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ABSTRACT

Several recent simulations of galaxy formation predict two main phases of supermassive black hole (BH) accretion: an early,
highly intermittent phase (during which BHs are undermassive relative to local scaling relations), followed by a phase of
accelerated growth. We investigate physical factors that drive the transition in BH accretion in cosmological zoom-in simulations
from the FIRE project, ranging from dwarf galaxies to galaxies sufficiently massive to host luminous quasars. The simulations
model multichannel stellar feedback, but neglect AGN feedback. We show that multiple physical properties, including halo mass,
galaxy stellar mass, and depth of the central gravitational potential correlate with accelerated BH fuelling: constant thresholds in
these properties are typically crossed within ~0.1 Hubble time of accelerated BH fuelling. Black hole masses increase sharply
when the stellar surface density in the inner 1 kpc crosses a threshold X7, . ~ 10%° M, kpc ™2, a characteristic value above which
gravity prevents stellar feedback from ejecting gas, and similar to the value above which galaxies are observed to quench. We
further show that accelerated BH growth correlates with the emergence of long-lived thin gas discs, as well as with virialization
of the inner circumgalactic medium. The halo mass My, ~ 1012 Mg and stellar mass M, ~ 1005 Mg, at which BH growth
accelerates correspond to ~L, galaxies. The fact that stellar feedback becomes inefficient at ejecting gas from the nucleus
above this mass scale may play an important role in explaining why AGN feedback appears to be most important in galaxies

above L,.
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1 INTRODUCTION

Supermassive black holes (BHs) in galactic nuclei co-evolve with
their host galaxies in ways which may significantly affect those
galaxies, but which are not well understood. Indeed, active galactic
nucleus (AGN) feedback is a core element of current galaxy for-
mation theories, especially at the massive end (e.g. Somerville &
Davé 2015; Naab & Ostriker 2017). Observations have linked many
properties of supermassive black holes to properties of their host
galaxies, including kiloparsec-scale outflows of gas from galaxies
hosting luminous quasars (e.g. Feruglio et al. 2010; Rupke & Veilleux
2013; Cicone et al. 2014; Fiore et al. 2017; Fluetsch et al. 2019),
and scaling relations between black hole mass Mgy and the stellar
properties of the host galaxy, such as galaxy mass, bulge mass,
or velocity dispersion (e.g. Magorrian et al. 1998; Ferrarese &
Merritt 2000; Tremaine et al. 2002; Kormendy & Ho 2013a; Sahu,
Graham & Davis 2019). Moreover, AGN feedback is the primary
suspected driver of star formation quenching in massive galaxies,
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which is necessary to explain the blue/red colour bi-modality (e.g.
Springel, Di Matteo & Hernquist 2005; Croton et al. 2006; Hopkins
et al. 2008). AGN feedback can operate through several different
mechanisms, including kinetic winds, radiation, and powerful radio
jets (e.g. Fabian 2012).

In this paper, we use cosmological zoom-in simulations of galaxy
formation from the FIRE project' (Hopkins et al. 2014, 2018) to
investigate some of the physical processes that limit and/or drive
the growth of massive black holes. The FIRE simulations provide
a specific, high-resolution model to study the growth of massive
black holes in the cosmological context, but our study is more
broadly motivated by general trends that have been found in several
recent simulations based on different codes and subgrid models.
Specifically, a number of different simulations have found that
SMBH growth is strongly inhibited at high redshift due to repeated
gas ejection by stellar feedback (Dubois et al. 2015; Bower et al.
2017; Habouzit, Volonteri & Dubois 2017; Habouzit et al. 2021;
Lapiner, Dekel & Dubois 2021). This results in nuclear black

ISee the FIRE project website at: http://fire.northwestern.edu.
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holes that, at low galaxy or bulge mass, can be order-of-magnitude
undermassive relative to scaling relations measured at low redshift
and primarily for more massive galaxies. It is only after some time, or
after the host galaxy has grown sufficiently, that black holes ‘catch up’
to masses expected from observed relationships in the local universe.
Anglés-Alcazar et al. (2017b) and Catmabacak et al. (2022) showed
that a similar effect is seen in simulations of galaxies evolved with the
FIRE model which, in detail, implements galaxy formation physics
using quite different numerical models than the other simulations
which found this same effect.

The fact that delayed supermassive BH growth appears generic to
very different numerical models suggests that it is due to fundamental
processes that are common to most galaxy formation simulations.
Thus, this appears to be a relatively robust prediction which may
be realized in the real universe. There is in fact some reported
observational evidence for a ‘break’ in the relationship between black
hole mass and either the total galaxy stellar mass or the mass of the
stellar spheroid at M, ~ 5 x 10'° M, (e.g. Graham & Scott 2013;
Reines & Volonteri 2015; Savorgnan et al. 2016; Sahu et al. 2019).
However, the presence of this break in the observations may depend
on which galaxies are included in the analysis (e.g. early versuslate
type galaxies) and exactly which galaxy property (e.g. stellar mass
versus stellar velocity dispersion o) BH masses are compared to.
As a result, some studies have reported no evidence of a break in
scaling relations (e.g. Schutte, Reines & Greene 2019; Baldassare
et al. 2020), though these studies were based on relatively small data
sets of dwarf galaxies, and the interpretation is subject to significant
uncertainty due to non-trivial selection effects.

Depending on the stochasticity of BH fuelling in the early phase,
a break in the scaling relation could appear as increased scatter in
scaling relations (e.g. Lisker et al. 2016; Nguyen et al. 2019). A
recent study by Tillman et al. (2021) suggests that a break in the
Myu—M,, relation at a mass consistent with the FIRE simulations
(see Fig. 1) can provide a good fit to the observed quasar luminosity
function, and may in fact be favored over models in which the scaling
relation is purely linear. Ultimately, additional observations of low-
mass galaxies will be required to resolve the issue of whether there
are breaks in observed scaling relations. In this work, we focus on
understanding the physics that drives the delayed SMBH growth
predicted by simulations.

The potential implications of delayed SMBH growth are wide-
ranging and include predictions for: (i) the redshift and mass evo-
lution of black hole-galaxy scaling relations; (ii) the demographics
of nuclear BHs in dwarf galaxies; (iii) AGN demographics; and (iv)
the mergers of massive black hole that future gravitational wave
experiments may detect (Baileset al. 2021).

Furthermore, understanding the physical factors that eventually
enable nuclear black holes to grow at an accelerated pace may shed
light on the galaxy mass scale at which AGN feedback becomes most
important. For example, Bower et al. (2017) analysed simulations
from the EAGLE project (Schaye et al. 2015), and found that
accelerated BH growth occurs at roughly constant dark matter halo
mass My, ~ 10'> Mg, corresponding to the mass scale above which
haloes become filled with hot, virialized gas (the usual transition mass
between ‘cold’ and ‘hot’ accretion; e.g. Birnboim & Dekel 2003;
Keres et al. 2005, 2009a; Faucher-Giguere, Kere§ & Ma 2011; van
de Voortet al. 2011). Bower et al. (2017) explained this phenomenon
in terms of the suppression of star formation-driven outflows as they
lose buoyancy when halo gas becomes hot. Bower et al. (2017)
identified enhanced BH accretion at this halo mass scale as the cause
of strong AGN feedback (see also the recent paper by Lapiner et al.
2021).

Supermassive black hole growth in FIRE 723

Previous studies have analysed SMBH growth in FIRE simulations
(Anglés-Alcdzar et al. 2017a, 2021; Catmabacak et al. 2022). This
study is complementary in its focus on exploring different physical
factors that may play a role in explaining when and why SMBH
fuelling becomes more efficient. In this paper, we also analyse a
broader range of galaxy masses, including dwarf galaxies. In another
complementary study, Wellons et al. (2022) present a broad survey
of FIRE simulations including multichannel AGN feedback.

The plan of this paper is as follows. We describe our simulations
and analysis methodology in Section 2. Our main results are
presented in Section 3, and we discuss them in Section 4. Our
conclusions are summarized in Section 5.

2 METHODOLOGY

2.1 FIRE simulations

We analyse a set of FIRE-2 cosmological zoom-in simulations. All
simulations were run with the meshless finite mass hydrodynamics
code GIZMO (Hopkins 2015). Details of the FIRE-2 methods and
physics are explained in Hopkins et al. (2018). Throughout, we
assume a standard flat ACDM cosmology consistent with recent
measurements (Planck Collaboration et al. 2020). The simulations
include multiple forms of stellar feedback, including feedback from
supernovae of Type I and II, stellar winds, photoionization, and
radiation pressure on dust grains.

We examined four massive galaxies with halo mass My, ~
10'>> Mg, at z = 2, which were initially studied by Anglés-Alcazar
et al. (2017b). The initial conditions for these galaxies were first pre-
sented in Feldmann et al. (2017), and they were then re-simulated by
Anglés-Alcazar et al. (2017b) with a gravitational torque model for
black hole accretion, described below. The simulations have mass res-
olution m, = 3.3 x 10* M, for baryons and mpy = 1.7 x 10° Mg
for dark matter particles, and were run to z = 1. We also examined
five ‘m12’ Milky Way-mass galaxies (Mpg, = 10> Mg at z = 0)
and six ‘ml1° galaxies with My, = 10! Mg at z = O from the
FIRE-2 simulation suite (Wetzel et al. 2016; Hopkins et al. 2018),
all of which were run to z = 0. The m11 and m12 simulations have
a baryonic mass resolution of m, = 7100 Mg, with the exceptions
of m11b, which has a mass resolution of my = 2100 My, and m12z,
which has a mass resolution of m, = 4200 M. The gravitational
softenings for gas particles were again adaptive; the mean softening
length in star-forming gas in the m12i simulation was €g,, = 4.6 pc
(Hopkins et al. 2018). Finally, we analysed a massive, high-redshift
galaxy (Mo ~ 10'2° Mg at z = 5) first studied by Ma et al. (2020).

We use the Amiga Halo Finder Knollmann & Knebe (2009) to
identify the halo centre, virial mass My,jo, and virial radius R.; of
the main halo for each simulation, adopting the virial overdensity
definition of Bryan & Norman (1998). We define the stellar mass M,
as the total stellar mass within 0.1R.;;.

As the simulations other than those from Anglés-Alcdzar et al.
(2017b) did not include on-the-fly BH accretion calculations, we
modelled BH growth in post-processing in all of the simulations,
including the massive galaxies for the sake of consistency. Anglés-
Alcazar et al. (2017b) compared the on-the-fly and post-processing
models and found overall good agreement, thus validating the
post-processing approach. Catmabacak et al. (2022) analysed how
different post-processing assumptions (such as the placement of BHs
and the treatment of mergers) affect BH growth in a study focused
on massive galaxies.

MNRAS 520, 722-739 (2023)
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2.2 Model for black hole growth

The black hole accretion rate is calculated in post-processing assum-
ing a model in which inflows are driven by gravitational torques,
using the same methodology as in in Anglés-Alcdzar et al. (2017a).
Black hole seeds with mass M..q = 1.4 x 10* Mg, are introduced in
galaxies with stellar masses above 1000 X Mgeeq. The black holes
are assumed to be located at the centre of the halo, determined
using the Amiga Halo Finder as the point in the halo, where the
combined stellar and dark matter density is highest (Knollmann &
Knebe 2009). The black holes are treated as collisionless particles
and allowed to grow through accretion and mergers. BH accretion
rates are calculated at each snapshot. With the exception of the first
few snapshots before z = 15, all snapshots are spaced between 10—
27 Myr apart from one another, and we have 600 snapshots for each
simulation evolved to z = 0. This spacing is small enough that it
does not introduce major uncertainties in our analysis, as it is shorter
than the time-scales over which the main physical changes we will
be discussing in this paper occur.

The accretion rate is calculated as Mpy = (1 — 1) Mrorque, Where
n = 0.1 is the constant radiative efficiency. MTD,que is calculated based
on properties of the galaxy within a distance R, enclosing 256 gas
particles (up to a maximum value of Ry = 100 pc ~~') as

MTorque = €T f;/z Mlla{»lég Mlol,9 Ro—3/2 (1 + fO/fgas)ila (1)

(Hopkins & Quataert 2011), where e = 2.5 is a normalization
factor, fy is the disc mass fraction, My, is the total baryonic mass
(gas + stars), and

Ma(R))\ ™"
10°My )

Although (Hopkins & Quataert 2011) originally tested their
gravitational torque estimator on simulations, which used a smooth
subgrid model for the ISM based on Springel & Hernquist (2003),
Hopkins et al. (2016) showed that this prescription is also much
more accurate at predicting BH accretion than Bondi-like prescrip-
tions in subparsec resolution simulations of multiphase galactic
nuclei, in which the central gas reservoir is dominated by cold
gas supported by angular momentum (see also Anglés-Alcdzar
et al. 2021).

Anglés-Alcdzar et al. (2017b) explored several BH growth pre-
scriptions, including models based on the gas mass and free-fall time
(tir) near the central BHs, and found that the ‘kinked’ relationship
between BH mass and host mass (see Fig. 1 for results on this from
our analysis) was generic to prescriptions in which the accretion
rates were based on the gas content in the inner galactic regions
around the black holes. Our results are therefore not specific to
the gravitational torque model.” The normalization of the resulting
scaling relation, however, depends on the normalization of the
accretion rate prescription (the value of et for the gravitational
torque model). Anglés-Alcdzar et al. (2017b) also found that the
depth of the break in the scaling relation depends on the radius within
which the accretion estimator is evaluated in galaxies, such that the
break becomes weaker for larger apertures. This indicates that the
physical conditions in the central regions of galaxies, as opposed to
purely galaxy-integrated properties, play an important role in shaping

fo~0.31 fj( )

2We will see that in the simulations, the onset of accelerated BH fuelling
correlates with the emergence of steady, thin gas discs (Section 4.3). We stress
that this result is not simply a consequence of the fy factors in equations (1)
and (2), because our main results are robust to changes in the accretion model
in which the disc fraction does not enter (see Section 3.3).

MNRAS 520, 722-739 (2023)

scaling relations (see also Catmabacak et al. 2022). We assume that
the black holes are at the centres of the simulated galaxies. This
may result in black holes which can grow more efficiently at early
times than in reality. For example, Ma et al. (2021) showed that
black hole seeds can take a long time to physically sink to the
galaxy centres, especially in early galaxies with clumpy potentials,
delaying growth. However, this effect goes in the direction of further
limiting BH fuelling in early galaxies, so it most likely accentuates
the relatively inefficient fuelling found by neglecting this sinking
problem.

The simulations in this study do not include any form of black
hole feedback. This allows us to isolate effects on BH fuelling that
are due to other physics, namely stellar feedback.

2.3 Comparing the time of accelerated BH growth with
thresholds in other physical properties

To investigate the physical factors that may drive BH growth, we
estimate the cosmic time at which the BH accretion rate undergoes a
transition to rapid growth in our simulations (Zgrow, sr)- Of the six-
teen galaxies in our sample, seven did not experience a BH accretion
transition (including all of the dwarf galaxies as well as m12z), eight
did undergo the transition (including all the massive galaxies — A1,
A2, A4, A8, HL0O9 — as well as m12i, m12b, and m12f), and one
(m12m) was ambiguous. For the eight galaxies that experience two
phases of black hole growth, we fit a simple step function (y =A x ((¢
— torowth, BH)/ (|t — terown, BH|) + C) to the BH accretion rate, smoothed
with a moving time-average over 300 Myr. As the BH accretion rate
is highly time-variable, the smoothing time-scale of 300 Myr was
chosen to be long enough to smooth over large fluctuations such as
those caused by mergers while still being short enough to accurately
capture the step-like behaviour of the transition; our overall results
are not sensitive to the exact value chosen. An example step-function
fit for one of our Milky Way-mass galaxies, m12b, is shown in
Fig. 2. We use the horizontal shift fgowm, sn determined by the step
function model as the BH growth transition point in subsequent
analysis.

We will analyse how fgowm Bu compares with when constant
thresholds in other physical properties of the galaxy and its halo
are crossed. For each property and each galaxy, we calculate At =
Threshold — fgrowth, BH» the time interval between the ‘predicted’ onset
of accelerated by growth based on different galaxy- or halo-based
thresholds and the actual time of accelerated BH growth identified
using the simulation data. The distributions of these time intervals,
which we examine in Section 3.2.1, can in principle distinguish
between ‘better’ or ‘worse’ predictors. For most properties we will
consider, we will find the threshold value that minimizes the median
At.

An exception is the time #,y at which the galactic star forma-
tion rate (SFR) transitions from ‘bursty’ (order-of-magnitude time-
variable) to time-steady. This SFR transition, when it occurs, is rather
sharp in the FIRE simulations and can be identified from the SFR
time-series alone. Therefore, we do not attempt to ‘optimize’ fpursty»
but rather for each simulation we determine it following the method
used in Gurvich et al. (2022a). Specifically, we evaluate the scatter
in 300 Myr windows of SFR, o300 myr (Iog (SFR)). The time fyursy 18
then defined as the earliest time after which o 300y (log (SFR)) is
always below 0.3 dex. The time of transition from bursty to steady
SFR is of interest because it corresponds closely to changes in the
properties of the ISM. Before fpyty, the ISM is highly dynamic
and frequently ejected by bursts of stellar feedback. After fpury, the
simulated galaxies tend to sustain a long-lived gas reservoir in the
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----- ml1l (dwarf)
L |- m12 (MW-mass)

—— m1l3 (massive)
Greene+ 2016 (observed)

Figure 1. The Mgy—M., relation for all galaxies in our simulation sample, with gas temperature maps (log 7" is weighted by mass) shown at several snapshots
for an m12 (Milky Way-mass) galaxy in the bottom row. Two phases of black hole growth create a kink in the relation between BH mass and the stellar mass
of the galaxy at a mass scale of M, ~ 10103 Mg Black holes accrete slowly at early times and then, in galaxies with sufficient stellar masses, BH fuelling
becomes more steady in a time-averaged sense. Note that the simulated BH masses found at the low-mass end are sensitive to the seed BH mass chosen for
our analysis, but the overall kinked trajectories are robust. The observational Mpg—M, relation from Greene et al. (2016) and its scatter are plotted in grey. The

higher-mass simulated galaxies approach this relation at late times.

galaxies (e.g. Pandya et al. 2021; Stern et al. 2021b; Gurvich et al.
2022a).

2.4 Inner CGM virialization

In this paper, we investigate how a number of physical properties
correlate with black hole growth. Most of these properties are
straightforward to define and evaluate, but the relationship to the
virialization of the inner CGM requires some explanation.

A classical understanding of hot halo development suggests that
the CGM should virialize when the cooling time tc(f):,, for shocked
gas becomes greater than the free-fall time, # (e.g. Rees & Ostriker
1977; White & Rees 1978; Birnboim & Dekel 2003; Fielding et al.
2017). An important point, studied in idealized models by Stern
et al. (2020) and in FIRE cosmological simulations by Stern et al.
(2021b), Stern et al. (2021a), is that CGM virialization typically
proceeds from the outside-in because the ti‘f)f,l /[t ratio generally

increases outward for realistic gas configurations in haloes.®> Thus,
itis only when %), > f; in the inner CGM, i.e. just outside galaxies
rather than on scales ~R.;, that the central galaxy comes into
immediate causal contact with the virialized and pressurized CGM.
Stern et al. (2021b) showed that inner CGM virialization correlates
with a transition from highly bursty to steady star formation rates in
FIRE simulations. Measures of galaxy ‘disciness,” such as the ratio
of ordered rotation to dispersion for H1 gas (V/o), also appear to
increase around that time (see also other metrics in Gurvich et al.
2022a). These galaxy properties may play a role in determining

3This is a subtle point. Shocks that heat gas to the virial temperature (including
accretion shocks and shocks driven by galactic outflows) often propagate from
the inside-out. However, after heating the inner parts of the CGM cool more
rapidly, these tend to be the last to be become stably supported by thermal
pressure.

MNRAS 520, 722-739 (2023)
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m12b (Milky Way-mass)

- .nnlhIH

log Mgy (Mo /yr)
& &
-
=

t [Gyr]

Figure 2. Black hole accretion rate (blue) versus age of the Universe for one
of the galaxies in our sample, m12i, overlaid with the step-function model
(black) fitted to log Mpy, and used to determine the time of the black hole
growth transition, fgrowh, BH (se€ Section 2.3).

the amount of gas available for BHs to accrete, so it is interesting
to quantify better how BH fuelling may correlate with inner CGM
virialization. As mentioned in the introduction, Bower et al. (2017)
showed that BH growth is suppressed by stellar feedback before hot
gaseous haloes form in the EAGLE simulations, although they did
not explicitly distinguish between virialization in the inner versus the
outer halo.

We identify the expected point in which the inner CGM virializes
using the methodology developed in Stern et al. (2021b). This
transition is expected when the ratio tcool /tie for shocked gas at r =
0.1R,;; exceeds ~1. For each snapshot, we estimate the free-fall time
as:

ﬁr

C

where v, = /GM (< r)/r is the circular velocity and M(< r) is the
mass enclosed within radius 7. The cooling time of shocked gas 7,
is calculated for each snapshot via

te(r) = (3)

tf;f,l = teoot(Tc, Puse, Z,2) , 4)
where 7, = 0.6 umpvf(r) /kg is comparable to the virial temperature,
Pysg is the thermal pressure assuming hydrostatic equilibrium
conditions, estimated via the spherically-averaged weight of gas at
0.1Ryiy — Ryir (eqn. 12 in Stern et al. 2021b), and Z is the average
metallicity at r. All properties are evaluated at r = 0.1 R, since
this is on average modestly outside the circularization radius for
a gas spin parameter A ~ 0.05, and hence gas discs contribute
negligibly to gas properties* This calculation of tcool thus approx-
imates the cooling time in a hot, pressure-supported CGM regardless
of whether such a ‘virialized” CGM actually exists, as done in
classic idealized studies (e.g. White & Rees 1978; Birnboim &
Dekel 2003). Our previous analyses (Stern et al. 2021b, a; Gurvich
et al. 2022a) indicate that a hot, stable inner CGM indeed forms at
the snapshot when £°), /1 exceeds 1-4, as expected by idealized
calculations. We refer the reader to these references for further
details on how tcool and #; are calculated and a discussion of different
approaches.

“m11b is an exception since it has a gas disc extending beyond 0.1R,,. In this
case, we extrapolate the density from a larger radius, as explained in Stern
etal. (2021b).

MNRAS 520, 722-739 (2023)
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0] m12 (MW-mass)
*m13 (massive)

<log Mgy > [Mo/yr]
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Flgure 3. Black hole accretion rate versus M, (left), My, (centre), and ratio
of tmo1 to fr at 0.1 Ry, (right). Data is shown for all sixteen simulations in
the sample, including galaxies with final halo mass 10'! Mo (blue) 1012 Mg
(purple), and > IOIZMQ (red), and accretion rates and tcml /ti values are
averaged over 300 Myr. The BH accretion rate increases dramatically above

critical values of all three properties.

3 RESULTS

3.1 Overview of trajectories in the Mgy—M, plane

Fig. 1 shows the mass of the central black holes as a function of host
galaxy stellar mass for all simulations in the sample. For all galaxies
regardless of final mass, BHs are undermassive at early times relative
to local scaling relations. The black holes of all massive (>L,) and
most Milky Way-mass galaxies then undergo a period of rapid growth
and then converge towards the observed scaling relation (Greene et al.
2016), and continue growing steadily. The transition between the two
phases of growth occurs when the host galaxies reach a stellar mass
~10'%% M, and does not appear to be tied to any particular redshift.
Although the BH masses at the low end of this relation are sensitive
to the seed mass chosen for our model (Meeq = 1.4 x 10* Mp), the
overall kinked shape of the BH trajectories in this plane is robust.

3.2 Different predictors of SMBH growth

We would like to understand better the factors that correlate with the
increased efficiency in BH fuelling around the kink in Mgy—M,, so
in this section, we explore how BH growth correlates with several
other physical quantities. In section 3.2.1, we quantify the evolution
of BH masses and growth rates as a function of basic properties of the
system on different scales, ranging from the dark matter halo to the
inner 1 kpc of galaxies. In section 3.2.2, we consider some additional
physical diagnostics and compare how accurately different threshold
crossings predict the timing of accelerated BH growth.

3.2.1 Correlations with systemic properties from the halo to the
inner galaxy

In Fig. 3, we examine the connection between black hole accretion
rate (averaged over 300 Myr) and three other properties of the host
halo. The plot includes data from all sixteen galaxies in our sample:
dwarf galaxies, with final halo mass ~10'! My, (blue), Milky Way-
mass galaxies with final halo mass ~10'> M, (purple), and massive
galaxies reaching My, ~ 10'>° Mg at z = 2 (red). The left-hand
panel plots the BH accretion rate against the stellar mass of the galaxy.
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Figure 4. The Efkp

C
coloured by the age of the Universe. The central stellar surface density increases with stellar mass in the simulations, in qualitative agreement with observations
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—M, relation (left) and the MBH‘Efkpc relation (right) for all galaxies in the simulated sample, averaged over 100 Myr periods and

of star-forming galaxies (Chen et al. 2020). The simulations predict that BH mass increases rapidly above a central surface density threshold of about
El*kpc ~ 10%% Mg kpc 2, which may be understood as a signature of gravitational confinement of star formation-driven outflows sustaining a steady gas

reservoir from which the nuclear black hole can accrete (see Section 4.1.1).

We find that the accretion rate remains low (below 1073 Mg yr~")
and constant below a threshold of around M, ~ 10'03 Mg, then
increases drastically above that value. The centre panel plots the BH
accretion rate against the total mass of the halo. Once again, the
accretion rate is consistently low below a value of My, ~ 10> Mg,
then increases rapidly once My, is above that threshold. The right-
hand panel plots the BH accretion rate against the ratio of tc(‘;z)l to tgr
at 0.1 Ry, an indicator of whether the inner CGM is virialized. The
accretion rate increases at high values of this ratio, starting at around
oo/t~ 1.

In Fig. 4, we examine the scaling relations among the stellar
surface density in the inner 1kpc, the stellar mass within 0.1Ry;,
and the mass of the central BH, for all sixteen galaxies in the sample.
The left-hand panel plots the X}, ,.—M. relation, which shows X7, .
increasing monotonically with M,. The right-hand panel plots the
Mpu—X%],, relation, which displays a dramatic kink: BH masses
increase very rapidly above a surface density threshold of about

Tpe & 1072 Mg kpe™. The kink in the Mpu—3f,,, relation, like
those seen in the Mgy—M,, Mgy—M,, and Mygy—M,,, relations,
suggests that accelerated BH growth is closely tied to changes in
physical properties on a range of physical scales.

To summarize, we find that BH accretion rates are systematically
low at low values of M, and My,y,, then (on average) rise dramatically
above threshold values of M, ~ 10'%° My and My, ~ 10'> M. We
see similar behaviour in the Mpy—Xjy, relation, which is kinked at
a critical value of X7, . ~ 10 Mg kpe™2.

While many previous studies have found that massive black
holes are more directly associated with galactic bulges than with
total stellar mass (e.g. Kormendy & Ho 2013b), our results do not
explicitly refer to bulge morphologies. We discuss the connection
between our results and bulges in more detail in Section 4.6,
but note here that Hopkins et al. (2021) argued that structures
observationally identified as bulges correlate with regions where the
stellar surface density exceeds a 7, threshold similar to the above

value.

3.2.2 Timing analysis: Is there a ‘best’ predictor?

It is clear from the above analysis that the efficiency of SMBH
feeding correlates with physical properties on a range of scales, from
the innermost regions of galaxies (where the BHs are located) to
the host dark matter halo. However, the causal connections are not
obvious. In this section, we consider additional physical properties of
the host galaxy which may play arole in determining the efficiency of
BH feeding. Furthermore, we seek to quantify how well thresholds in
different galaxy or halo properties can predict the onset of accelerated
SMBH growth.

Fig. 5 shows the BH accretion rate versus time for six example
galaxies that experience a transition in BH growth regime (out of
eight in our sample). In each panel, vertical segments compare
torowth, BH tO the time when the thresholds in M., My, El*kpc, and
tc(zz)l /i are crossed. In addition to these quantities analysed above,
the figure also indicates times of crossing thresholds in the escape
velocity at 1kpc from the centre of the galaxy and the time fyyrgy
at which the galactic SFR transitions from bursty to approximately
time-steady. The full time evolution of £ /# at 0.1 R is also
shown in Fig. 5. Fig. 6 shows similar time-series, but for lower-mass
galaxies that do not experience a transition to more efficient BH
fuelling. None of these galaxies cross the defined thresholds in M,,
Mhatos Vese, OF Efkpc. Next, we expand on the threshold values favored
by the analysis.

For each quantity, we tested a range of values centred on either
the threshold predicted by theory or the approximate thresholds we
found earlier. In each case, we optimized the threshold by choosing
the value which minimized the median At for the sample of galaxies.
For the stellar mass and halo mass, there are a priori no specific
values at which we expect the efficiency of BH fuelling to change
drastically. We therefore tested values around M, ~ 10'3 My and
Mo ~ 102 Mg, which after optimizing yielded thresholds M, =
4 x 10'°Mg and My, = 1.1 x 10'> M, as the optimal values. For
7 ype> Fig. 4 shows a strong kink in the relation between Mpy and

2 pe around Tjy 0 ~ 10°3 Mg kpc 2, and our optimization process

1kpe
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Figure 5. Black hole accretion rate (blue, left axis) and ratio of cooling time to free-fall time at 0.1 Ry, (red, right axis) versus age of the Universe for three
Milky Way-mass galaxies (m12i, m12b, m12f), two massive (Mpalo &~ 10'2° M, at z = 2) galaxies (A1, A2), and a massive galaxy at high redshift (HL09). In
each panel, a tf_f;zjl /t ratio of unity is marked by a dash—dotted horizontal line. The vertical black line marks shows the time of accelerated black hole fuelling,
tgrowth, BH- The vertical dashed lines represent the points at which the galaxies cross the following best-fitting constant thresholds: M, = 4 x 1010 Mg (teal),

Mpao = 1.1 x 10'2 Mg, (yellow), 1 /ts = 1 (red), vese = 300 kms~! at a radius of 1 kpc (dark blue) and ZTkpc = 10%% Mg kpc 2 (purple), the brown vertical

cool

line shows the time at which the galactic star formation rate becomes steady, foursty. Constant thresholds in these different properties and the end of bursty star

formation all correlate with accelerated BH black hole fuelling.

confirmed this value was the optimal threshold. As we discuss in
Section 4.1, this corresponds to a surface mass density above which
stellar feedback is effectively confined. For tc(f,z)l /ti, the analytic
theory suggests virialization of the CGM when the ratio exceeds
a value of order unity, so we explored a grid around this value.
The escape velocity at 1 kpc is intended to test a picture in which
accelerated BH growth is enabled by the gravitational confinement of
supernova-driven outflows (e.g. Dubois et al. 2015; Anglés-Alcazar
et al. 2017b). We tested escape velocities between 100 and 500 km
s~!, and found that a threshold of 300 km s~! minimized the median
At.

We emphasize that while we optimized the constant threshold for
each of the physical quantities discussed in the previous paragraph
in order to compare the At distributions fairly for X, . and t(ff)ll /i,

C
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the best-fitting thresholds correspond to values previously derived
analytically for the confinement of stellar feedback by gravity
(Grudié¢ et al. 2020; Hopkins et al. 2021) and for the virialization
of the inner CGM (Stern et al. 2021b). The fact that the empirical
best-fitting thresholds (optimized over the simulation data set) match
these theoretical thresholds suggest causal interpretations.

In Fig. 7, we compare the median and dispersion in At for
the different indicators, relative to the time identified for the BH
growth transition. The distributions are characterized both in units of
absolute time (Gyr; top) and in units of the Hubble time at the BH
growth transition, which varies from galaxy to galaxy. The latter
is useful because more massive galaxies tend to experience the
transitions at higher redshift, i.e. when the Universe was younger.
The median and standard deviation time differences between the
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Figure 6. Similar to Fig. 5, but for galaxies that do not experience a transition to accelerated black hole growth. All analysed galaxies which did not undergo
a transition to efficient black hole growth are shown, including all six m11 galaxies and one m12 galaxy, m12z, the only Milky Way-mass galaxy that does not
experience a transition. Though téf;ll /te approaches or briefly crosses a value of unity in some of these galaxies, it never remains consistently above that value,

indicating that the inner CGM does not actually virialize.

BH growth transitions and the times at which the galaxies cross
these thresholds are summarized in Table 1. The threshold crossings
for the indicators studied are all clustered around the BH growth
transition, with standard deviations o ~ (0.1-0.2) fyuppie. Note that,
for the parameters for which the threshold values were optimized, the
optimization was done over a finite grid, and as such the median At
for each property is non-zero. Grid spacing was, however, chosen
to be sufficiently small that the resulting median Ar values are
relatively small compared to the width of the distribution, so these
small offsets do not affect our conclusions. (For #yysy, the standard
deviation is comparable to the median Az, but the timing of #yyrgy
was not optimized and the median At is nevertheless small.). The
most precise predictors were tc(gll = tir, M, and fypyery, €ach with 1o
< 0.12 tyybpie, While the greatest dispersion in time relative to the BH
transition occurred for My, (10 = 0.21tgumb1e). However, since we
measure the transitions for only eight simulations, we do not consider
the relative ordering of the threshold crossings or the differences in
standard deviations to be statistically significant. The key point is
that for all the systemic properties analysed, constant thresholds
are systematically within just ~0.1 Hubble time of accelerated BH
fuelling. Absent a physical connection between BH fuelling and the
galaxy or halo scale properties analysed, we would expect instead
typical scatter in time ~#yypple, SO this is a strong indication that the
various galaxy and halo properties we have considered correlate with
BH fuelling. We stress that this is a highly non-trivial result because
of the large separation between the physical scales involved (e.g. BH

accretion kernels of radius ~10-100 pc versus dark matter haloes of
radius > 100 kpc).

3.3 Robustness of the analysis with respect to the accretion
model

As mentioned in section 2.2, Anglés-Alcazar et al. (2017b) compared
the gravitational torque model of BH accretion to models in which the
black hole accretion rate is calculated in post-processing as Mgy =
SFR(<Ry)/500 and Mgy = Mgy tgy:], where « is a normalization
constant @ = 1073-107*, and found that the BH growth behaviour
was similar for all three prescriptions. We verified that the tran-
sition between black hole growth regimes occurred approximately
simultaneously for all three models, so our results in this section are
robust to the details of the BH prescription. Additionally, we repeated
elements of our analysis on the four massive galaxies from Anglés-
Alc4zar et al. (2017b) with BH accretion modeled on-the-fly during
the hydrodynamic simulations (using the gravitational torque model),
rather than in post-processing, and obtained similar results.

4 DISCUSSION

In the previous section, we saw that several thresholds in galaxy
and halo properties correlate with accelerated BH growth. In this
section, we suggest possible physical interpretations of the different
thresholds, as well as the resulting implications.
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Figure 7. Comparison of the accuracy with which different galaxy properties
predict the onset of efficient black hole growth, for the eight galaxies that
experience the BH growth transition. For each galaxy, we calculate, show the
distribution of time differences, in Gyr (top) and in units of the Hubble time
(bottom), between the actual cosmic time at which the black hole growth
underwent a transition in fuelling efficiency and the times at which the
following best-fitting constant thresholds are crossed: M, =4 x 10" Mg
(brown), Mpao = 1.1 x 102 Mg (purple), * = 10°9 Mg kpc—2 (dark

1kpc

blue), 12 /tir = 1 (red), and vese = 300 km s~! at a radius of 1 kpe (yellow).
We also show the A distribution relative to the end transition from bursty to
steady star formation, fyursty (teal). Dots indicate the median time difference
and the error bars correspond to the 1o width of the distribution in each case.
The time difference distributions have typical width ~0.1-0.2 Hubble time,
indicating that constant thresholds in these different properties correlate well
with accelerated black hole fuelling.

Table 1. Median (At;;) and standard deviation of the time differences,
At = fihreshold — Igrowth,BH, between the transition to accelerated BH
growth and the times at which the following best-fitting constant thresh-

olds are crossed: My, =4 x 101 Mg, Mpqo = 1.1 x 102 Mg, e

1095 Mo kpc’z, tc(f):)l/tff =1, and vesc = 300kms™! at a radius of 1 kpc.
We also show the At statistics relative to the transition from bursty to steady
star formation (fpursty)-

Indicator Atz [Gyr] lo [Gyr] Atz [tHubble] 1o [fHubble]
M, 0.15 0.40 0.03 0.12
Mhato —0.15 1.81 —0.03 0.21
=t e ~0.01 091 —0.004 0.15
19 e —0.03 0.42 —0.01 0.09
Vesc —0.06 0.85 —0.02 0.15
tbursty 0.45 0.39 0.06 0.12

4.1 The confinement of stellar feedback

The two main phases of BH growth are due to a change in how
stellar feedback ejects gas (or is unable to eject gas) from the
inner galactic regions (Anglés-Alcdzar et al. 2017b). We consider
two physical mechanisms which can confine and regulate stellar
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feedback, both of which are consistent with our empirical results, and
either or both of which might play a role in driving accelerated black
hole growth: gravitational confinement, and pressure confinement
by circumgalactic gas. In both cases, we hypothesize that the
confinement of star formation-driven outflows contributes to the
stabilization of the galactic disc, and the build-up of gas available in
the central regions to fuel the black hole.

4.1.1 Gravitational confinement

We found empirically that BH growth increased more rapidly above
particular thresholds in X, and ve at 1kpe. Specifically, the
threshold values we found are consistent with the possibility that
gravitational confinement of star formation-driven outflows causes
changes to the galaxy at that time. We found that BH mass
increases rapidly above a stellar surface density threshold X7,
1073 Mg kpe™2 ~ 3000 Mg pc2. To within a factor of order unity,
this threshold corresponds to the critical surface density in star-
forming clouds, X = e ~ 10° Mg pc~2, above which stellar
feedback becomes inefficient at ejecting gas.

This critical surface density can be understood as follows. Star
formation efficiency in a gas cloud scales with surface density. This
is because star formation regulates itself with stellar feedback: when
the momentum-injection from a young stellar population becomes
greater than the gravitational force inward on the gas, the cloud will
become unbound and its gas expelled. The critical surface density
above which stellar feedback becomes inefficient at ejecting gas can
be derived by balancing gravity against the momentum of gas driven
out by feedback. The rate of momentum outward from a young stellar
population is (p/m,) M, young, Where (p/m,) ~ 6 x 108 cms™? is
the characteristic momentum flux output by stellar feedback per unit
stellar mass in a young stellar population, and M, youne the mass of
young stars (for more details, see Grudi¢ et al. 2018, 2020). The
gravitational force inward will simply be GM oM, gaS/Rz. The ratio of
the stellar mass formed to the gas mass ejected is

M*‘young ~ GMIO(

Mgy < p/my > R?

~

= 2:wl/zcrih (5)

where . = M/mR?. This gives us the critical surface density
value, Zei ~ (p/m.)/G ~ 10° Mgpc~2, above which most of the
cloud is turned into stars, and below which most of the mass is
ejected as gas. Thus, X can be interpreted as a critical surface
density above which stellar feedback is gravitationally confined.

Interestingly, the numerical value of X derived from this
simple argument is similar to surface density threshold above which
we find that BH growth becomes more steady. This indicates a
possible reason why BH growth becomes more steady (in a time-
average sense) above the X threshold: below this threshold, stellar
feedback efficiently and repeatedly ejects gas in the nuclear regions,
whereas above the threshold, a deeper potential well creates a stable,
gravitationally bound reservoir of gas which is retained and available
to fuel the central BH. Hopkins et al. (2022) recently noted this effect
specifically in the context of BH fuelling (see also Kocevski et al.
2017; Shi et al. 2022).

The critical surface density threshold also allows us to understand
the value of the threshold in escape velocity, which we found to
correlate with the onset of more efficient BH fuelling. At the time
of the transition, we found that vee &~ 300kms™! (also evaluated at
R = 1kpc). On a given scale, a total surface density corresponds to a
value of the escape velocity. Specifically, using vese = /2G Mo/ R
(where M, is the enclosed mass) and My ~ TR>X o, we find
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Dubois et al. (2015) previously obtained a similar result for the
critical escape velocity, but based on a different derivation for the
velocity expected for winds driven by supernovae in a star-forming
clump.

4.1.2 Pressure confinement by the inner CGM

Our finding that BH growth is correlated with inner CGM virial-
ization suggests another possible mechanism, which could play a
role in triggering relevant changes to the central galaxy: pressure
confinement.

We found that the virialization of the inner CGM, as quantified by
the cooling time of shocked gas becoming greater than the free-fall
time at 0.1R,;, is also closely correlated in time to the transition
to accelerated BH growth. This suggests that confinement of star
formation-driven outflows by pressure in the inner CGM could play
an important role in driving the transition to accelerated BH growth.

Stern et al. (2021b) showed that prior to the virialization of the
inner CGM, the thermal pressure in the CGM can differ by factors
of up to ~100 in different directions from the halo centre. These
pressure fluctuations are dramatically reduced as the inner CGM
virializes and becomes homogeneous. Moreover, Stern et al. (2021b)
showed that bursts of supernova-driven outflows in which mass
flows out of the galaxy and into the CGM are common prior to
ICV but are strongly suppressed as the inner CGM virializes. In the
scenario suggested by Stern et al. (2021b), at early times, the large
pressure fluctuations in the CGM provide paths of least resistance for
stellar feedback to escape from the galaxy. ‘Superbubbles’ created
by clustered supernovae can therefore disrupt the ISM and prevent
the formation of a stable, long-lived gas reservoir (e.g. Martizzi
2020). After ICV, however, paths of least resistance in the inner
CGM effectively close, resulting in more effective confinement of
outflows.

We note that the onset of pressure confinement of star formation-
driven outflows upon CGM virialization in FIRE is related to, but
somewhat different than the mechanism discussed in Bower et al.
(2017) who attributed effective confinement in EAGLE to the loss
of outflow buoyancy when the CGM virializes. Prior to virialization
the CGM in FIRE does not have a uniform pressure, and thus the
concept of buoyancy is not well-defined.

4.2 Correlations with stellar and halo masses

In the previous section, we discussed confinement mechanisms that
can potentially explain why accelerated BH growth is well predicted
by thresholds in X}, vesc, and 1) /tir. Here we address why the
BH growth transition also correlates with constant thresholds in My,
and M., and with the end of bursty star formation (fpusty)-

We first note that since the relationship between halo mass and
stellar mass evolves only weakly with redshift (e.g. Moster, Naab &
White 2018; Behroozi et al. 2019), a constant halo mass threshold
maps onto roughly constant stellar mass threshold. Therefore, to first
order, we only need to explain a constant threshold in one or the
other quantity.

In the context of gravitational confinement, the left-hand panel of
Fig. 4 shows that there is a monotonic and relatively tight (though

Supermassive black hole growth in FIRE 731
not one-to-one) relationship between X, . and M, in our simulated
sample. Thus, a physical threshold for outflow confinement at a
constant value of X, . ~ 10> Mg kpc™? results in a corresponding
approximate threshold at M, ~ 4 x 10'° M. Observed star-forming
galaxies also have a monotonic average relationship between Xj, .
and M., although large samples reveal non-negligible dispersion (e.g.
Chen et al. 2020).

In the context of pressure confinement, a roughly constant halo
mass threshold Mpg, =~ 1.1 x 10> Mg would follow from the
fact that, owing to coincidental cancellations between factors of the
cooling function (which enters through %)), and the properties of
dark matter haloes in the standard ACDM cosmology (which enter
through both téf,ll and fg), the expected halo mass of inner CGM
virialization is ~10'> My and nearly independent of redshift (e.g.
Stern et al. 2020).> Although the emphasis here is on when the inner
CGM completes virialization, this is closely related to the large body
of theoretical work that has previously shown that the transition
between ‘cold mode’ and ‘hot mode’ accretion occurs at a mass
scale that is roughly constant with redshift (e.g. Birnboim & Dekel
2003; Keres et al. 2005, 2009a; Faucher-Giguere et al. 2011; van de
Voort et al. 2011).

As discussed further in Section 4.4 and Hopkins et al. (in
prep.), CGM virialization correlates strongly with the depth of the
gravitational potential, so it is also possible that the different constant
thresholds are primarily due to correlations with the depth of the
potential.

4.3 Connection to the settling of galactic discs

Here we note that the stabilization of the gas reservoir appears
connected to the emergence of steady, thin gas discs in galaxies.
An indication of this is the fact that the BH accretion rate transition
OCCUrS Near fyyrsry, Which is when the star formation rate in the ISM
transitions from order-of-magnitude time-variable to much more
time-steady in FIRE. Stern et al. (2021b) and Gurvich et al. (2022a)
showed that the transition from bursty to steady star formation
coincides with the rapid ‘settling’ of the ISM into a steady, thin
disc in the simulations. Before fysty, the ISM is highly dynamic and
frequently unbound by bursty stellar feedback. A long-lived, thin gas
disc, out of which a thin stellar disc can form, develops after #ysy
(see also Yu et al. 2021; Hafen et al. 2022).

The bursty stellar feedback prior to disc settling frequently clears
the galaxy of gas and suppresses the BH’s ability to accrete gas from
its surroundings. The highly intermittent gas distribution around the
central BH prior to fgrowh, gr (the transition to more efficient fuelling)
is illustrated in Fig. 9 for some of our simulations, including two m13
galaxies and two m12 galaxies (the repeated ejection of gas from
around the BH at early times was also illustrated in the previous
analysis of BH growth in FIRE simulations by Anglés-Alcazar et al.
2017b). After fgrowm, BH» On the other hand, thin discs are visible in
each simulation.

Fig. 9 further illustrates the connections between disc settling,
accelerated BH growth, and the virialization of the inner CGM in the
bottom row. Specifically, the bottom panels show how the ‘disciness’
of our galaxies evolves by examining the ‘vector-to-scalar’ angular
momentum ratio (VTS ratio) of the gas. The VTS ratio is defined as
the ratio of the vector to scalar sum of the angular momentum of the

SIn detail, the halo mass at inner CGM virialization can vary around this
value, for example depending on gas metallicity or the depletion of baryons
in the CGM due to feedback (e.g. Stern et al. 2020).
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resolution elements:
L
VTS(r) = 7H Er‘<' = ”. ®)
pOIA

Low VTS ratios correspond to random distributions of angular
momentum, while near-unity ratios indicate that most of the gas has
angular momentum aligned to a single axis, indicating that a stable
disc has formed. Fig. 9 compares the evolution of the VTS ratio of
the gas within 0.05 Ry to the evolution of the ), /#;; ratio. We find
that the formation of thin gas discs generally occurs at roughly the
same time as inner CGM virialization (t(ff)l, /tr ~ 1). Note that while
this figure focuses on the ICV diagnostic, gravitational confinement
of stellar outflows may also play a role in disc settling, as discussed
in section 4.1.1 and Hopkins et al. (in prep.).

In a more detailed analysis of disc settling, Gurvich et al. (2022a)
find that disc settling in Milky Way-mass galaxies occurs on a time-
scale ~1 Gyr, which is comparable to the width of the Az distribution
between the time of accelerated BH growth and the different
threshold crossings we have considered (see Fig. 7). Assuming
that disc settling is indeed why the BH’s gas supply stabilizes, this
suggests that a substantial fraction of the dispersion in Af could be
due to the differing finite times it takes for discs to settle.

Before closing this section, we emphasize some important clar-
ifications regarding the connection between disc settling and black
hole fuelling.

First, it is the stabilization of the gas reservoir that allows BHs
to become more efficiently fed. In the FIRE simulations, this
corresponds to the formation of a geometrically thin gas disc. The
stabilization of the gas disc against repeated ejection by stellar
feedback is what we term ‘disc settling.” However, even in the bursty
phase when the ISM is frequently ejected by stellar feedback, there
is generally gradual build-up of rotational support in the simulations.
This can be seen in the general increase in the VTS of the gas prior
1O fhursty in Fig. 9, and this is discussed at greater length in Gurvich
et al. (2022a). A stellar distribution that would be identified as a
disc, albeit a relatively thick one, can thus appear well before #yury
(see also Yu et al. 2021, 2022). Thus, stellar discs generally appear
before BHs start growing efficiently. This may explain in large part
why in observations, BHs often do not correlate well with discs (e.g.
Kormendy & Ho 2013b; Greene et al. 2016).

Second, we note that the gas supply and star formation rate in
the nucleus can continue to experience substantial fluctuations after
the galaxy as a whole has stabilized at ty,y (€.g. Torrey et al. 2017,
Orr et al. 2021). These nuclear-scale fluctuations are likely important
drivers of the short time-scale variability in the BH accretion rates
seen even after the time-averaged BH accretion rates become more
sustained (see Fig. 5). However, these nuclear-scale fluctuations do
not occur on sufficiently large scales to starve BHs for extended
periods of time as is frequent prior to fyurgty-

4.4 Interaction between confinement mechanisms

‘We found that confinement of stellar feedback by gravity and by gas
pressure both correlate tightly with the stabilization of the BH’s gas
supply. We stress that these mechanisms are not mutually exclusive,
and may in fact both play a role.

When the ISM stabilizes and the inner CGM virializes, pressure
gradients in the gas on average balance gravity. This has been
analysed for the discy ISM of the simulated galaxies in the steady
phase (e.g. Gurvich et al. 2020), and is a property of the virialized
CGM as well. This suggests that the confining forces from gravity
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and gas pressure are comparable once the system has reached a quasi-
equilibrium.® We note, though, that while CGM gas pressure will be
most effective at confining hot, volume-filling outflows, it is possible
that some cold outflows could be in the extreme regime such that
the cold clumps are sufficiently dense enough to behave ballistically.
This is because the time-scales for hydrodynamic interactions scale
with the cloud density contrast relative to the background fluid, x =
Ocloud/ Poackground- For example, the drag time-scale f4r.g o x and the
cloud crushing time-scale 7. o< x 2 (e.g. Klein et al. 1994; Faucher-
Giguere, Quataert & Murray 2012), so hydrodynamic effects become
smaller as y increases. Thus, in the limit of outflows dominated by
compact, dense cold clouds, gas pressure could be less effective
at keeping the outflows confined. Gravity, on the other hand, acts
equally strongly on hot and cold outflows.

The two confining mechanisms may furthermore reinforce each
other. For example, once gravity confines outflows, the gas densities
and metallicities in the inner CGM may be reduced as outflows
will be trapped within the galaxy itself and not reach the CGM,
which could push zc(f,z)l /tir upward and accelerate gas virialization. In
the opposite direction, if inner CGM virialization begins stabilizing
the forming disc, this could accelerate the build-up of stellar mass
in the inner regions and increase gravitational confinement. Such
reinforcement between the two confinement mechanisms may play
arole in explaining the rapidity of disc settling and the sharpness of
the transition to accelerated BH growth.

Although both confinement by gravity and confinement by gas
pressure can be important, it is a non-trivial result of our analysis
that both mechanisms appear to become important at nearly the same
time in the simulated galaxies. In principle these mechanisms could
be decoupled and become important at very different times. Here we
discuss briefly reasons why the two confinement thresholds may be
crossed around the same time.

One possibility is that one threshold crossing causes the other,
i.e. the onset of gravitational confinement triggers inner CGM
virialization or vice versa (see the previous paragraph for how
this could happen). However, we find no clear evidence that one
threshold crossing systematically precedes the other (compare the
At distributions for X, and tf;ll /ti in Fig. 7). Moreover, it
appears that for simulated galaxies that cross the thresholds and
experience accelerated BH growth, the galaxies gradually approach
each threshold and cross the critical values around the same time,
with no clear sign in trajectories in the plane of X, . versus 1)t
that crossing of one threshold triggers crossing of the other (see
Fig. 8).

Another possibility is that threshold crossings in X
tc(f;ll /i do not cause each other, but generally occur around the same
time because of implicit correlations. To see why this may be the case,
note that both X7, . and tgf)l, /tir are functions of the gravitational
potential. We showed in Section 4.1.1 that X7, . can be expressed
in terms of v., while Stern et al. (2021b) showed using analytic

approximations that tc(f,z)l /i can be expressed in terms of v.:
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where vip9 = v./(100kms™'), Z| is the gas metallicity in solar
units, and fy, is the gas mass fraction in the CGM relative to the

There are departures from this equilibrium in the bursty SFR phase, and
there can also be later transient departures from equilibrium in the steady
phase, e.g. if a galaxy merger triggers a starburst or once AGN feedback
becomes important.
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Figure 8. The evolution of the relation between ZTkpc and tc(éll /tg for all
galaxies in the simulated sample, averaged over 300 Myr periods. Colours
indicate the final mass of the galaxy. Black dashed lines indicate the empirical
threshold values in these quantities, which we found best predict the transition
to accelerated BH growth (Ei'kpc =105 Mo kpc*2 and té(s):)l/lff =1). We
find that galaxies that cross the thresholds generally cross both thresholds at

around the same time, with no clear tendency to pass one before the other.

cosmic baryon fraction (fg,s = 1 if the halo contains a cosmic mass
fraction /2, of baryons, and all these baryons are in the gas
phase). This equation assumes a fiducial gas profile in the CGM
p o< r'? (see equation 17 in Stern et al.). For a flat rotation curve
(i.e. an isothermal potential), the escape velocity ves. ~ V2v.,7 so
we see that an escape velocity of 300 kms™! corresponds to a value
19 Jtie ~ 1at0.1Ry; for Z; ~ 1, fya ~ 1,and z ~ 1. Viewed this way,
it is not entirely surprising the inner CGM virializes in haloes that
have a mass comparable to the haloes hosting galaxies with central
potential sufficiently deep to confine stellar feedback gravitationally.
We leave it to future work to further investigate whether a more
precise derivation along these lines (taking into account the exact
galaxy and CGM structure) can quantitatively explain the small time
differences we find for the two threshold crossings in the simulations.

4.5 Comparison with results on accelerated BH growth from
other simulations

As mentioned in Section 1, other studies based on simulations with
different sets of subgrid models have found a qualitatively similar
transition between BH growth regimes. Some previous studies,
including Dubois et al. (2015) and Anglés-Alcazar et al. (2017b),
have interpreted this in terms of trapping of star formation-driven
outflows once the central potential becomes sufficiently deep. Other
studies, including Bower et al. (2017) and Lapiner et al. (2021),
have emphasized the role of CGM virialization. Our analysis shows
that both effects turn on around the same time in FIRE, which
suggests that both effects could play a role. In this section, we
compare our results with previous studies. Our interpretation in terms

"This relation takes into account only the mass enclosed within the radius
of interest, otherwise the escape velocity in an untruncated isothermal model
would be infinite.
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of gravitational confinement is broadly similar to previous studies,
but there are significant differences in how we interpret the role of
CGM virialization, so we focus our discussion on studies that have
emphasized this process.

Our hypothesis that inner CGM virialization may play a role in
setting the mass scale above which BHs grow more efficiently is
related to Bower et al. (2017)’s results that the formation of hot haloes
triggers accelerated SMBH growth in EAGLE, but there are a few
important new elements and distinctions. Bower et al. (2017) carried
out a statistical analysis of a large sample of haloes, and found that
accelerated BH growth occurs around a halo mass M, ~ 10'> Mg,
above which gaseous haloes become hot. In their interpretation,
stellar feedback-driven outflows limit gas accretion by BHs at early
times by keeping central gas densities low, but the stellar outflows
are suppressed when haloes reach this mass scale, because they are
no longer buoyant once the CGM becomes hot. This triggers a non-
linear response for the BH, which starts to accrete rapidly. McAlpine
et al. (2018) expanded on Bower et al. (2017)’s analysis and showed
that in EAGLE, the onset of rapid BH growth is more accurately
associated with a threshold in halo virial temperature than a threshold
in halo mass. In the pressure confinement scenario (Section 4.1.2),
accelerated BH growth is associated with CGM virialization as in
EAGLE, but we more specifically associate it with the emergence of
a stable gas disc enabled by the virialization of the inner CGM (at
R ~ 0.1 Ry, just outside the central galaxy), rather than virialization
on larger scales, which in general occurs earlier. Additionally, rather
than buoyancy being the key factor, we attribute the confinement of
outflows post-ICV to the suppression of large pressure fluctuations in
virialized gas, and thus the closing of paths of least resistance along
which outflows could escape.

The subgrid model differences between the large-volume EAGLE
simulations and the FIRE zoom-in simulations analysed in this
paper help us better understand which aspects of the conclusions
are sensitive to subgrid modelling.

For example, the EAGLE simulations use a Bondi-like accretion
prescription in which the BH accretion rate scales as Mgy o< Mzy.
Relative to the gravitational torque-driven prescription we adopt, in
which Mgy o M};ff (see equation 1), this can suppress BH growth
at low Mpy. In Bower et al. (2017)’s analytic model of the EAGLE
simulations results, the quadratic scaling of the accretion rate with
Mgy also plays an important role in inducing non-linear growth
of SMBHs once they become sufficiently massive. On the other
hand, our analysis of FIRE simulations is based on a gravitational
torque BH accretion estimator which depends much more weakly
on BH mass, and we have also explored prescriptions in which the
accretion rate is completely independent of BH mass (see Section 3.3
and Anglés-Alcdzar et al. 2017b). This shows that non-linearity in
the accretion model is not essential to produce a relatively sharp
transition between BH accretion fuelling regimes. The EAGLE and
FIRE simulations also have very different resolutions (baryonic
resolution elements of mass m, ~ 10°My in fiducial EAGLE
simulations versus ~103-3 x 10* M, for the zoom-in simulations in
this paper), and implement very different subgrid models for the ISM,
star formation, stellar feedback, and AGN feedback. In particular,
AGN feedback is neglected entirely in the FIRE simulations analysed
in this paper, so it plays no role in our results. This suggests that the
transition between BH growth regimes is robust to a broad range of
subgrid model variations.

More recently, Lapiner et al. (2021) analysed BH growth in the
NewHorizon simulation (Dubois et al. 2021), which zooms onto a
spherical volume of comoving radius 10 Mpc and maximum spatial
resolution ~40 pc embedded in the Horizon-AGN simulation box
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Figure 9. Comparison of the emergence of stable gas discs with inner CGM virialization and BH growth. The top two rows show edge-on gas temperature maps
(log T is weighted by mass) before (top) and after (middle) the BH growth transition. The bottom panels show the quantitative gas disc formation measurement
(VTS ratio), as calculated in equation (8), and ratio of cooling time to free-fall time at 0.1 Ry;; versus time. We mark the BH growth transition (solid black line)
and the snapshots at which the images were taken (dashed black lines). The emergence of stable gas discs correlates with inner CGM virialization and the onset
of accelerated BH fuelling, though the gas discs in the two massive galaxies (Al and A2) are later disrupted by mergers. Gas discs are visible in all simulations

immediately after the BH growth transition.

(Dubois et al. 2016). By z = 0.7, which is the time that Lapiner et al.
(2021) focus on, the NewHorizon volume contains eight galaxies that
have grown to a stellar mass greater than ~10'° M, (these authors
refer to this mass scale and the associated halo mass M, ~ 1012 Mg,
as the ‘golden mass’). Similar to what we find in FIRE and what has
been found in EAGLE, Lapiner et al. (2021) show that BH growth is
slow below the ‘golden mass’ and accelerates above it. This further
demonstrates that the existence of two regimes of BH fuelling are
robust to a range of subgrid model variations. As for the comparison
with EAGLE, Lapiner et al. (2021)’s interpretation involves similar
basic concepts, but is different in detail from ours. As in FIRE,
the onset of rapid BH growth in NewHorizon is associated with
an increase in X, .., which Lapiner et al. (2021) term ‘compaction.’
Similar to our interpretation, Lapiner et al. (2021) argue that rapid BH
growth is enabled when the halo becomes massive enough to retain
supernova-driven outflows. Lapiner et al. (2021)’s analytic estimates
for the ‘golden mass’ are based on the confinement of stellar feedback
by the gravitational potential and the hot CGM on the scale of the
halo.® We also find that gravity and a hot CGM likely both play
important roles, but in our interpretation, it is more precisely when
the innermost regions of the CGM virialize that outflows may become
pressure confined. We also associate the change in BH fuelling

SLapiner et al. (2021) present analytic estimates for two different critical
halo masses, one for the gravitational retention of SN ejecta and one for the
stability of virial-radius shocks, which are numerically similar at z ~ 1-2 and
are identified with a single ‘golden mass’.
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regime with the settling of the ISM into a long-lived, relatively thin
disc, whereas disc settling does not play a prominent role in Lapiner
et al. (2021)’s interpretation. In Lapiner et al. (2021)’s simulations,
the BHs are frequently off-centre at early times but rapidly sink
toward to galaxy centres along with the compaction-driven deepening
of the gravitational potential and associated dynamical friction. In
our FIRE analysis, we assume that the BHs are centred at all times
(see Section 2.2). This shows that the suppression of BH growth at
early times is not solely due to mis-centring, although this can be an
additional effect (e.g. Bahé et al. 2021; Ma et al. 2021).

4.6 Implications for quenching by AGN feedback, and its
dependence on stellar mass and X7y,

The insight into BH growth histories given by our results has
implications for AGN feedback. While there is recent observational
evidence for AGN-powered outflows in some dwarf galaxies (e.g.
Dickey et al. 2019; Manzano-King, Canalizo & Sales 2019; Liu et al.
2020), AGN feedback has generally been inferred to affect their host
galaxies most strongly at the massive end of the galaxy mass spectrum
(e.g. Somerville & Davé 2015; Naab & Ostriker 2017). Empirically,
itis inferred that the fraction of quenched galaxies increases strongly
around L, (e.g. Moster et al. 2018; Behroozi et al. 2019). Moreover,
the incidence of AGN activity increases strongly around this mass
scale (e.g. Forster Schreiber et al. 2014). This corresponds to a
mass scale M, ~ 10'%3 M, similar to that at which we find BH
fuelling to become much more efficient in FIRE. This is consistent

€20z AInr €0 uo Jasn Aselqi seousiog yiesH Jayes Aq v618869/22./1/0ZS/301e/seluw/wod dno-olwapeoe//:sdiy Wwolj papeojumo(]



with the hypothesis that AGN feedback is primarily responsible for
quenching star formation above this mass scale. The physics outlined
in the previous sections, namely bursty stellar feedback repeatedly
starving BHs at low masses and BH fuelling becoming more
sustained after the galactic disc stabilizes, could potentially explain
the mass scale selected for the quenching of star formation by AGN
feedback.

Chen et al. (2020), among others, examine observations including
galaxy structural properties and argue that the quenching of massive,
central galaxies is not fully described by a threshold in stellar mass
alone but rather appears to involve (at least) a second parameter.
Observational evidence also indicates that, among galaxies with
similar stellar masses, black hole masses are higher in quiescent
galaxies than in star-forming galaxies (Terrazas et al. 2016). There
is now a large body of observational studies that show that the
central regions of galaxies, as quantified by X7, ., are a better
determinant of quenching than stellar mass. For example, in a survey
of galaxies 0.5 < z < 0.8, Cheung 2012 found that X7, was the
best predictor of whether a galaxy was quenched among a number of
other properties analysed. In a sample of SDSS galaxies, Fang et al.
(2013) similarly found a close correlation between Xj,,. and galaxy
colour, demonstrating that star formation quenches only above a
mass-dependent threshold value of X7, .. More recently, Xu & Peng
(2021) found that central galaxies in the nearby universe quench
above Zf,. ~ 10°~10"> Mg kpc™?, with the threshold being only
weakly dependent on stellar mass. Observationally, the connection
between central densities and quenching holds at least out to z ~
3 (e.g. van Dokkum et al. 2014; Tacchella et al. 2015; Barro et al.
2017).

Our results may provide a useful framework to understand the
dependence of galaxy quenching on stellar mass and X7, . In
the picture outlined above, BH growth (and by extension, AGN
feedback) is most directly tied to the gas supply in the inner
galaxy, which stabilizes when X7, exceeds a threshold in the
range ~10°-10°> Mg kpc~2 (Section 4.1.1). Although we found that
accelerated BH growth also corresponds to a roughly constant stellar
mass threshold M, ~ 4 x 10'° Mg, in our simulation sample, this
likely arises because of the correlation between X, . and M, in
the simulated galaxies (left-hand panel in Fig. 4). This is because in
our physical explanation, the confinement of star formation-driven
outflows depends on the depth of the gravitational potential in the
inner regions, which depends not only on the total stellar mass of
the galaxy but also on how concentrated the mass is around the
nucleus. With respect to role of the CGM in confining outflows,
this also does not in general occur at the same stellar mass in
all haloes: the mass at virialization depends, for example, on gas
densities and metallicities in the inner CGM and on the exact
gravitational potential, which is sensitive to the structural properties
of the dark matter halo and the central galaxy (e.g. Birnboim & Dekel
2003; Stern et al. 2020). In future work, it would be interesting to
investigate whether these effects can more quantitatively explain
the sloped ‘ridgeline” in Xf, . — M, that separates star-forming and
quenched galaxies observations (Chen et al. 2020). Another effect
which could introduce a slope in this ridgeline is the fact that the
central surface density depends on the spatial scale on which it is
measured, and a radius of 1 kpc is not necessarily the most accurate
scale for determining whether outflows are gravitationally confined
or not. Variations in stellar density profiles with stellar mass could
introduce a slope in the X7, . — M, ridgeline if the best indicator of
outflow confinement is the surface density evaluated on some other
scale. This too would be interesting to investigate further in future
work.

Supermassive black hole growth in FIRE 735

Virialization of the CGM can also play a key role in determining
the effectiveness of AGN feedback for a reason other than the
confinement of star formation-driven outflows. Several previous
studies have highlighted the fact that AGN feedback likely must
have a preventive effect in massive haloes, i.e. AGN must prevent too
much CGM gas from accreting onto galaxies (e.g. Bower et al. 2006;
Croton et al. 2006; Keres et al. 2009b). When the CGM is hot and
virialized, this can be achieved by AGN feedback heating the volume-
filling medium. On the other hand, prior to CGM virialization, the
central galaxy is primarily fed by infalling cold streams and cold
clouds, which have small geometric cross sections. In this regime, it
is difficult for AGN feedback (whether be it through collimated jets
or wider-angle outflows) to effectively prevent gas infall.

Last, we comment briefly on how our results relate to other
concepts commonly discussed in the context of AGN feedback. Our
results suggest that, on average, BH growth is more efficient and
AGN feedback is expected to be stronger above certain thresholds in
stellar mass and X7, ., and that these thresholds correlate with the
settling galaxies into discs. In previous literature, both observational
and theoretical, BH growth has often been associated with the build-
up of galaxy bulges, rather than discs, as well as with galaxy mergers
(e.g. Hopkins et al. 2008; Kormendy & Ho 2013b). Connections
with bulges and a role for galaxy mergers are not necessarily in
conflict with our picture. First, we stress that BH fuelling is highly
time variable in our simulations even after the onset of the more
efficient fuelling phase (see Fig. 5). This is because even after a
relatively stable galactic gas supply has become available, stochastic
processes determine exactly when BHs capture some of that gas
(e.g. Hopkins & Hernquist 2006; Anglés-Alcazar et al. 2021). When
gas-rich galaxy mergers occur, BH fuelling can be rapidly boosted,
resulting in a highly energetic burst of AGN feedback (e.g. Mihos &
Hernquist 1994; Di Matteo, Springel & Hernquist 2005; Springel
et al. 2005). We suggest that this will occur more commonly after
galaxies have grown sufficiently massive to have developed a stable
gas reservoir, although it is possible that this also sometimes occurs
in lower-mass galaxies between periods of gas ejection by bursty
stellar feedback. Second, we discussed in Section 4.3 how stellar
discs are expected to form before the settling of gas into steady,
thin discs, and how this will tend to decouple BH masses from the
masses of stellar discs identified in observations. Third, although
we have emphasized the role of disc settling in providing a more
steady gas reservoir from which the BH can accrete, this is only
the beginning. Over time, the central regions can develop a bulge-
like morphology, owing either to mergers (Toomre 1977; Hernquist
1992) or to secular processes, such as the in-spiral of massive clumps
(Noguchi 1999; Dekel, Sari & Ceverino 2009). Finally, as noted
by Hopkins et al. (2021), observational studies relating properties
of bulges to properties of black holes have typically defined those
bulges photometrically as excess surface brightness above the surface
brightness of the disc. Hopkins et al. (2021) noted that characteristic
surface brightness above which bulges are identified corresponds
roughly to the critical surface density for gravitational confinement
of stellar feedback, X ;. As BH growth becomes efficient above a
stellar surface density of approximately X in our simulations, our
findings are compatible with studies which associate BH growth with
stellar bulges.

4.7 Caveats and directions for future work

In this paper, we have analysed BH growth by processing zoom-
in simulations with a BH accretion rate estimator, and our analysis
makes a number of simplifying assumptions. We mention in this
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section some of the ways that our results could be affected, and
processes which would be interesting to include in future work.

Most conspicuously, the simulations analysed in this work neglect
AGN feedback entirely. This has the benefit of highlighting how the
physics of stellar feedback alone can have important implications for
the growth of massive BHs. Since our key result is that BH growth is
relatively slow before the different thresholds in Table 1 are crossed,
it is reasonable to hypothesize that including AGN feedback would
not significantly change our main results up to the point where those
threshold are crossed, and so that the predicted transition between
BH fuelling regimes would be mostly unaffected. In future work, it
will be important to extend our analysis to simulations that include
a realistic model for AGN feedback, such as the multichannel AGN
feedback models that has recently be incorporated in some FIRE
simulations (Wellons et al. 2022). Simulations with AGN feedback
would not only allow us to test the effects of AGN feedback on BH
growth, but also to study its effects on galaxy quenching and to what
extent the stellar mass scale suggested by our analysis for accelerated
BH growth is imprinted on galaxy populations. We note that, for
example, it could take some time after fgowm, Bu for AGN feedback
to strongly affect massive host galaxies (e.g. Davies, Pontzen & Crain
2022).

We also note that while the stellar feedback-driven modulation of
BH feeding may play a role in determining the characteristic mass
scale of AGN feedback, this is not necessarily the whole story. For
example, in some of the simulations with AGN feedback analysed
by Wellons et al. (2022), models which successfully quench massive
galaxies above L, also tend to ‘over-quench’ galaxies right around L,,
i.e. produce too many quenched galaxies at this intermediate mass
scale relative to observations. This suggests that stellar feedback
regulation of BH fuelling does not necessarily, on its own, limit
the effects of AGN feedback to the galaxy masses indicated by
observations. However, this conclusion may well be sensitive to the
exact AGN feedback implementation and other simulation details,
such as a resolution, so more work is needed to clarify this issue.
One possibility is that in addition to a change in feeding efficiency,
there is a change in AGN feedback mode involved (such as may be
determined by the physics of the accretion flow on the scale of the
event horizon). Indeed, some cosmological simulations implement a
change in AGN feedback mode, e.g. from ‘quasar mode’ to ‘radio
mode’, or from ‘thermal’ to ‘kinetic,” in order to reproduce properties
of observed galaxy populations (e.g. Weinberger et al. 2018; Davé
et al. 2019).

Related to the fact that AGN feedback is neglected in the
simulations, our post-processing analysis assumes a relatively low
normalization of the gravitational torque accretion estimator (see
Section 2.2). The low normalization can be viewed as representing
an unresolved, subgrid ‘mass loss’ effect that limits how much gas
gets accreted by the BH. This is a simplistic way of modelling e.g.
the effects of some gas turning into stars on the way to the centre, and
some gas not making it to the horizon because it is instead ejected in
outflows powered by stars or the accretion flow itself. The constant
normalization was selected such that, by the end of the simulations,
the BHs in galaxies sufficient massive to have experienced the
efficient growth phase have masses roughly consistent with observed
galaxy-black hole scaling relations for massive galaxies (for more
on this normalization approach, see Anglés-Alcazar, Ozel & Davé
2013; Anglés-Alcazar et al. 2015; Anglés-Alcazar et al. 2017b;
Catmabacak et al. 2022). In simulations that explicitly include AGN
feedback, it is possible that self-regulation of BH growth would
allow or favour a higher normalization of the accretion model. If
so, BHs could potentially grow more in the early bursty phase
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than in our fiducial analysis, which could predict a less pronounced
‘jump’ in black hole mass versus stellar mass above M, ~ 10'%° M.
Nevertheless, it should still be the case that there is more gas available
for accretion after the gas reservoir has stabilized.

We also assume in this work that BHs are seeded and remain
at galaxy centres at all times (Section 2.2). However, this is not
necessarily the case: BH seeds could form away from galaxy centres,
and they could take a long time to sink to the nuclear regions.
Indeed, the time required for a BH to sink to the potential minimum
via dynamical friction can be longer than the age of the universe,
particularly at high redshift when galaxies tend to be clumpy and are
frequently disrupted by mergers and bursts of star formation. Even
seeds that form in, or reach, the galactic centre may be kicked off-
centre by later dynamical interactions (Tremmel et al. 2018; Boldrini,
Mohayaee & Silk 2020). Ma et al. (2021) integrated BH orbits in
early clumpy galaxies from the FIRE simulations, and found that
in many circumstances, BH seeds could not be assumed to have
reached the galaxy centre. Lapiner et al. (2021) found that in the
NewHorizon simulation, BHs were driven toward galaxy centres,
thanks to increased dynamical friction during compaction, though
whether this is the case likely depends on the exact seeding model
and prescription for unresolved dynamical friction. In future work,
it would be interesting to further explore how BH growth is affected
by the seeding model and accurate orbits in the galactic potential.

5 SUMMARY AND CONCLUSIONS

We analyse BH growth in a sample of sixteen FIRE-2 cosmological
zoom-in simulations of galaxies (including dwarf, Milky Way-mass,
and more massive galaxies). The present analysis neglects AGN
feedback, which allows us to isolate effects on BH growth that can
be attributed to other processes, including stellar feedback.

Motivated by previous work, we examine the characteristics of
galaxies whose central supermassive black holes experience a tran-
sition to rapid growth. We discuss the potential causal relationships
at a range of physical scales, as well as the implications for galaxy
quenching by AGN feedback. Our analysis yielded the following
results:

(1) We find two phases of BH growth: inefficient growth at
early times, and, in some haloes of Milky Way-mass or greater, a
transition to increased time-averaged accretion rates at later times.
The transition between the two phases of growth occurs when the
host galaxies reach a stellar mass ~10'%-> M, a threshold mass which
appears to be roughly independent of redshift. These results extend
to a broader range of galaxy masses the previous analysis of BH
growth in FIRE-2 by Anglés-Alcazar et al. (2017b), who focused on
a subset of four of the most massive galaxies. The transition between
BH growth regimes found in FIRE is qualitatively similar to that
found in other studies using different subgrid models for BH growth
(e.g. Bower et al. 2017; Lapiner et al. 2021).

(i1) To gain insight into the physical factors that drive the transition
to accelerated BH growth, we analyse how the timing of the BH
accretion transition compares with the crossing of thresholds in
different properties of the system, on scales ranging from the galactic
nucleus to the dark matter halo, including: the galaxy stellar mass
(M.), the total halo mass (Mp,,), the stellar surface density within
1 kpc (El*kpc), the escape velocity at 1 kpc (ves), and an indicator of
whether the inner CGM has virialized (¢, /#ir). Remarkably, con-
stant (i.e. redshift-independent) thresholds in each of these properties
correlate relatively tightly with the transition to more efficient BH
fuelling (within ~0.1-0.2 Hubble time). The best-fitting values for
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the constant thresholds in these quantities are: M, = 4 x 10'° Mo,
Mo = 1.1 x 10 Mg, 1, . = 10% Mg kpe ™2, vese =300 kms ™,
and tgf)zvl

each of these quantities, the best-fitting thresholds found for £
and 7

/tq = 1. Although we optimized the constant threshold for
?kpc

002,1 /ti correspond to a priori known theoretical thresholds for
gravitational confinement of stellar feedback and for the virialization
of the inner CGM, respectively, suggesting causal interpretations.

(iii) The timing of accelerated BH growth is also consistent
with corresponding, on average, with the time f,y, when the
galaxies transition from highly bursty (with order-of-magnitude SFR
fluctuations) to much more time-steady star formation rates. In FIRE,
the end of bursty star formation coincides with the emergence of
stable, thin gas discs (Stern et al. 2021b; Yu et al. 2021; Gurvich
et al. 2022a; Hafen et al. 2022). This suggests that the settling of
galaxies into thin gas discs with stable gas reservoirs may play an
important role in enabling SMBHs to be efficiently fuelled.

In these simulations without AGN feedback, the two phases of
BH fuelling occur because at early times/low masses, bursty stellar
feedback ejects gas from the galactic nucleus, which repeatedly
starves the BH and makes accretion highly intermittent. BHs begin
to grow more steadily on average once galaxies develop a stable gas
reservoir (though with important short time-scale variability). We
investigated what drives the gas reservoir to stabilize, and identified
two mechanisms that may do so by confining star formation-driven
outflows: (1) confinement by central gravity; and (2) confinement by
gas pressure in the inner circumgalactic medium. Our results with
respect to these two confinement mechanisms are the following:

(i) Gravitational confinement: We find that BH masses increase
dramatically above a threshold of =, .~ 10%° Mg kpc™* (Fig. 4,
right). This critical surface density threshold corresponds to an escape
velocity at a radius of 1kpc of 300kms~', the value which we
found also corresponds to a threshold for accelerated BH growth.
A simple force balance argument shows that this surface density
threshold corresponds to the critical surface density above which
stellar feedback becomes inefficient at ejecting gas. This suggests
that confinement of star formation-driven outflows by gravity in the
inner galaxy plays an important role in retaining gas to feed BHs.

(ii) Pressure confinement: We also find that accelerated BH
growth correlates tightly with the virialization of the inner CGM, as
indicated by when the ratio tc('f)z,l /t exceeds a value of unity at 0.1R,;;.
(At face value, Fig. 7 shows that the time when tc(;f)l /ti reaches
unity corresponds most tightly with when BHs start growing more
efficiently among the thresholds in all properties we have considered,
although this may not be statistically significant.) Stern et al. (2021b)
showed that outflows are strongly suppressed following inner CGM
virialization, which they interpreted as owing to confinement by hot
gas pressure (in contrast to before inner CGM virialization when
order-of-magnitude pressure fluctuations in the CGM allow outflows
to more easily leave the central galaxy).

These confinement mechanisms are not mutually exclusive, and
may reinforce each other. It is noteworthy that they appear to ‘turn
on’ at nearly the same time in the simulated galaxies. We discussed
possible connections between the two confinement mechanisms
(Section 4.4), but more work is needed to further disentangle them
and/or determine how they are coupled. We noted in particular
that, like gravitational confinement, the virialization of the CGM
correlates with the depth of the gravitational potential, so the timing
coincidences could reflect correlations rather than causation. In
the context of gravitational and pressure confinement, the constant
thresholds in stellar mass and halo mass follow because of a relation-
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ship between X7, - and M, (Fig. 4, left), and because inner CGM
virialization occurs at a roughly constant halo mass My, ~ 102 Mg
(e.g. Birnboim & Dekel 2003; Stern et al. 2020).

Although we neglected AGN feedback in this study, itis interesting
that the stellar mass and halo mass thresholds above which we
predict more efficient BH fuelling correspond to the ~L* mass scale,
above which the fraction of passive galaxies increases sharply (e.g.
Behroozi et al. 2019). This suggests that the more efficient regime of
BH fuelling enabled by the trapping of star formation-driven outflows
plays a role in determining the strength of AGN feedback. This is
related to the suggestion by Bower et al. (2017) that the onset of
strong AGN feedback is triggered by the failure of stellar feedback.
The X7, threshold we find is also very similar to the surface density
threshold that correlates observationally with galaxy quenching (e.g.
Chen et al. 2020, and references therein). Our interpretation in
terms of confinement of outflows suggests that a X, threshold

(or possibly a threshold in tc(f)ll /ti, although this is more difficult
to observe) is more fundamental than thresholds in stellar mass
or halo mass, which follow from correlations. Future work should
examine more directly how the stellar feedback-regulated phases of
BH growth affect AGN feedback, and conversely how the inclusion

of self-consistent AGN feedback affects BH fuelling.
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developed by Alex Gurvich (2021). Some figures were generated
with the help of FIRE studio, an open source Python visualization
package (Gurvich 2022).
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