virial and ∇ · v criteria) requires to collapse to for-
mally infinite density. So the marginally-resolved clouds, instead of
fragmenting, collapse to essentially arbitrarily high densities – the
only reason the star-forming gas density PDF cuts off in Fig. A1 at
∼ 105 cm−3 is because we impose a purely-numerical upper limit at
which the gas is immediately turned into stars, to avoid infinitely-
small timesteps. Thus, this criteria, while sensible for simulations
which resolve individual proto-stars in a sink-particle-like manner
(requiring that one resolve the thermal Jeans mass of cold molecu-
lar gas, i.e. gas cell masses of ∼ 10−3 M�), does not make physical
sense for galaxy-scale simulations where a “star particle” represents
either more than one star or indeed any kind of sub-fragmentation.
We find similar results for other common sink-particle criteria used
in single-star formation simulations (e.g. requiring that no other
sinks be within the interacting neighbor set, or requiring the cell
be the potential minimum instead of density maximum).

Next, we compare turning off each of our default SF criteria in
turn. Per § 3.10, the converging flow criterion has little effect. And
at least for a z = 0, Milky Way metallicity galaxy, the Jeans criterion
is also secondary, though this can be more important for metal-poor
galaxies where cooling to very low temperatures is less efficient
(see § 4 and discussion below). The virial criterion is clearly the
most important of our adopted SF criteria: removing it, the peak of
SF moves to ∼ 10cm−3 gas, which is the minimum density that
can meet our Jeans criterion at the ∼ 100K CNM temperatures,
but this is primarily non-self-gravitating diffuse HI (especially in
the presence of magnetic fields, where it has a plasma β � 1). Of
course, if we remove both the Jeans and virial criteria (leaving only
converging-flow), then we see un-physical star formation even in
hot gas at very low densities.

Fig. A2 compares the effect of these additional SF criteria on a
cosmological simulation as Fig. 8, specifically the “density max-
imum” criterion which produces artificial clumping to very high
densities. Even in this case, the effect is modest, consistent with
our FIRE-2 studies showing that global galactic SF properties were
very insensitive to e.g. the density threshold or SF efficiency per dy-
namical time (see Hopkins et al. 2018b). What does change is the
resolution-scale structure of SF, in particular the density of e.g. star
clusters which form, which are artificially over-dense if we enforce
a criterion like the density maximum, as shown in FIRE-2 simula-
tions in e.g. Ma et al. (2020).

Before moving on, it is important to note that while the den-
sity PDF in Fig. A1 is insensitive to many variations in the SF
criteria at fixed numerical resolution, it does vary with resolution,
as it should. Up to an order-unity constant, our Jeans+virial cri-
teria are equivalent to the statement that SF occurs when the “ef-
fective” Jeans length (λJ, eff ∼ δveff/

√
Gρ, where δveff is the total

signal speed including e.g. thermal, turbulent, and magnetic/Alfvén
speeds) or Jeans mass (MJ, eff ∼ (4π/3)(λJ/2)3 ρ) becomes un-
resolved (MJ, eff . ∆mi or λJ, eff . ∆xi, where ∆mi and ∆xi are
the cell mass/size), which occurs above some critical density
ρcrit(∆mi, ∆xi, δveff, ...). In other words, we convert gas cells to star
particles when the fragmentation cascade can no longer be explic-
itly resolved (so the PDF of star-forming gas in Fig. A1 shifts to
higher densities at higher resolution). Assuming turbulent motions
dominate δveff in a standard super-sonic cascade or observed ISM
linewidth-size relation (expected on scales ∆x & 0.1pc; Bolatto
et al. 2008), then for a Lagrangian code like ours (fixed ∆mi but
variable ∆xi), the critical density scales as ρcrit ∝∆m−1/2

i ∝N−3/2
cells ,

and this scaling is explicitly confirmed in FIRE resolution tests in
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Table 3 of Hopkins et al. 2018b. If thermal or magnetic support
dominates δveff (expected on smaller scales), then ρcrit ∝∆m−2

i ∝
N−6

cells scales more rapidly (see Guszejnov et al. 2020). In either case,
by not including a fixed density threshold, our SF criteria can auto-
matically be appropriately adaptive to resolution.

A2 Molecular Cooling/Formation Physics

Figs. A3 & A2 consider the effect of variations to the cooling
physics module, particularly in the shielding treatment, which (un-
like e.g. the cooling rate functions) has non-trivial uncertainties. In
Fig. A3, we specifically compare our default treatment to a simu-
lation where we assume that a clumping factor Cm = 1 for all m,
as defined in § 3.5 – i.e. no clumping factor at all, compared to the
standard clumping factor estimated for a lognormal density distri-
bution in supersonic turbulence, which we use as our default. This is
used exclusively in calculating the molecular formation/destruction
rates, where larger Cm promotes molecule formation via collisional
processes, and suppresses molecule destruction by enhancing the
line self-shielding. Removing this clumping, we see as expected
that cold gas cannot form until somewhat higher densities, when
self-shielding without a clumping factor is more efficient – but this
is just a factor of a few shift in the density n where T ∼ 100K gas
appears, corresponding to the expectation for Cm ∼ a few. What is
slightly more surprising is that this also suppresses the separation
between CNM and WNM phases, making the results more similar
to FIRE-2. That occurs because, without accounting for clumping,
line self-shielding being less efficient leads to a less-rapid phase
transition in thermally-unstable neutral gas. In Fig. A2, we consider
a variant model where we both remove clumping and assume the
incident UV background is always the MW-like (Habing) value, ig-
noring the actual RHD in the code. Although this can significantly
change the thermal state of the cold gas, it has surprisingly small
effects on the bulk galaxy properties. The star formation is slightly
more “bursty,” which suppresses the total mass and central density
via producing more concentrated episodes of SNe feedback, as the
assumption that the gas always sees an external Habing-level UVB
means cold gas (required to meet our Jeans criterion) cannot form
until very large resolved column densities build up, which would
otherwise fragment earlier (leading, fore example, to the SFR actu-
ally “overshooting” the model with self-consistent radiation treat-
ment in the initial starburst at early times). This type of behavior
is qualitatively consistent with the results in recent RHD studies
(Kannan et al. 2014; Rosdahl et al. 2015; Kimm et al. 2018; Emer-
ick et al. 2018; Hopkins et al. 2020a), arguing that accounting for
local radiation tends to have a “smoothing” effect on star formation,
reducing burstiness.

APPENDIX B: UPDATED MECHANICAL FEEDBACK
ALGORITHM

B1 Expressions for Individual Coupling Events

As detailed in the text, our numerical algorithm for coupling me-
chanical feedback (e.g. SNe) largely follows that derived in de-
tail and extensively tested in Hopkins et al. (2018a), Appendix E,
with minor updates. We summarize the complete algorithm includ-
ing these updates here. Consider an “event” where a star parti-
cle “a” (with coordinate position xa, velocity va, total particle/cell
mass ma) injects, in a given timestep ∆t (taking the code from ini-
tial time t(0) → t(1) = t(0) + ∆t), some ejecta mass mej,a (which
can be spread across different explicitly-followed species “s,” as
mej,a ≡

∑
s mej,a, s). In the rest-frame of the star particle, assume the

ejecta is isotropic with total kinetic energy KEej,a (and some arbi-
trary set of scalar energies “ j” including e.g. thermal and cosmic
ray energies Uej,a, j). The ejecta is coupled to some set of gas cells
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Figure A2. Comparison of the fully-cosmological m11i simulation as Fig. 8
(§ 4), but testing two variant FIRE-3 models. The “Alt SF Criteria” model
adds the tidal Hill and density maximum criterion as Fig. A1, with a max-
imum density enforced: despite this artificially forcing SF into much more
dense clumps, the global galactic SF history is similar, as it is feedback-
regulated. The “Alt Rad/Shielding” criterion both takes Cm = 1 (as Fig. A3)
and assumes the incident Lyman-Werner background (before line self-
shielding) is always the Habing/Milky Way value (instead of using the in-
code dynamically-estimated radiation field). This makes cooling less effi-
cient at low metallicity, leading to somewhat more “bursty” SF as gas must
clump further to cool.
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Figure A3. Phase diagram of ISM gas, as Fig. 5, in otherwise identical
FIRE-3 simulations with different treatments of the sub-resolution-scale
clumping factor C used for the molecular line self-shielding calculation; we
compare our default (left; § 3.5) to a run with no clumping (Cm = 1 always).
In the latter, cold gas does not appear until slightly higher resolved densi-
ties n & a few cm−3, and the phase separation between CNM and WNM is
“smeared out.”

“b,” which consist of all cells for which there is a non-vanishing ori-
ented hydrodynamic face area Aba that can be constructed between
them and the star particle a (this is defined rigorously in Hopkins
et al. (2018a), but essentially includes all cells b which are either
“neighbors of a” or for which “a is a neighbor of b”). If we only
have one event site a (we will generalize below), then the update to
the conserved quantities (e.g. m, U , and momentum p) of cell b is
given by:

m(1)
b, s = m(0)

b, s + |w̄ba|mej,a, s (B1)

U(1)
b, j = U(0)

b, j + |w̄ba|Uej,ab, j (B2)

p(1)
b = p(0)

b + ∆mba va + ∆pba (B3)

∆pba ≡ ψa ∆mba

(
1 +

mb

∆mba

)1/2 ( 2εa

mej,a

)1/2

ŵba (B4)

εa ≡ KEej,a +
1
2

∑
b

mej,a w′ba |vba|2 (B5)

where ∆mba ≡ |w̄ab|mej,a, vba ≡ vb− va, and w̄ba = |w̄ba| ŵba is a
normalized vector weight function defined by

w′ba ≡
|w̄ba|

1 + ∆mba/mb
(B6)

w̄ba ≡
wba∑
c |wca|

(B7)

wba ≡ ωba

∑
+,−

∑
α

(x̂±ba)
α ( fα±

)
a

(B8)

(
fα±
)

a
≡

{
1
2

[
1 +

(∑
c ωca |x̂∓ca|α∑
c ωca |x̂±ca|α

)2
]}1/2

(B9)

(x̂+
ba)

α ≡ |xba|−1 MAX(xαba, 0)
∣∣∣
α=x, y, z

(B10)

(x̂−ba)
α ≡ |xba|−1 MIN(xαba, 0)

∣∣∣
α=x, y, z

(B11)

Here xba ≡ xb−xa and ωba is the scalar weight function:

ωba ≡
1
2

(
1− 1√

1 + (Aba · x̂ba)/(π |xba|2)

)
(B12)

with Aba again the oriented hydrodynamic area of intersection of
faces between b and a (defined in GIZMO identically to Hopkins
et al. 2018a). The function ψa is introduced to ensure manifest en-
ergy conservation even when the surrounding velocities vba take on
arbitrary values, and to account for the effects of a finite cooling

radius, and is defined as:

ψa =

{
ψ̃E

a (mb < m̃t,ab)

MIN
[
ψ̃C

a , ψ̃
E
a
]

(mb ≥ m̃t,ab)
(B13)

where ψ̃E
a ≡ MIN[ψE

a (β0
ψ,a), ψ

E
a (βψ,a)], ψ̃C

a ≡
ψC

a

√
(∆mba + p2

t,ba/2εa)/mb, m̃t,ab ≡ pt,ba/(vt,ba +

MAX[0, ψC
a vba · x̂ba]), β0

ψ,a ≡ ξ0
tk/2(1 + ξ0

tk)
1/2, and

vt,ba ≡ 2εa/pt,ba, and ψE
a , ψC

a are given by:

ψE
a (βψ,a)≡

√
1 +β2

ψ,a−βψ,a (B14)

βψ,a ≡
∑

b

vba · ŵba

(
w′ba mb

2εa

)1/2

(B15)

ψC
a ≡

1
1 + ∆mba/mb

MIN
[
ψE

a (β0
ψ,a),

1
2βφ,a

]
(B16)

βφ ≡
∑

b

vba · ŵba
w′ba

vt
(B17)

Meanwhile, the coupled thermal energy is given by:

U th
ej,ab =

{
U th,0

ej,a + gU,a(βψ,a)εa (mb < m̃c,ab)

0 (mb ≥ m̃c,ab)
(B18)

gU,a(βψ,a)≡MAX
[

0,
ξ0

tk−2βψ,a (1 + ξ0
tk)

1 + ξ0
tk

]
(B19)

with m̃c,ab ≡ pt,ba/MAX[0, vt,ba + ψC
a vba · x̂ba]. Here ξ0

tk is a di-
mensionless constant which defines the thermal-to-kinetic energy
ratio at the end of the self-similar energy-conserving phase of an
idealized remnant in a static medium (by default we take the ex-
act homogeneous-background Sedov 1959 value ξ0

tk = 2.54). In
GIZMO, the thermal heating term is added to the “hydrodynamic
work” term which is spread over timestep of cell b so that it
can be included self-consistently in the fully-implicit thermochem-
istry routines (i.e. this is not operator-split from the cooling opera-
tion, since operator splitting this term in dense gas tends to intro-
duce spurious noise in the gas temperature). The function pt,ba =
pt(εa, ρb, Zb, Tb, ...) is the “terminal momentum” for a blastwave
with the given kinetic energy and ambient gas properties, defined in
FIRE-3 as given in the text (§ 3.8).18

B2 Limiting Behaviors and Differences from FIRE-2

Although the expressions above are rather opaque written in com-
pact form, they have simple interpretations given alongside their
rigorous derivation in Hopkins et al. (2018a), and the equations
above are nearly identical to those therein with only a couple of
subtle differences. In the energy-conserving limit (mb < m̃t/c,ab,
ψa → ψ̃E

a ), these expressions guarantee that the coupled momen-
tum ∆pba (1) manifestly conserves total linear momentum in the
rest frame (

∑
b ∆pba = 0), (2) is distributed numerically and sta-

tistically isotropically in the explosion rest frame (meaning that no
artificial or numerical grid directions or bias can be imprinted on
the ejecta momentum), (3) has a flux into all neighbor cells which
scales proportionally the solid angle subtended by that cell as seen
by the star in its rest frame (∆Ωab), and (4) produces a change in
total kinetic+thermal energy across all cells which exactly matches
the total energy injected, i.e. the net increase in the total energy

18 For our adopted equations and pt,ba(...), the asymptotic outward ra-
dial momentum coupled in the momentum-conserving limit for an explo-
sion with ejecta energy KEej,a = 1051 erg, in a stationary (v = 0), homoge-
neous, isotropic background medium with Solar metallicity and ISM density
n = 1cm−3 becomes

∫
dp · x̂ ≈

∑
b ∆pba · x̂ba ≈ pt,ba(εa = 1051 erg, n =

1cm−3, Z = Z�, ...)/(1 + ξ0
tk)1/2 ≈ 2.5×105 M� kms−1.
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of all gas cells after the event is coupled is identically the desired
and conserved injected energy (e.g. ∼ 1051 erg, for a SNe). This
last property requires the non-trivial values of ψ̃E

a , which account
for the relative motion of gas around a star, vba 6= 0, and the fact
that kinetic energy is a non-linear function of momentum. For the
case with negligible motion (vba ≈ 0), ψ→ 1 and the algorithm be-
comes identical to that in FIRE-2; however these terms account for
the fact that if, for example, gas is receding/in outflow around a star
(〈vba · ŵba〉 > 0, so βψ,a > 0 and ψa < 1), adding a given momen-
tum (directed radially-outwards from the star) to the gas involves a
higher energy cost (it must accelerate gas which is already receding
rapidly).

In this (energy-conserving) limit, the only difference between
the expressions above and those derived in Hopkins et al. (2018a)
is that we more carefully specify the behavior of the thermal ver-
sus kinetic energy coupling, which was left completely general in
that derivation. Importantly, consider the limit where the weighted
gas motion (representing some very massive column of gas) around
the star is approaching/inflow (〈vba · ŵba〉 < 0, so βψ,a < 0 and
ψE

a > 1). Then adding some small ejecta momentum ∆pba ∝ ŵba

to the gas directed radially outwards from the star will deceler-
ate the gas cells (decreasing their kinetic energy). If one coupled
only kinetic energy (or enforced a fixed ratio of kinetic-to-thermal-
energy coupled), the only total-energy-conserving solution would
be to “reverse” the direction of the arbitrarily-massive external gas
column – i.e. enhancing the coupled momentum by some enormous
ψE

a � 1. This is clearly unphysical. Instead in this limit we take
ψa → ψ̃E

a ≡ MIN[ψE
a (β0

ψ,a), ψ
E
a (βψ,a)] in Eq. B13, i.e. assign the

“normal” momentum one would obtain, with the residual kinetic
energy (representing the deceleration of the ambient material, or
equivalently the enhanced shock-front velocity) converted into ther-
mal energy (the gU,a (βψ,a)εa term in Eq. B18). It is straightforward
to verify this ensures all desired conservation properties.

In the momentum-conserving limit (mb > m̃t/c,ab, ψa → ψ̃C
a ),

the scale at which the feedback is coupled is larger (in both enclosed
mass, and, implicitly, radius) than the scale at which the blastwave
reaches its asymptotic/terminal momentum pt and becomes radia-
tive, continuing in the momentum-conserving phase. In this case
the above expressions give a scalar radial outward momentum cou-
pled (=

∑
b |∆pba|) equal to pt/(1 + ξ0

tk)
1/2, with negligible ther-

mal energy (U th
ej,ab → 0), as in FIRE-2. This satisfies all same de-

sired conservation properties above, except the energy condition is
now an inequality (because the blastwave is radiative, the total en-
ergy increase must less or equal to the total injected energy). The
only differences between the above and the expressions derived in
Hopkins et al. (2018a) are that (1) the MIN condition in Eq. B13
explicitly ensures the coupled kinetic energy in this limit cannot be
larger than the energy-conserving case, and (2) the threshold values
m̃t/c,ab for this case account in slightly more detailed fashion for the
local relative velocity.19

B3 Accounting for Multiple Events in the Same Timestep

The expressions in § B1 above ensure energy conservation as de-
sired, for a single feedback “event.” But an additional complication
arises if there are multiple events from different source star particles
a, which all influence the same gas cell b within a single numerical
timestep. This can arise fairly easily if, for example, a dense cluster

19 As noted in Hopkins et al. (2018a), pt/vt is the swept-up mass at which
the shell would reach the terminal momentum if vba = 0. The ψC

a vba · x̂ba
term accounts for the fact that if the gas is, for example, receding from the
star faster than some speed v0 > vt , the velocity at which the terminal mass
is reached and at which the shell will cool must be larger accordingly. The
presence of non-zero relative velocity also breaks the strict degeneracy be-
tween cooling and terminal momentum criteria.

of young stars forms and blows away most of its surrounding gas,
so many star particles “see” the same surrounding set of gas cells.
In this limit, one can simply linearly add coupled scalar quantities
such as mass or thermal energy independently from each event, i.e.
m(1)

b = m(0)
b + ∆mtot

b where ∆mtot
b ≡

∑
a ∆mba, retaining manifest

conservation. But now define the linear momentum change from
Eq. B3 for a single event ∆p′ba ≡∆mba va +∆pba, and note that the
corresponding kinetic energy change is, by careful construction of
the ψ terms above, given by

∆KEba ≡ KE(1)
b −KE(0)

b =
|p(0)

b + ∆p′ba|2

2(m(0)
b + ∆mba)

−
|p(0)

b |
2

2m(0)
b

(B20)

Next note that if one naively then independently added the total
linear momentum change from all events, p(1)

b = p(0)
b + ∆ptot

b with
∆ptot

b ≡
∑

a ∆p′ba, one would obtain a total naive kinetic energy
change:

∆KEnaive
b ≡

|p(0)
b + ∆ptot

b |2

2(m(0)
b + ∆mtot

b )
−
|p(0)

b |
2

2m(0)
b

6= ∆KEtot
b ≡

∑
a

∆KEba

(B21)

unless there is only one event a. The problem is that kinetic energy
is a non-linear function of momentum and mass, so there are non-
linear cross-terms between all independent events a (e.g. |∆ptot

b |2 =
(∆p′ba1

+∆p′ba2
+ ...) ·(∆p′ba1

+∆p′ba2
+ ...), so all possible ∆p′ban ·

∆p′bam appear). If, say, many events accelerate a gas cell away from
a group of stars in the same timestep, this could allow the actual total
energy to increase by much more than the total injected mechanical
energy from feedback.

The conceptually simplest solution to this is to ensure that all
stellar feedback events are processed in serial: i.e. the total change
from state (0)→ (1) for all gas cells b is processed for one event
a1 before evaluating the “initial” properties (now those from state
(1)) for event a2. While this can often be true in many regions of
a simulation given our relatively small timesteps, it is computation-
ally prohibitive to ensure this is always and everywhere the case for
all cells in a massive-parallel galaxy-scale simulation: forcing the
entire simulation to process all stellar feedback operations strictly
in serial would bottleneck the run. It is also possible in principle to
solve simultaneously for all ψba terms for all cells and events, but
this would require an impractically enormous implicit solver (far
larger than O(N2)).

Instead, we retain the desired manifest energy conservation by
adopting the approximate “corrected” momentum update, p(1)

b →
p(0)

b + f corr
p,b ∆ptot

b , with

f corr
p,b ≡

−p(0)
b ·∆ptot

b +

√
|p(0)

b ·∆ptot
b |2− p̃2

b |∆ptot
b |2

|∆ptot
b |2

(B22)

p̃2
b ≡ |p

(0)
b |

2 ∆mtot
b

m(0)
b

+ 2(m(0)
b + ∆mtot

b )∆KEtot
b (B23)

which exactly guarantees the desired energy change

∆KEb ≡
|p(0)

b + f corr
p,b ∆ptot

b |2

2(m(0)
b + ∆mtot

b )
−
|p(0)

b |
2

2m(0)
b

= ∆KEtot
b (B24)

while minimizing the change to the momentum update, and reduces
exactly to the normal solution ( f corr

p,b → 1) if there is only one event a
influencing a given cell b or if the non-linear cross-terms are small.
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