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ABSTRACT
Formation of supermassive black holes (BHs) remains a theoretical challenge. In many models, especially beginning
from stellar relic “seeds,” this requires sustained super-Eddington accretion. While studies have shown BHs can violate
the Eddington limit on accretion disk scales given sufficient “fueling” from larger scales, what remains unclear is whether
or not BHs can actually capture sufficient gas from their surrounding ISM. We explore this in a suite of multi-physics
high-resolution simulations of BH growth in magnetized, star-forming dense gas complexes including dynamical stellar
feedback from radiation, stellar mass-loss, and supernovae, exploring populations of seeds with masses ⇠ 1 � 104 M�.
In this initial study, we neglect feedback from the BHs: so this sets a strong upper limit to the accretion rates seeds can
sustain. We show that stellar feedback plays a key role. Complexes with gravitational pressure/surface density below
⇠ 103 M� pc�2 are disrupted with low star formation efficiencies so provide poor environments for BH growth. But in
denser cloud complexes, early stellar feedback does not rapidly destroy the clouds but does generate strong shocks and
dense clumps, allowing ⇠ 1% of randomly-initialized seeds to encounter a dense clump with low relative velocity and
produce runaway, hyper-Eddington accretion (growing by orders of magnitude). Remarkably, mass growth under these
conditions is almost independent of initial BH mass, allowing rapid IMBH formation even for stellar-mass seeds. This
defines a necessary (but perhaps not sufficient) set of criteria for runaway BH growth: we provide analytic estimates for
the probability of runaway growth under different ISM conditions.
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1 INTRODUCTION

Observations have demonstrated the existence of supermassive
black holes (BHs) with masses Mbh ⇠ 109M� in quasars at very
high redshift (z & 7) when the Universe was less than a billion years
old (e.g., Fan et al. 2001; Wang et al. 2021), which implies that
these BHs must accrete rapidly from their “seeds” (Inayoshi et al.
2020). The physical origin of these seeds remains deeply uncer-
tain, but popular models including direct collapse of super-massive
stars with masses ⇠ 104 �106 M� (e.g., Begelman et al. 2006; Re-
gan et al. 2017; Corbett Moran et al. 2018; Chon & Omukai 2020),
runaway mergers in globular clusters (e.g., Portegies Zwart et al.
2004; Boco et al. 2020; Alister Seguel et al. 2020; Kremer et al.
2020; Rizzuto et al. 2021; Shi et al. 2021; Fragione et al. 2021;
Das et al. 2021), remnants from Population III stars (e.g., Madau
& Rees 2001; Ryu et al. 2016), and relics of “standard” stellar
evolution (e.g. Population II) stars generally produce seeds with
masses ⌧ 104 M�. Given that the e-folding time of a BH grow-
ing at the Eddington limit1 with a canonical radiative efficiency of
⇠ 0.1 is ⇠ 50Myr, almost all of these models require a sustained
period of super or hyper-Eddington accretion in the early Universe
to be viable (e.g., Pezzulli et al. 2016). This is especially impor-
tant at masses ⌧ 105 M�, as various studies have shown that once
larger “super-massive” mass scales are reached, the gravity of the
BH can capture gas from larger radii and lead to runaway growth
(Li et al. 2007; Di Matteo et al. 2008; Li 2012; Johnson et al. 2013;
Weinberger et al. 2018; Huang et al. 2018; Zhu et al. 2020; Anglés-

? E-mail: yanlong@caltech.edu
1 Throughout, we will follow standard convention and define the Eddington
luminosity as the usual LEdd = 3.2⇥104 L� (Mbh/M�), and the “Eddington
mass-accretion rate” as the accretion rate which would produce LEdd given
a canonical reference radiative efficiency ✏r = 0.1 (L = ✏r Ṁ c2), so ṀEdd ⇡
Mbh/(45Myr).

Alcázar et al. 2021). But unless one invokes exotic formation mech-
anisms, a sustained rapid accretion phase is necessary to grow BHs
from the stellar (⇠ 10 � 100M�) to super-massive (� 104 M�)
mass scale (Li 2012; Valiante et al. 2016)

There is a well-established and rapidly-growing body of work
demonstrating that compact objects can, in fact, exceed the naive
“Eddington accretion rate” ṀEdd by large factors (up to & 1000)
on scales of the accretion disk itself (recently, see e.g. theoretical
arguments by Inayoshi et al. 2016; Jiang et al. 2019; Park et al.
2020; Kitaki et al. 2021; Botella et al. 2022, empirical arguments
in Berdina et al. 2021; Tortosa et al. 2022, or for reviews, Pezzulli
et al. 2016; Mayer 2019; Smith & Bromm 2019; Brightman et al.
2019 and references therein). But these studies generally assume
a constant hyper-Eddington (⇠ 103 ṀEdd) influx of gas from larger
scales onto the accretion disk as their “outer boundary condition.”
What remains deeply unclear is whether or not a seed BH – espe-
cially at stellar mass scales – could actually capture gas from the
interstellar medium at a sufficient rate to sustain this accretion, and
for long enough that the total mass supplied would be able to grow
the BH by many e-foldings. There has been some theoretical work
on the topic, but it has generally either considered idealized models
where the gas around the seed sits in a common potential well and
accretes instead of being multi-phase and turbulent, rapidly form-
ing stars (see e.g. Takeo et al. 2020; Park et al. 2022), or considered
only galactic (� pc) scales (e.g. Massonneau et al. 2022) where es-
pecially with BHs already � 104 M�, sustaining super-Eddington
inflow to a nuclear region at least appears viable (Huang et al. 2018;
Regan et al. 2019; Zhu et al. 2020; Anglés-Alcázar et al. 2021).

The problem is that in the realistic ISM, order-of-magnitude
estimates such as those in Johnson et al. (2013) suggest that the
rate of gravitational capture of gas from the surrounding ISM – the
Bondi-Hoyle rate (Hoyle & Lyttleton 1939; Bondi 1952) – should
be extremely small unless the seed is already super-massive. Con-
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sider the standard expression

ṀBondi ⇡
4⇡G2 M2

bh⇢

(c2
s + �V 2)3/2 . (1)

where ⇢, cs, and �V are the density, sound speed, and gas-
BH relative velocity. In the diffuse/warm ISM, this gives
ṀBondi/ṀEdd ⇠ 10�6 (Mbh/10M�)(n/cm�3) – vastly sub-
Eddington. In dense (n & 100cm�3) cold molecular gas (sound
speed ⇠ 0.1kms�1), ṀBondi would be much larger if the gas were
laminar and the BH stationary – this is akin to the idealized
non-turbulent models above. The problem is that realistic cold
molecular gas in the ISM is clumpy and dynamical and turbulent,
with star formation and stellar feedback generating large random
motions – i.e. large �V (Larson 1981; Goodman et al. 1998; Evans
1999; Stanimirovic et al. 1999; Elmegreen & Scalo 2004). As
we show below, assuming relative velocities are of order typical
gravitational/virial velocities in the cloud then gives ṀBondi/ṀEdd ⇠
10�4 (hncli/100cm�3)1/2 (Mbh/10M�)(106 M�/Mcl) – once
again, vastly sub-Eddington. Previous analytic and simulation
models of this “turbulent Bondi-Hoyle problem” in idealized
driven turbulence have argued that vorticity and turbulent magnetic
fields will suppress the average accretion rates even relative to this
(pessimistic) result (Krumholz et al. 2006; Burleigh et al. 2017).

However, it is also clear from many studies of star forma-
tion that turbulence in dense gas also promotes the existence of
extremely dense shocks and clumps in the gas (see e.g. Klessen
2000; Elmegreen 2002; Vázquez-Semadeni et al. 2003; Mac Low
& Klessen 2004; Federrath et al. 2008; Goodman et al. 2009; Fed-
errath et al. 2010; Hopkins 2013c; Squire & Hopkins 2017), which
can have low internal velocity dispersions and play a crucial role
in turbulent fragmentation and star formation (McKee & Ostriker
2007; Hennebelle & Chabrier 2008; Hopkins 2012a,b, 2013a,d,b;
Guszejnov & Hopkins 2016; Murray et al. 2017). So it is possible
that a more realistic model might allow for hyper-Eddington accre-
tion in rare (but not impossible) cases in these environments. In this
study, we therefore extend the series of simulations of dense, star
forming environments used previously to study star and star cluster
formation in Grudić et al. (2018a); Guszejnov et al. (2018b); Grudić
et al. (2018b, 2019a,b); Grudić & Hopkins (2019); Shi et al. (2021),
to explore BH seed growth in dynamic, star-forming environments
akin to dense giant molecular clouds (GMCs) and galactic nuclei.

In this first study, we neglect feedback from the accreting BHs
themselves. This is obviously a major simplification, especially for
BHs accreting above the Eddington limit – however, the form and
strength of feedback from BHs in this regime remains highly un-
certain (see references above), and we wish to identify whether or
not sustaining hyper-Eddington accretion is even remotely possible
on these scales. Clearly, accretion without BH feedback represents
a relatively strong upper limit to the maximum possible BH seed
growth. We can then use the conditions identified here as necessary
for such accretion to run simulations including BH feedback, with
various parameterizations.

In § 2, we describe our simulation methods. Then in § 3 we
present results, including BH mass evolution in different clouds and
its dependence on different initial conditions (ICs). In § 4, we ana-
lyze the effects of different physics and simulation ICs, give simple
analytic formulae for the conditions required for runaway accretion,
and discuss some major caveats of our work in § 5. Finally, we con-
clude in § 6.

2 SIMULATIONS

Our simulation numerical methods are identical to those described
and tested fully in Grudić et al. (2018a,b); Hopkins et al. (2018b);

Grudić et al. (2021a,b), modulo the addition of BH seeds de-
scribed below, so we briefly summarize here. We use the code
GIZMO2 (Hopkins 2015) in Meshless Finite Mass (MFM) mode,
with magnetohydrynamics (MHD) solved as in Hopkins & Raives
(2016); Hopkins (2016), self-gravity with adaptive Lagrangian
force-softening, radiative cooling from 1�1010 K, including molec-
ular, metal-line, fine-structure, photo-electric, ionization and other
processes as well as star formation in dense, locally-self-gravitating
gas (Hopkins et al. 2013; Grudić et al. 2018a), and stellar feedback
following the FIRE-2 implementation of the Feedback In Realis-
tic Environments (FIRE3) physics (Hopkins et al. 2018b, 2022). In
these models “star particles” each repreent IMF-averaged ensem-
bles of stars (rather than resolving individual stars and proto-stars
as in Grudić et al. 2020; Guszejnov et al. 2021), which evolve along
standard stellar evolution models to return mass, metals, momen-
tum, and energy to the ISM in the form of supernovae and O/B
and AGB winds (Hopkins et al. 2018a) as well as acting on the gas
via radiative heating, photo-ionization, and radiation pressure (Hop-
kins et al. 2020a). Simulations with these methods have been previ-
ously used to study many properties of GMCs, galactic nuclei, and
star clusters, including their observed star formation efficiencies,
cluster dynamics and mass profiles, young massive cluster internal
structure, globular cluster demographics, and gas emission proper-
ties (see references above and e.g. Grudić et al. 2018a,b, 2021a,b;
Fukushima & Yajima 2021).

We extend these simulations by adding a population of “seed”
BHs (sink particles) to the ICs, which can accrete gas from the sur-
rounding medium, but otherwise feel only gravitational dynamics
(we do not model BH feedback or BH-BH mergers).

2.1 Black Hole Accretion

Our BH seeds/sink particle prescription is a simplified version of
that numerically presented in Grudić et al. (2020). Gas is accreted
onto a sink if it meets three criteria:

(i) It is within the sink radius rsink of the BH: r = |rgas � rbh| <
rsink.

(ii) It is bound to the BH, including kinetic, thermal, and mag-
netic support: uthermal + (1/2)v2

A + (1/2)�V 2 < GMsink/r, where
uthermal is the specific thermal energy, vA the Alfvén speed, and
�V 2 ⌘ |vgas �vbh|2.

(iii) Its angular momentum is insufficient to support a circular
orbit with radius larger than rsink (Bate et al. 1995), i.e. jgas <p

GMsink rsink where jgas is the specific angular momentum of the
gas cell (evaluated at its center-of-mass location).

If a gas cell somehow meets all these criteria with two BHs simul-
taneously, it will accrete onto whichever is closer.

We must choose rsink in each simulation. This is usually set
to something like the simulation resolution (typical inter-cell sep-
aration �r), and would ideally resolve the Bondi radius, RBondi ⇠
GMbh/(c2

s +�V 2), i.e. rsink ⇠RBondi & �r. But in our Lagrangian, dy-
namical simulations (1) the spatial resolution is not fixed, but scales
as �r ⇠ (⇢/mgas)

1/3, and (2) the Bondi radius fluctuates dramatically
(as we will show), and varies between seeds. In the “worst case”
scenario, assume accretion is coming from the low-density diffuse
intra-cloud medium (density ⇢ ⇠ h⇢i ⇠ 3Mcl/4⇡R3

cl) with virial or
free-fall level relative velocities �V ⇠ vcl ⇠ (GMcl/Rcl)

1/2 � cs.
This would give RBondi ⇠ (Mbh/Mcl)Rcl, so resolving the Bondi ra-
dius (�r . RBondi in the same diffuse mean-density gas) would re-
quire a prohibitive number of cells Ncells ⇠ (Rcl/�r)3 & (Mcl/Mbh)

3.

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

3
http://fire.northwestern.edu
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Rapid BH Growth in Dense Clouds 3

Table 1. Initial conditions (ICs) of our “fiducial” reference simulations. Here we show three groups of simulations with low,
medium, and high initial mean surface density (⌃̄0). In each group, the clouds have radii (Rcl) of 5, 50, 500 pc.. Subse-
quent columns give the approximate initial total cloud mass (Mcl), initial free-fall time (tff, c), gas cell mass/resolution (mgas),
Plummer-equivalent force softening for star particles (✏star

soft), and for BHs (✏bh
soft), and additional notes.

⌃̄0 [M�/pc2] Rcl [pc] Mcl [M�] tff, c [Myr] mgas [M�] ✏star
soft [pc] ✏bh

soft [pc] Notes

130 5 104 2 0.005 0.04 0.04
130 5 104 2 0.04 0.09 0.09 No-feedback (low-resolution) variant
130 50 106 6 0.5 0.21 0.21
130 500 108 20 50 0.96 0.31

1300 5 105 0.6 0.4 0.19 0.19
1300 50 107 2 40 0.89 0.31
1300 500 109 6 500 2.06 0.31

13000 5 106 0.2 0.5 0.21 0.21
13000 5 106 0.2 4 0.41 0.31 Varied metallicity test series
13000 50 108 0.6 6 0.48 0.31 Highest resolution; Mbh 2 (10,100)M�
13000 50 108 0.6 50 0.96 0.31
13000 50 108 0.6 400 1.91 0.31 Varied BH seed number test series
13000 500 1010 2 40000 8.89 0.31

Figure 1. An example visualization of the simulations at different scales. The simulation starts with a massive dense gas complex of Mcl = 108 M�, Rcl = 50 pc,
and 2563 resolution, and we choose the snapshot where the seeds have the highest accretion rate. Here we show the distribution of the gas surface density
as the black-red-orange color map. As stars, we show the BH seeds that undergo most significant growth. Left: Visualization of the whole complex; we see
the BHs that accrete most are located at the dense region near the center of the system. Middle: 10 times zoom-in centered on the BH that shows the most
significant mass growth at this time. Right: Further zoom-in of the region near the BH and the velocity field of gas (vectors, length proportional to magnitude
of |vbh �vgas|) in the vicinity of the BH. Here the circle denotes the sink radius. We see a dense clump intersecting the sink radius, with a the relative velocity
that is quite small near the BH.

However, as we noted above and will show more rigorously below,
the accretion rates from such diffuse gas are orders-of-magnitude
below Eddington, and (even if well-resolved) would contribute es-
sentially nothing to the total BH accretion in our simulations. There-
fore consider instead the “best-case” scenario for accretion: since
the turbulence in the molecular clouds has rms Mach numbers
Mcl ⇠ vcl/cs ⇠ 10 � 100, radiative shocks can produce regions
with very high densities ⇢ ⇠ h⇢iM2

cl, and low relative velocities
�V . cs (Vazquez-Semadeni 1994; Padoan et al. 1997; Mac Low &
Klessen 2004). Under these conditions, the Bondi radii will be well-
resolved (�r . RBondi) so long as N & M�8 (Mcl/Mbh)

3 – a huge
relief (/ M8) in resolution requirements (which would be easily
satisfied by every simulation in this paper). As we will show, re-
gions akin to this idealized example dominate the actual accretion
in the simulations.

In practice, we choose a sink radius by estimating a “charac-
teristic” Bondi radius bc by assuming Mbh, c = 100M�, and consid-
ering two limits: �V . cs (assuming a mean temperature of 100K,
typical in our simulations) so b1 = GMbh, c/c2

s , and �V ⇠ vcl � cs so

b2 ⇡ (Mbh/Mcl)Rcl, and then take bc = min(b1,b2). We have veri-
fied in post-processing that in all cases which produce “interesting”
runaway BH growth, the Bondi radii during the phase where the BH
actually accretes rapidly is at least marginally resolved, as expected
from the argument above.

We wish to reminder the readers again that the mass “accreted”
in the simulation is not the actual mass swallowed by BHs due to
multiple feedback effects (for details see Sec. 5). The sink radius
rsink is the actual resolution limit for BH accretion, while the physics
from rsink to the Schwarzchild radius is not resolved in this simula-
tion, but it does not impact the science goal of this article. For com-
pleteness, an estimate considering BH radiative feedback from the
previous analytic work (Inayoshi et al. 2016) is included in Sec. 4.4.

2.2 Initial Conditions

We sample spherical, turbulent, and non-rotating molecular clouds
or cloud complexes with different initial mean surface density
(⌃̄0 ⌘ Mcl/⇡R2

cl ⇡ 100,103,104 M�/pc2) and initial radius (Rcl =
5,50,500pc) following the setup and results of G18, where each

MNRAS 000, 000–000 (0000)
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group with the same surface density was shown to have similar
star formation efficiency. Note that these parameters are motivated
by massive, dense star-forming cloud and “clump” complexes seen
in high-redshift galaxies and starburst galaxy nuclei, with only the
smaller and lowest-⌃̄0 clouds analogous to massive GMCs in the
Milky Way. Each initial cloud is uniformly magnetized, we also set
Eturb/|Egrav| = 1 and Emag/Egrav = 0.1, where Eturb, Emag, and Egrav

are the turbulence (kinetic) energy, magnetic field density, and grav-
itational binding energy respectively. The clouds serve as the mass
reservoirs for BH accretion.

We then insert an ensemble of BH seeds into the IC. Typically,
for every seed, the mass ranges within 1 M�  Mbh  104 M� and
are uniformly distributed in logMbh. The initial position of seeds
are sampled randomly but statistically uniformly within the cloud.
The initial velocity is sampled such that in each dimension it is uni-
formly distributed in [�Vcirc,Vcirc] while the total magnitude is sup-
pressed below Vcirc to ensure the seeds are bound to the cloud, where
V 2

circ = GMcl(< r)/r is the local circular velocity at radius r (assum-
ing uniform mass distribution). We resample seeds which would be
within a small distance to the cloud “edge” with an outward radial
velocity, since these would trivially escape without interesting dy-
namics.

Rather than simulating only a few BH seeds in one cloud, we
include a large number of seeds in every IC so that we can sample
many different seed masses and positions and kinematics. However,
to avoid significant interactions among the BHs and heavy computa-
tional costs, the number of BH seed is controlled to be either below
10000, or the number such that the total BH mass does not exceed
5% of the cloud initial mass Mcl. For low mass clouds, we decrease
the lower and upper bounds of BH seed mass sampling to ensure a
sufficient number of BH seeds, which also helps ensure the Bondi
radii are resolved (e.g., for Mcl = 104 M�, 1M�  Mbh  100M�;
for Mcl = 105 M�, 10M�  Mbh  103 M�, for Mcl & 106 M�,
102 M�  Mbh  104 M�).

We use adaptive force softening to avoid divergences in our
gravity evaluation or extremely small time steps. For the newly
formed stars, which have the same mass as gas particles, the mini-
mum softening length is rstar

soft ⇠ (mgas/⇢sf)
1/3, where mgas is the mass

resolution of the cloud and ⇢sf is the numerical minimum density for
star formation (1000cm�3 in the simulation). For BHs, the soften-
ing radius is set as rbh

soft = min(rstar
soft,bc), where bc is the characteristic

Bondi-Hoyle accretion radius (introduced in § 2.1). In the simula-
tion rsink = rbh

soft, so the setup ensures the code resolves the Bondi-
Holye accretion radius and the BHs interact reasonably with star
particles.

For reference, we show the initial-conditions in Table 1. The
clouds are divided into three groups with different initial mean sur-
face density ⌃̄0 = Mcl/(⇡R2

cl), though within each group the clouds
have the same set of initial radii. The fiducial resolution (number of
initial gas cells) of our simulations is 1283, while a few low (643)
and high (2563) resolution runs of a subset of clouds are also in-
cluded for comparison. For each fiducial simulation, the termination
time scale is 2 tff, where tff = ⇡

p
R3

cl/(8GMcl) is the initial free-fall
time scale of the cloud, while for low-resolution ones the termina-
tion time is 5 tff. Finally, BH mergers are disabled since the event
rate is not significant.

3 RESULTS

In this section we show the major results of the simulations. As a
first impression, we present the morphology of one example GMC
in Fig. 1, which has Mcl = 108 N�, Rcl = 50pc, and resolution of
2563. After 0.55 tff of evolution, the GMC has become quite turbu-
lent. We also show the 5 BHs that show the most significant mass

growth during the period, which are generally located near the cen-
ter of the GMC. For the BH that grows most rapidly during the pe-
riod (the orange star in Fig. 1), we show the zoomed-in distribution
of gas4 and its velocity field in the middle and right-hand panels.
Near the BH’s sink radius (0.313 pc), there is a dense gas clump
which has very low velocity compared to the gas at the edge of the
view (⇠ 50km/s); this is rapidly accreted in the time between the
snapshot shown and the next simulation snapshot.

This essentially fits our expectations from Bondi-Hoyle theory,
applied locally at scales of order the Bondi radius: high gas density
and low relative velocity between the BH and nearby gas create the
ideal conditions for growth.

3.1 Seed growth in different clouds

As described in the previous section, in each cloud we sampled a
large number of BH seeds to study their mass growth. In Fig. 2 we
present the mass evolution of (up to) 5 BHs in each simulation that
show the most significant mass growth. As we show below, these
are not necessarily the most massive seeds in the ICs.

For clouds with low initial surface density (⌃̄0 = 127M�/pc2)
the mass growth is modest: essentially no BHs grow by more than
a factor ⇠ 2�3, and in general even the most-rapidly growing only
increase in mass by tens of percent. At the larger surface densities
we sample, the mass of the most-rapidly-growing BHs typically in-
creases by at least two orders of magnitude.

Ignoring the low surface density complexes, if we consider
clouds with fixed ⌃̄0 but different sizes Rcl (or equivalently, masses
Mcl ⌘ ⇡ ⌃̄0 R2

cl), we see that the final masses of the single most-
rapidly-growing BHs increase with the total cloud mass, reaching
as high as ⇠ 3� 10% of the total cloud mass. Interestingly, for the
lower-mass complexes, we often see several BHs exhibiting similar
growth, while for the most massive complexes (Rcl = 500pc), one
BH runs away early and then proceeds to accrete a huge amount of
gas, “stealing” the gas supply from other seeds in the cloud.

From the same plot, we also see that the BHs typically grow
their mass quickly in a short range of time (�t . tff) starting at some
time near t ⇠ tff. However, for clouds with higher surface density,
we see the time range becomes slightly longer; the BHs in those
clouds also start to grow somewhat earlier. Moreover, as we will
show below in more detail in some illustrative examples, BH growth
always follows the formation of a significant mass of stars. All these
features inspire us to study the effect of star formation and stellar
feedback in different clouds, which is discussed in § 4.1.

As a different way to study the probability of mass growth, we
show the cumulative distribution of the final-initial mass difference
for all the BHs in Fig. 3. For most of the BHs there is no large sig-
nificant mass growth except for a small fraction (. 10%) of them,
which we will discuss in more detail below.

3.2 Dependence on ICs

In Fig. 4 we show the dependence of mass growth (�Mbh) on the
initial mass of the BH seeds. As we showed above, most seeds did
not grow significantly. But more strikingly – and perhaps surpris-
ingly, given the strong dependence of the Bondi-Hoyle rate on Mbh

– we see that there is almost no correlation between the initial seed
mass and BH mass growth. The particular simulation here consid-
ers seeds from 102 �104 M�, but we find the same (in the extended
tests described below) for initial seed masses down to ⇠ 10M�.

In Fig. 5, we present the initial velocity magnitude (relative to
the cloud center-of-mass), initial position, and mass growth for all
BHs in the simulation. As we can see, there is no strong dependence

4 For illustration purposes, the color is scaled nonlinearly with the density
field so as to better illustrate its morphology.

MNRAS 000, 000–000 (0000)
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Higher-density systems generally feature a small number of seeds which “run away” and can grow by orders of magnitude.
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Figure 3. Distribution of fractional mass growth in different ICs: we plot the
cumulative fraction of the BH seeds which accreted some amount of mass.
We denote initial surface density with color, and initial cloud radius/mass
with linestyle (as labeled). Most BHs do not accrete significantly (see lower-
end cutoffs). But the most high-density, massive clouds generally feature a
very small number of seeds which runaway to enormous masses.

on either the initial position or velocity magnitude, provided the BH
is (a) reasonably bound to the cloud (initial velocity not larger than
⇠ vcl ⇠ (GMcl/Rcl)

1/2), and (b) the BH does not begin too close
to the edge of the cloud with a velocity directed away from the
(irregular) centers of collapse (in which case the BH tends to drift
away from the dense regions, rather than interact with them).

Another factor that could change the result is the initial metal-
licity Z, which self-consistently alters the cooling physics, stel-
lar evolution tracks, and radiative feedback (opacities) in the sim-
ulations. We test this simulating GMCs with Mcl = 106 M� and
Rcl = 5pc (from the high surface density group) with varying initial
Z in Fig. 6. By comparing the distribution functions of BH final-
initial mass difference, we see that all those clouds produce sta-
tistically similar results for runaway BH accretion, independent of
Z. We note that there are caveats regarding uncertainties in stellar

2.0 2.5 3.0 3.5 4.0
100

101

102

N
u
m

b
er

of
B

H
s

�̄0 = 13000 M�/pc2

1.0 1.2 1.4 1.6 1.8 2.0
Initial BH mass log(Mbh,ini [M�])

100

101

102

N
u
m

b
er

of
B

H
s

�̄0 = 13000 M�/pc2 (highest resolution)

�Mbh � 100 M�

�Mbh � 500 M�

�Mbh � 2500 M�

Samples in each bin

Figure 4. Dependence of BH growth on initial seed BH mass. Top: We
aggregate all seeds in the three fiducial runs (Rcl = 5, 50, 500pc) for our
highest-density clouds, and plot both the total number of BHs in different
⇠ 0.1 dex-wide bins of initial BH mass (⇠ 1000 per bin, summing across
the simulations), and the number in each bin which capture/accrete a mass
�Mbh in excess of some fixed amount. The probability of runaway accre-
tion depends only very weakly on initial seed mass, over this range. Bot-
tom: Same as above, but for the highest resolution cloud (Mcl = 108 M�,
Rcl = 50pc) which has lighter seeds (10–100 M�). Again, there is shallow
dependence on the initial seed mass.
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GMcl/Rcl), initial position rini = |rbh| (relative to the initial complex center-of-mass, in units of its radius Rcl), and initial

value of the specific angular momentum jini = |rBH ⇥ vBH|, for all seeds in clouds of a given initial surface density (aggregating the three different-mass/size
runs). All these quantities are compared with the amount of mass growth (final-to-initial mass difference) for each BH. As long as the seeds do not begin too
close to the “edge” of the cloud or with too large an initial velocity (in which case they tend to “drift away” rather than accrete), or with too large specific
angular momentum, there is no strong preference for e.g. seeds to be at the cloud center for runaway accretion to occur.
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Figure 6. Metallicity effects on accretion. We show the cumulative accreted
mass distribution for all BHs as Fig. 3, but for a set of Mcl = 106 M� and
Rcl = 5pc systems simulated at low resolution systematically varying the
initial metallicity. There is no strong systematic metallicity dependence.

evolution and treatment of molecular chemistry at extremely low
metallicities in these models – these are reviewed in detail in Grudić
et al. (2018a) – but for all but truly metal-free clouds (where Pop-
III evolution may be quite different) we regard this as robust. We
also note that Corbett Moran et al. (2018) showed that the frag-
mentation and turbulent clumping in even metal-free clouds under
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Figure 7. Number of BHs which exceed some final-to-initial mass ratio r
(as a proxy for “runaway” growth), in simulations of an otherwise identi-
cal complex (with properties labeled) where we vary the initial seed number
systematically. We require ⇠ 50 � 100 seeds before there is reliably at least
one seed that undergoes runaway growth. Increasing the seed number fur-
ther, the fraction of seeds which experience at least some significant growth
is ⇠ 1%, but we see that typically no more than one to a few BHs run away
most dramatically (regardless of the seed number provided it is sufficient).

high-density conditions like those of interest here are quite similar,
independent of different molecular chemistry networks used for the
thermochemistry.

The result does not mean the metallicity is not important for the
actual accretion flow onto BHs, but is only valid for larger-scale ac-
cretion flows to the BH+disk system. Due to complexities of physics
below our resolution limit (rsink), e.g., high metallicity may enhace
the radiative force due to BH feedback and thus suppress accretion
(Yajima et al. 2017; Toyouchi et al. 2019).

We also change the number of BH seeds in the ICs (Nbh,tot) and
check the number of seeds that undergo significant mass growth, in
Fig. 7. Here we use different criteria to denote “significant”: the
final-initial mass ratio of the BH is above a constant r and r =
100,500,2500. If we simulate an initial number of seeds Nbh, ini .
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64, it becomes unlikely to see even a single seed undergo runaway
growth, while for Nbh, ini & 100, we are essentially guaranteed that
at least one seed will experience runaway growth. We find the same
applying a more limited version of this test to other clouds. Thus
there appears to be a threshold ⇠ 1% probability for a randomly-
drawn seed to undergo runaway growth. However, if we increase
the number of seeds further, the absolute number of BHs undergo-
ing runaway accretion clearly saturates at a finite value, of ⇠ a few
to ten with factor 10� 100 growth and ⇠ 1 with extreme runaway
growth. Thus a given cloud can only support at most a few runaway
BHs.

4 DISCUSSION

4.1 Effects stellar feedback & global cloud properties

Intuitively, stellar feedback can alter BH accretion in two ways.
i) Feedback expels gas, which makes it harder for BHs to capture
that gas. ii) Feedback can make the cloud more turbulent and cre-
ate more dense regions. As an example, we include low-resolution
simulations with and without feedback physics for the same ICs in
Fig. 8. As we see, for this low-surface density cloud, feedback ef-
fectively blows gas away after two free-fall time scales. As a result,
feedback suppresses both BH accretion and star formation – BH
growth in particular is suppressed by more than an order of magni-
tude, the difference between there being a few versus essentially no
“runaway” BHs.

Star formation and stellar feedback in GMCs have been well
studied in previous simulations that are related to this work (e.g.
Grudić et al. 2018a), as well as similar studies with different numer-
ical methods which have reached very similar conclusions for star
formation (e.g. Li et al. 2019). One important conclusion of these
studies (as well as more analytic ones like Larson (2010)) is that
the integrated star formation efficiency, and effects of feedback, de-
pend strongly on ⌃̄0. Briefly: a young stellar population of mass M⇤
produces a net feedback momentum flux (from the combination of
radiation and stellar winds) Ṗ ⇠ h ṗ/m⇤iMcl,⇤ ⇠ 10�7 cms�2 Mcl,⇤,
while the characteristic gravitational force of the cloud on its gas is
Fgrav ⇠ GMcl, tot Mcl,gas/R2

cl ⇠ GMcl,gas ⌃̄0. So the gas reservoir of a
cloud is rapidly unbound and ejected when its stellar mass exceeds
Mcl, ast/Mcl,gas & G ⌃̄0/h ṗ/m⇤i ⇠ ⌃̄0/(1000M� pc�2). So for our
low-⌃̄0 clouds, almost all of the gas is rapidly un-bound after just a
small fraction of the GMC forms into stars, preventing it from being
accreted by BHs.

We can see this reflected in Fig. 9, which shows the gas rms
bulk velocity h|vgas|2i1/2, gas sound speed hcsi, and BH rms veloc-
ity h|vbh|2|i1/2 as a function of time in different ICs, in units of the
characteristic cloud gravitational velocity vcl ⇠ (GMcl/Rcl)

1/2. Not
surprisingly, the rms velocity of BHs remains of order the gravita-
tional velocities. The gas bulk velocities are dominated by gravity
at first so remain of order vcl, but when feedback begins to disrupt
the cloud they increase in magnitude by a factor ⇠ 10. This effect
depends primarily on ⌃̄0, as expected from the argument above.

Similarly, the sound speed of the clouds initially drops ex-
tremely quickly owing to cooling until it reaches molecular tem-
peratures (we arbitrarily start from higher temperature, but this has
no effect on our results), with cs ⌧ vcl, but then rises once feedback
disrupts the cloud owing to a combination of (1) photo-ionization,
(2) shocks from stellar winds bubbles, and (3) lower gas densi-
ties increasing the cooling time. Since e.g. the characteristic photo-
ionized cs ⇠ 10kms�1 is roughly constant, the importance of this
effect depends primarily on vcl, which ranges from ⇠ 3kms�1 in
our lowest-mass, lowest-density simulation, to ⇠ 300kms�1 in our
highest-mass, highest-density simulation.

In our low-density, low-mass clouds, we see disruption occurs

very early (less than ⇠ 2 tff), with the gas bulk velocities and sound
speeds reaching � vcl. This makes gravitational capture of gas by
seeds nearly impossible. For the intermediate-density clouds, we
see the disruption is significantly delayed, and the magnitude of the
post-disruption velocities is reduced (with cs . vcl even during dis-
ruption). For the highest-density clouds, there is no real disruption
but just dispersal of some residual gas after star formation com-
pletes.

We have also considered the impact of stellar feedback on the
volume and mass fraction in dense clumps (Fig. 10). Specifically,
we calculated the volume and mass (in units of the initial cloud vol-
ume and total mass) of regions/clumps within the cloud that satisfy
⇢> 100h⇢i0 (where h⇢i0 ⌘ 3Mcl/(4⇡R3

cl) is the initial mean cloud
density). The volume/mass of dense clumps increases in all cases
rapidly at early times as the cloud collapses, but in the low-density
clouds it is rapidly truncated by feedback. In contrast, we see in
the higher-density clouds a sustained “lifetime” of dense gas: this
is driven by shocks and turbulence from feedback from the stars
that have formed, but have insufficient power to completely disrupt
the cloud. In the highest-density case we even see dense clumps re-
emerge several times after t & 3 tff due to large-scale stellar feedback
events – these correspond to large wind/HII region shells colliding
to form dense regions (see e.g. Ma et al. 2020 for more detailed
discussion).

Another obvious requirement for runaway BH growth to “in-
teresting” IMBH or even SMBH masses is that the total cloud
mass is sufficiently large, such that the mass of dense “clumps”
accreted is interesting. As we show below, the characteristic gas
clump masses at high densities which meet the conditions for
runaway BH growth are typically ⇠ 1% of the cloud mass,
neatly explaining the maximum final BH masses seen in § 3.1.
This requires a total cloud mass & 105 � 106 M� for growth to
true IMBH (let alone SMBH) scales. Interestingly, since vcl ⇠
15kms�1 (Mcl/106 M�)

1/4 (⌃̄0/103 M� pc�2)1/4, this plus the sur-
face density condition above simultaneously ensure that complexes
are not over-heated or disrupted by photo-ionized gas.

4.2 How Does Runaway Growth Occur?

We now consider the local conditions for runaway growth. In a
small “patch” of cloud on scales ⇠ rsink (small compared to the
cloud but large compared to the BH accretion disk), it is not un-
reasonable to approximate the rate of gravitational capture of gas
by a sink via the Bondi formula (Eq. (1)), given the local value of
⇢, �V , and cs.

Recall, from § 1 and § 2.1, that if we consider the typical or
diffuse/volume-filling conditions within the cloud, i.e. ⇢ ⇠ h⇢i0 ⇠
3Mcl/4⇡R3

cl and �V ⇠ vcl � cs, we would obtain

hṀbhidiffuse ⇠
G2M2

bh⇢
�V 3 ⇠ G1/2 M2

bh

M1/2
cl R3/2

cl

⇠
✓

hncli
cm�3

◆ ✓
Mbh

Mcl

◆
ṀEdd

(2)

where hncli = h⇢i0/mp. If we further assume that the timescale for
accretion �t is of order the cloud lifetime, ⇠ teff ⇠

p
R3

cl/GMcl,
then the total mass accreted ⇠ Ṁbh �t would be

�Mbh ⇠ hṀbhidiffuse tff ⇠
Mbh

Mcl
Mbh (3)

In other words, unless the “seed” is already a large fraction of the
entire GMC complex mass (i.e. is not really a seed in any sense),
then the diffuse accretion will be highly sub-Eddington and the BH
will grow only by a tiny fractional amount. This immediately ex-
plains why most of the seeds we simulate indeed grow negligibly.

However, in a highly turbulent cloud we argued above that two
effects that may boost the mass growth: i) the dense clumps appear
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Figure 8. Effects of stellar feedback on gas morphology and seed BH mass growth. We show two low-resolution runs of a low-density, low-mass cloud with
Mcl = 104 M�, Rcl = 5 pc cloud, including (middle) and excluding (right) stellar feedback effects, as Fig. 1. Gas is more concentrated near the center for the
no-feedback run while most gas is expelled by stellar winds in the feedback run. We show the cumulative BH and stellar mass growth for these runs as Fig. 2
(left): BH growth and star formation are both suppressed at the order-of-magnitude level in these lower-density clouds.
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Figure 9. Behavior of the rms gas bulk velocity dispersion (⌘ |vgas � hvgasi|), sound speeds (cs), and BH seed particle velocity dispersions relative to the
complex center-of-mass (⌘ |vbh � hvgas|), all in units of the characteristic gravitational/circular velocity of the complex (vcirc = vcl =

p
GMcl/Rcl), as a

function of time (in units of the initial complex free-fall time (tff). We compare the fiducial runs with different surface density (left-to-right) and radii (top-to-
bottom). For each we show the median-absolute-value (line) and 14 � 86% inclusion interval (shaded). Low-density, low-mass clouds are rapidly disrupted
by stellar feedback producing large gas bulk velocities and high sound speeds. This is suppressed in high-density, high-mass systems, enabling continued BH
accretion.
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Figure 10. Evolution of the abundance of dense clumps in the simulations.
We compare complexes with different initial mean surface density ⌃̄0 (dif-
ferent colors; only Rcl = 50pc shown for simplicity). For each, we measure
the total gas mass (in units of the initial mass Mcl) with a local gas density
exceeding ⇢ > 100h⇢i0 (where h⇢i0 ⌘ 3Mcl/4⇡ R3

cl is the initial mean den-
sity). In all cases this rises rapidly as gravitational collapse and turbulence
develop. In low-density systems, it almost immediately drops to zero after
stellar feedback unbinds the gas. In higher-density systems, the presence of
dense gas is sustained and even rejuvenated later in the system evolution
owing to the presence of strong shocks.

with ⇢ � h⇢i0, and ii) the turbulence velocity contributes to the
relative velocity �V so locally, low �V is possible.

In Fig. 11 we follow one particular but representative exam-
ple of a sink which undergoes runaway growth, considering how
the relevant factors in the local Bondi rate evolve in the immedi-
ate vicinity of the sink. The thermal sound speed is negligible at
basically all times in the cold molecular phases compared to �V ,
as expected. Runaway growth therefore occurs when the BH hap-
pens to encounter a region which simultaneously features a strong
local density enhancement, ⇢⇠ 103 �104 h⇢i0, and low relative ve-
locity �V . 0.1vcl, below the escape velocity of gas from the sink
radius (so it is indeed captured). This boosts the local Bondi accre-
tion rate by a factor of ⇠ 107, compared to our estimate above for
the “diffuse” cloud medium. Visual examination shows this resem-
bles Fig. 1 – the BH happens (essentially by chance) to be moving
with a very low relative velocity to a dense clump created nearby
by intersecting shock fronts (with Mach ⇠ 30 � 100 shocks, i.e.
vshock ⇠ 10kms�1, producing the large density enhancement), and
begins accreting it extremely rapidly. Since the Bondi rate scales as
/ M2

sink, this runs away and most of the clump mass (⇠ 105 M�) is
rapidly accreted and the clump is tidally disrupted and then captured
before it fragments internally to form stars. Examination show this
pattern is typical of the seeds which experience runaway accretion
in the simulations.

Analytically, therefore, let us assume that during evolution, a
BH encounters a dense clump with local density ⇢c, clump radius rc,
mass �Mc, at relative velocity �Vc (and define C2 = �V 2

c +c2
s , where

we can generally assume C ⇠ �Vc & cs, even in regions where �Vc

is relatively low), and accretes in Bondi-Hoyle-like fashion. Fig. 12
summarizes the resulting accretion for various assumptions. Inte-
grating the Bondi accretion rate for some time �t (assuming the
background is constant), we have

1
Mbh,0

� 1
Mbh,final

=
1

Mbh,0
� 1

Mbh,0 +�Mbh
⇠ 4⇡G2⇢c

C3 �t (4)

where Mbh,0 is the “initial” BH mass. This diverges (formally
�Mbh ! 1), so in practice the entire clump will be accreted

(�MBH ! Mc), in a finite time �t ! tacc ⇠ C3/(4⇡G2 ⇢c Mbh,0).
In practice, the time �t will be limited by the shortest of either
the dense clump lifetime (usually not shorter than its freefall time
tff, c ⇠ 1/

p
G⇢c), the timescale for the clump to fragment and form

stars (also no shorter than tff, c), or the crossing time tcross ⇠ rc/�Vc

for the mutual interaction. A simple calculation shows that the ratio
tcross/tff, c ⇠ (�Mc/Mcl)

1/3 (⇢c/h⇢i0)
1/6 (vcl/�Vc). Inserting numbers

or considering Fig. 12 shows that for the conditions of greatest in-
terest for rapid accretion (�Vc ⌧ vcl, ⇢c � h⇢i0, and clump masses
�Mc not incredibly small compared to the mass of the cloud so large
BH growth is possible), we usually expect tcross & tff, c. So consider-
ing a “worst-case” scenario, then, accretion can run away to accrete
the entire clump when tacc . tff, c, which in turn requires:

�Vc

vcl
. 0.1

✓
Mbh,0

10�5 Mcl

◆1/3 ✓ ⇢c

100h⇢i0

◆1/6

(5)

This corresponds reasonably well to the conditions where, in the
simulations, we indeed see runaway growth – regions with en-
hanced ⇢c, and (crucially here), low local �Vc. This also naturally ex-
plains why we see only a very weak dependence on initial BH mass
– provided this condition is met (which does not depend strongly on
Mbh,0), then the “growth limiter” is not the BH mass or Bondi rate
(which depends strongly on MBH), but the mass of the clump Mc

(which is, of course, entirely independent of the mass of the BH).
Moreover, accretion events can occur sequentially, so once a BH
“jumps” in mass by accreting a clump, its “effective” mass will be
larger making it easier to accrete subsequent clumps (in an extreme
form of competitive accretion).

Still, if the BHs were truly extremely small (e.g. ⌧ 10M�), or
the clouds extremely massive, then the probability of such an event
would become small rapidly – this may explain, in part, why for the
most massive complexes we see fewer BHs grow (but those that do
grow, grow to even larger masses).

Finally, in Appendix A, we use this to make an order-of-
magnitude estimate of the probability of a seed encountering a
“patch” (i.e. clump) of gas meeting the criteria above. Assuming
e.g. uncorrelated Gaussian velocity fields and lognormal density
fields, we estimate that the probability of seeds encountering dense
clumps is not low, but the probability of such an encounter also
having low relative velocity meeting the condition above is, giving
a net probability in the range ⇠ 0.001� 0.01. This is remarkably
similar (given the simplicity of these assumptions) to our estimate
of ⇠ 0.01 from the simulations where we varied the number of seeds
systematically, as discussed above.

4.3 Hyper-Eddington accretion

Here we want to assess if the mass accretion onto BHs is hyper-
Eddington. For this simulation without feedback, the mass flow onto
BHs should already be enormous, which is a sufficient (though not
necessary) condition for hyper-Eddington accretion. We first check
this condition in Fig. 13. For each BH in the simulation, we can esti-
mate its average mass accretion rate hṀBHi from neighboring snap-
shots. We define the Eddington ratio as fEdd ⌘ hṀBHi/ṀEdd, and
check the maximum fEdd for each BH in its history. We then show
the distribution of the maximum fEdd for all BHs. There is a frac-
tion of simulated BHs undergoing hyper-Eddington accretion (e.g.,
the fraction of BH with fEdd & 103 is ⇠ 2% for GMCs with ⌃̄0 =
13000M�/pc2, and ⇠ 0.5% for those with ⌃̄0 = 1300M�/pc2).
For BHs in GMCs with higher initial surface density, the possibil-
ity of hyper-Eddington accretion is also higher, in the same way as
discussed in § 3.

Feedback from black holes, especially the radiative feedback
will play a negative role in mass accretion (details to be expanded
in § 5). Although in this study BH feedback is not included, we
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Figure 11. A representative case study of the environment around one
BH seed which undergoes runaway growth (complex properties labeled).
Top: BH/sink particle mass versus time (in units of the initial complex
free-fall time tff). Middle: Median sound speed (cs; dotted), and 5 � 90%
range of relative gas bulk velocities (|vgas � vbh|; shaded) of all gas cells
which fall within the sink radius rsink, and the escape velocity from the
sink (⇠

p
GMsink/rsink). Velocities are in units of the characteristic com-

plex gravitational velocity vcl =
p

GMcl/Rcl. Bottom: Mean density of
gas within the sink radius, in units of the initial complex mean density
h⇢i0 ⌘ 3Mcl/4⇡ R3

cl. The runaway growth occurs when the BH intercepts
an overdense clump ⇢ & 100h⇢i0, with a low relative velocity �V . 0.1vcl
so that it is gravitationally captured. Thermal pressure support/sound speed
is relatively unimportant, since this is occurring in cold molecular gas.

can infer the availability of hyper-Eddington accretion from the-
oretical studies. Inayoshi et al. (2016) predicted that the critical
density for hyper-Eddington accretion (with the accretion rate of
& 5000LEdd/c2) is

n1 & 105
✓

MBH

104 M�

◆�1 ✓ T1

104 K

◆3/2

cm�3.

Here n1 and T1 are the density and temperature near the BH. For
each BH with mass accretion in our simulation, we track the time
when the BH reaches the fastest accretion rate through its history,
and measure the nearby gas density and temperature. We compare
our simulation data with Inayoshi et al. (2016) in Fig. 14. We find
that for most BHs the nearby density is above the critical density
that allows hyper-Eddington accretion even if there is radiative feed-
back. For GMCs with higher surface density, the fraction of BHs
above the critical density is also higher.

4.4 Effects of numerical parameters

At the end of the discussion section, we include the effects of several
numerical parameters in the simulation.

4.4.1 Mass & Force Resolution

Resolution could influence our results both directly and indirectly.
Ideally we would wish to ensure mgas ⌧ Mbh, and that the Bondi

0.5 1.0 1.5 2.0 2.5
log(�/�0)

�6

�5

�4

�3

�2

�1

0

lo
g(

�
M

cl
/M

cl
)

V/
�

GMcl/Rcl = 0.1

0.0 1.0
2.0

t�,clump � tcrossing

�Mbh � �Mcl

�1.1 �1.0 �0.9 �0.8 �0.7

log(V/
�

GMcl/Rcl)

�6

�5

�4

�3

�2

�1

0

lo
g(

�
M

cl
/M

cl
)

�/�0 = 100

0.01.
0

2.
0

log(�Mbh/Mbh)

Figure 12. Illustrative analytic predictions for BH accretion, based on a sim-
ple model of Bondi-Hoyle accretion in encounters with sub-clumps that have
local density ⇢c, mass �Mc, and relative BH-clump velocity �Vc. Here we as-
sume the initial seed mass Mbh = 10�4 Mcl. Top: Assuming a fixed �Vc (in
units of vcl), we plot behavior as a function of �Mc and ⇢c. Bottom: Be-
havior as a function of �Mc and �Vc, at fixed ⇢c. The blue shaded region
denotes where the internal free-fall time of the clump (tff, clump) is shorter
than the clump-BH crossing timescale (tcrossing), so will be the rate-limiting
timescale for accretion. Red shaded range shows where the total mass ac-
creted (�Mbh) over the shorter of �t = min(tff, clump, tcrossing) would be
less than the clump mass (�Mc), so the accretion does not fully “run away.”
Green lines show contours where log10(�Mbh/Mbh,0) is constant and equal
to the value shown. The region where �Mbh/Mbh contour is horizontal de-
notes “runaway,” defined by where the BH will accrete the entire clump
mass.

radii are resolved (see § 2.1), but there are of course physics we can-
not hope to resolve in our larger cloud complexes, such as the for-
mation of individual stars (e.g. predicting the IMF itself). Nonethe-
less, we have tested our results for several clouds at different resolu-
tion levels: 643, 1283, and 2563 (See Appendix B). For most clouds
(especially those with high initial mean surface density), we see no
significant different in our statistical/qualitative conclusions across
these resolution levels. Similarly, we have re-run two of our clouds
(one low and one high density) with factor ⇠ 3 different force-
softening values for the collisionless (star and BH) particles, and
see no significant effect. Thus our conclusions appear robust, but
we caution again that qualitatively new physical processes would
need to be simulated if we went to higher resolution (which are rep-
resented here by our sub-grid models for e.g. IMF-averaged stellar
evolution).

4.4.2 BH Sink Radii

As noted above, in the simulation the sink radius for BH accre-
tion is set as the smaller value of the Bondi-Hoyle accretion radius
with either �V ⇠ cs or �V ⇠ vcl. Analysis of our simulation shows
that runaway accretion almost always occurs in regions where �V ⇠
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Figure 13. Distribution of the Eddington ratio fEdd for BHs in different
groups of GMCs. Here for each BH, fEdd is estimated in its fastest-accreting
stage. For GMCs with high surface density, there are ⇠ 2% BHs reaching
hyper-Eddington accretion with fEdd & 1000.

10�4 10�2 100 102 104

�
MBH

104 M�

��1 �
T�

104 K

�3/2

10�3

10�1

101

103

n
�

[1
05

cm
�

3
]

Inayoshi+ 2016

⌃̄0 = 130 M�/pc2

⌃̄0 = 1300 M�/pc2

⌃̄0 = 13000 M�/pc2

Figure 14. Comparing the simulation with the critical density for hyper-
Eddington accretion predicted by Inayoshi et al. (2016). Most BHs in the
simulation, especially for those in GMCs with ⌃̄0 = 13000M�/pc2, are
above the critical density.

cs . 0.1vcl, with enhanced densities & 100(3Mcl/4⇡R3
cl), where

(as noted above) the Bondi radii are orders-of-magnitude larger
than one would calculate for the diffuse GMC gas with low rela-
tive velocities. As a result the simulations relatively easily resolve
the Bondi radius where accretion is relevant. Nonetheless we have
re-run a small subset varying rsink by more than an order of mag-
nitude in either direction. If we make rsink much too small – sig-
nificantly smaller than the rms inter-cell separation (spatial resolu-
tion in the gas) at the highest cloud densities (& 100(3Mcl/4⇡R3

cl)),
then we artificially see suppressed accretion (simply because we
require the separation between BH and gas cell center-of-mass be
< rsink for capture). If we make the sink radius more than an order
of magnitude larger than our default value, we see spurious accre-
tion, usually in the very early timesteps of the simulations (before
turbulence is fully-developed), where diffuse gas with low relative
velocities is rapidly accreted. But for more reasonable variations in
rsink, even spanning an order of magnitude, our results are robust.
And as we show below, the accretion corresponds fairly well with
analytic post-processing expectations, further lending confidence to
this estimate.

4.4.3 Initial BH Velocities

We have considered some limited experiments where we add a sys-
tematic “boost” or arbitrarily increase the initial velocities of the
BH seeds in the initial conditions (for details see Appendix C). As
expected, if the seeds are moving well in excess of the escape ve-
locity relative to the cloud, they escape rapidly and never capture a
large amount of gas. So the rms velocities of “interesting” BH seeds
can only exceed vcl by a modest (at most order-one) factor. On the
other hand, reducing the BH seed velocities to zero has very little
effect (other than introducing some spurious transient accretion in
the first few timesteps when there is no relative gas-BH motion),
because they quickly acquire random velocities of order the gravi-
tational velocity vcl from the fragmenting cloud potential.

4.5 Connections with observations

Given that this is really a theoretical “proof of concept” and we do
not yet include these crucial physics (which we expect may change
the key conclusions), we hesitate to make specific observational pre-
dictions. Nonetheless, even if BH feedback did nothing to further
suppress runaway BH growth, there are some important conclusions
we can draw regarding observations of both active (star-forming)
clouds and “relic” star clusters.

(i) Runaway accretion would not occur in Milky Way/Local
Group GMCs or cloud complexes: the necessary conditions much
more closely resemble starburst galaxy nuclei and the most mas-
sive dense star-forming clumps observed in high-redshift massive
galaxies.

(ii) As a result, the “relic” star clusters from regions which could
produce runaway accretion will not be typical star clusters or globu-
lar clusters. They are much more akin to nuclear star clusters (at the
low-mass end) and dense galactic bulges (at the high-mass end).
Even if the high-redshift clumps are off-center, these complexes
would quickly spiral to the center of the galaxies to form proto-
bulges (Noguchi 1999; Dekel et al. 2009), which is important for
SMBH seed formation mechanisms as it is almost impossible for
seeds of the masses we predict here to “sink” to galaxy centers via
dynamical friction in a Hubble time at high redshift, if they are not
“carried” by more massive star cluster complexes (Ma et al. 2021).

(iii) Regardless of which clusters could have hosted this runaway
process, we again find the probability is low on a “per seed” basis.
Therefore, whether we expect an IMBH/SMBH “relic” in the de-
scendants depends fundamentally on the population of seeds and
their dynamics. While we find stellar-mass seeds are viable, it is not
obvious if these could come from the stars forming in the cloud it-
self (e.g. from the relics of the stars formed during the process).
Most stellar-mass seeds form relatively late after star formation
(& 30Myr), in explosions (which could disrupt the cloud), and have
large natal kicks (excessive relative velocity). It is possible, if kicks
were somehow avoided, that the most massive stars which reach the
end of the main sequence more rapidly (at ⇠ 3Myr) and collapse
directly to BHs could be viable seeds, but then these are much more
rare. Alternatively, the seeds could come from the “pre-existing”
background of stars, as especially in e.g. galactic nuclei or ⇠ kpc-
scale clump complexes in massive galaxies we expect a very large
population of background stellar-mass BHs. The key then is their
kinematics (i.e. whether a sufficient number can be “captured” to
locally interact as we model).

(iv) Almost by definition, the required conditions make it very
difficult to observe this process “in action.” Complexes which meet
the criteria above are, by definition, Compton-thick (and since the
accretion occurs in over-dense sub-regions, these are even more
heavily obscured). Moreover, if the maximum luminosity of accret-
ing BHs (even if they are undergoing hyper-Eddington accretion) is
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not much larger than the traditional Eddington limit (as most models
predict; see § 1), then the bolometric and even X-ray luminosities
of the clouds/complexes will be dominated by the stars (not the run-
away accreting BHs), unless the BH accretes an enormous fraction
(⇠ 10%) of the entire cloud mass.

(v) Even if such enormous accretion were to occur (or if the lu-
minosity could exceed Eddington), by the time the BH luminos-
ity could “outshine” even a fraction of the stellar luminosity of
the complex, its luminosity would be so large that it would not
be a ULX-type source. Rather (especially, again, recalling that the
complexes of interest are generally in or around distant galactic
nuclei), it would much more closely resemble an off-center, ob-
scured AGN (or a dual AGN, if the galaxy already has an accret-
ing SMBH). Large populations of such AGN sources are, of course,
well-known, and there are much more mundane ways to produce
them (via galaxy mergers or irregular kinematics), but it is perhaps
conceivable that a small fraction of them could be systems like what
we simulate here.

5 CAVEATS

5.1 Feedback from Accreting Black Holes

The most important caveat of this study is that we did not include
any “sub-grid” model for BH accretion or feedback in the simu-
lations. So “BH accretion rate” here should really be understood
to be “rate of gravitational capture of gas by the BH-disk sys-
tem” (akin to “Bondi-Hoyle-like mass inflow rate”) and “BH mass”
or “sink mass” represents a sum of the actual BH mass and its
bound/captured material (whether that material has actually formed
an accretion disk is another question itself).

This is not, of course, because we expect feedback to be unim-
portant for the BHs which rapidly capture gas: indeed, models of
super-Eddington accretion disks (models whose “outer boundary
condition” is something like the sink radii or “inner boundary con-
dition” of our simulations) predict both strong radiative (luminosi-
ties near or somewhat above the Eddington luminosity) and kinetic
(broad-angle MHD outflows from the disk) feedback (see refer-
ences in § 1). While it is conceivable that under sufficiently-dense
conditions, the surrounding material could continue to accrete (see
e.g. Quataert & Gruzinov 2000; Takeo et al. 2018; Regan et al.
2019), this could also completely shut down BH growth and even
star formation in the surrounding cloud (Schawinski et al. 2006).

However, crucial details of such accretion and feedback pro-
cesses remain deeply uncertain. This includes (i) the rate at which
material can go from being “gravitationally captured” to actually
accreted onto the BH (which determines the luminosity and other
feedback); (ii) whether star formation and/or fragmentation occurs
in the captured disk material if too much mass is captured; and (iii)
for a given accretion rate, the radiated spectrum and energy, and the
energy and momentum and mass and opening angle of accretion-
disk winds. Our intention here is therefore to first identify a set of
necessary, but perhaps not sufficient, pre-conditions for runaway
hyper-Eddington seed growth in on ISM scales. Clearly, if a BH
cannot sustain super-Eddington gravitational capture rates of suf-
ficient total mass in the first place, then it is unlikely that adding
feedback would do anything other than further decrease the (already
minimal) accretion. This allows us to already rule out large seg-
ments of parameter space as viable locations for hyper-Eddington
accretion (e.g. Milky Way-like low-density or low-mass clouds,
systems with insufficient statistical sampling of “seeds,” highly-
unbound seeds). In future work (in preparation), we will use this
study as the basis for a follow-up set of simulations which do in-
clude BH feedback, systematically surveying parameterized mod-
els for the major uncertainties described above, but using the results

of this study to specifically begin from conditions where we know
that, absent BH feedback, rapid accretion is possible.

5.2 Other Caveats

There are also of course other caveats in our simulations them-
selves. While we survey a factor of ⇠ 100 in mass resolution and
see robust results, we are certainly not able to “converge” in a strict
sense, especially given some ISM micro-physics where the relevant
dynamics occur on sub-au scales. We cannot resolve or predict the
IMF or stellar evolution tracks of individual stars, let alone their
late-stage evolution and potential collapse into BH relics. This is
especially unfortunate as one might imagine one source of “seed”
BHs bound to the cloud would be extremely massive stars that form
in that cloud with very short lifetimes that might implode or collapse
directly to massive BH remnants, rather than exploding as SNe. A
new generation of simulations like STARFORGE might be able to
address some of these, but the resolution required has thus far lim-
ited their explicit simulations to precisely the low-density, low-mass
clouds of least interest here (Grudić et al. 2021a,b).

It is also possible that physics we neglect plays an important
role. For example, on galactic scales, cosmic rays can influence
the ISM significantly, although many have argued that because of
their diffusive nature (smooth CR density gradients), they play lit-
tle dynamical role (except perhaps via ionization) in the dense ISM
clouds of interest here (Farber et al. 2018; Hopkins et al. 2020b,
2021; Bustard & Zweibel 2020).

More realistic initial conditions and boundary conditions for
clouds (embedded in a full ISM, for example) could also be im-
portant (Lane et al. 2022). This is perhaps especially relevant
for our most massive complexes. When we simulate regions with
Rcl ⇠ 500pc and ⌃̄0 ⇠ 104 M� pc�2 – i.e. gas masses as large as
⇠ 1010 M�, these are not really “clouds” as we think of GMCs
in the Milky Way. Rather, these values are motivated by typical
sizes and densities observed in systems like starburst and/or ultra-
luminous infrared galaxy nuclei (see e.g. Kennicutt 1998; Gao &
Solomon 2004; Narayanan et al. 2008; Bigiel et al. 2008), and seen
in the common massive clump-complexes or nuclei of high-redshift
massive galaxies (Tacconi et al. 2010; Krumholz & Dekel 2010;
Narayanan et al. 2011; Orr et al. 2018). But under these conditions,
there is usually also a large pre-existing stellar population and dark
matter halo, defining the potential of the nuclear gas – properly sim-
ulating these regimes would really require full galaxy-formation
simulations. It is likely that this added potential would make the
starburst even less able to disrupt, leaving behind a dense nuclear
bulge (e.g. Sanders et al. 1988; Tacconi et al. 2002; Rothberg &
Joseph 2004; Hopkins et al. 2008a,b, 2009b,a; Hopkins & Quataert
2011).

6 CONCLUSIONS

We have simulated populations of dynamic, accreting BH seeds
with masses ⇠ 101 � 104 M� in massive cloud complexes (meant
to resemble the most massive GMCs, high-redshift and starburst
galaxy nuclei), with self-gravity, realistic cooling, detailed models
for star formation and stellar feedback in the form of radiation, out-
flows, and supernovae, but neglecting the feedback from the BHs
themselves. Our goal is to identify whether, under any conditions,
such seeds can capture gas from the dense, cold ISM at the rates re-
quired to power hyper-Eddington accretion, and whether this can
be sustained for long enough periods that it is conceivable such
BHs could grow to IMBH or even SMBH mass scales. This forms a
necessary, but not sufficient, condition for hyper-Eddington growth
models for the origin of IMBHs and SMBHs.

Based on our analysis above, we can draw the following con-
clusions (again, absent BH feedback):
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(i) Sustained hyper-Eddington gravitational capture from the
ISM can occur, under specific conditions (detailed below). This oc-
curs when BH seeds coincidentally find themselves in regions with
locally enhanced densities (local densities well in excess of ⇠ 100
times the complex-mean), with (by chance) very low relative veloc-
ities (less than ⇠ 10% of the characteristic gravitational velocity of
the complex). The dense clump is then captured extremely quickly
(on less than its internal dynamical time), which can set of a “run-
away” of competitive accretion by which the seed grows even more
massive (reaching up to ⇠ 1% of the complex gas mass).

(ii) Provided the right conditions are met, this process is only
very weakly dependent on the initial seed mass, even for stellar-
mass seeds in the ⇠ 10� 100M� range. Thus, the “seed” does not
need to already be an IMBH.

(iii) Much like with star formation, stellar feedback plays a dual
role. Stellar feedback overall suppresses star formation and unbinds
gas, suppressing BH growth (especially in lower-density clouds).
But in higher-density, more-massive complexes, feedback produces
regions like colliding shocks/shells which promote exactly the con-
ditions needed for runaway BH growth.

For this runaway accretion to occur, we show that there are sev-
eral necessary “global” criteria the molecular complex must meet,
including:

(i) The complex must have a high surface density/gravitational
pressure, ⌃̄0 & 1000M� pc�2. Otherwise, stellar feedback disrupts
the medium too efficiently, both reducing the time available for ac-
cretion but also unbinding dense gas instead of allowing it to remain
trapped and thus potentially creating situations with low relative ve-
locities.

(ii) The complex must also be sufficiently high-mass, Mcl &
106 M�. This is to ensure both that there is sufficient total mass
supply that if hyper-Eddington accretion occurs, the final mass is
“interesting” (reaching IMBH, let alone SMBH mass scales), but
also required, along with the ⌃̄0 criterion, to ensure that the escape
velocity of the cloud will be large enough that ionizing radiation
does not rapidly unbind material or disrupt the complex and prevent
accretion.

(iii) The BH seeds must be “trapped” by the complex, with sys-
tematic relative velocities not significantly larger than the charac-
teristic gravitational velocity of the cloud. This means, for example,
that a BH moving isotropically in the background galaxy bulge, in-
tersecting a cloud, would be unable to accrete, while BHs with small
relative velocities to the cloud are viable.

(iv) We require at least ⇠ 100 seeds, in complexes meeting all
the criteria above, to have an order-unity probability of one showing
sustained hyper-Eddington accretion. Thus even when all the crite-
ria are met, the conditions are “rare” on a per-seed basis. Once the
number of seeds is sufficiently large, the finite number of locations
where runaway can occur, plus the competitive accretion dynamics
noted above, mean that the number which actually do experience
runaway growth saturates at one to a few.

In future work, we will use this preliminary study to inform
a more focused study which does include BH feedback, systemati-
cally exploring the uncertainties in BH feedback models but focused
on cloud conditions where – at least in the absence of said feedback
– we find runaway growth is possible.
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APPENDIX A: ESTIMATING THE PROBABILITY OF A
RUNAWAY ACCRETION EVENT

Based on arguments in 4, we try here to estimate the probability of a
runaway BH accretion event. Specifically, from § 4.2, we want to es-
timate the probability of a random BH seed encountering a “clump”
in a turbulent cloud complex which meets the conditions defined in
Eq. 5. For simplicity (although somewhat motivated by simulations,
see e.g. Burkhart et al. (2009)) we will assume uncorrelated density
and velocity fields, with Gaussian velocity statistics and lognormal
density statistics as is usually assumed in supersonic turbulence.

First consider the probability of a seed encountering a clump
which is overdense in the manner of Figs. 1 & 11, or Eq. 5. As-
sume the seeds have an rms velocity dispersion hv2

bhi1/2 of order
the gravitational velocity of the complex vcl, as does the gas, and
that the complex is filled with some number density of clumps nc
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with effective cross-section �c ⇠ Volc/rc, where Volc is the vol-
ume of a typical clump. Assume the seeds randomly move through
the complex (uniformly sampling the volume) over its lifetime
�t = ⌧ tff, cl (where for the massive complexes of interest, ⌧ ⇠ a
few, and tff, cl ⌘ Rcl/vcl). The average number of dense clumps en-
countered is therefore hNcli ⇠ ⌧ nc �c vcl tff, cl ⇠ ⌧ (Rcl/rc) fV, c. We
are interested in dense clumps or shocks, which simulations show
tend to have a characteristic size/width of order the sonic scale,
rc ⇠ Rcl/M2

comp (where Mcomp is the compressive Mach number
of the cloud; see e.g. Passot et al. 1988; Vazquez-Semadeni 1994;
Scalo et al. 1998). We can also estimate fV, c by integrating the stan-
dard volume-weighted lognormal density PDF for supersonic tur-
bulence (Gaussian in ln(⇢/h⇢i0), with mean = �S/2 required by
continuity, and variance S ⇡ ln [1+M2

comp]) above some critical
⇢ & ⇢c ⇠ 100h⇢i0. Plugging in numbers, we can see that hNcli & 1
so long as Mcomp & 10, which is easily satisfied in cold molecular
gas for the massive, high-density complexes of interest.

So it is not particularly rare for a BH to encounter a dense
clump over a duration of several free-fall times in the massive, dense
complexes of interest. What is less common is for such an encounter
to feature a low relative velocity �V = |vbh � vgas|. Let us assume,
similar to the above, that the BH velocity is drawn from an isotropic
Gaussian distribution with 1D dispersion �v,bh ⇠ vcl/

p
3 in each di-

mension, and the gas or clump velocity is drawn from an indepen-
dent isotropic Gaussian with similar 1D dispersion in each dimen-
sion �v,gas =↵v �v,bh (where ↵v is an arbitrary order-unity constant).
The velocity difference �V is therefore also Gaussian-distributed,
and integrating we obtain the probability

Pv(�V < ✏vcl) = erf
✓

qp
2

◆
�
r

2
⇡

q exp
✓
�q2

2

◆
, (A1)

q ⌘
p

3✏p
1+↵2

v
(A2)

Assuming ↵v ⇠ 1, and ✏⇠ 0.1 from Eq. 5, we obtain Pv ⇠ 5⇥10�4;
multiplying by hNcli ⇠ a few (for our massive cloud complexes),
this gives a probability of ⇠ 10�3 �10�2 of an “interesting” event,
per seed.

We stress that this is only intended as a guide for intuition – we
have ignored a wide range of effects which modify the statistics, the
fact that the density and velocity statistics are probably correlated
(see e.g. Konstandin et al. 2012; Squire & Hopkins 2017), the fact
that strong shocks and feedback tend to produce large local devia-
tions from Gaussianity (Hopkins 2013c; Beattie et al. 2021), gravi-
tational focusing (which probably significantly increases the rate of
“coincidences” in velocity-density space), the size spectrum of dif-
ferent density structures (Guszejnov & Hopkins 2016; Guszejnov
et al. 2018a), and more. Ultimately, capturing all of these effects is
only possible in the full simulations, but the simple arguments here
can provide some very approximate guide to the typical behaviors
in the simulations.

APPENDIX B: RESOLUTION CONVERGENCE

In Fig. B1 we show the cumulative distribution of BH final-to-initial
mass difference (same as Fig. 3) for simulations in different resolu-
tions. Here we choose clouds with Rcl  50pc, such that all clouds
weigh Mcl  108 M� and the condition mgas ⌧ Mbh is more likely
to be satisfied. We see that for low (M1e4R55 and M1e6R50) and
high (M1e6R5 and M1e8R50) surface density clouds, there is good
agreement in the CDFs under high (Res128) and low (Res64)
resolutions. The resolution convergence is worse for the medium

5 In this section, we use the template M%eR%d to denote a cloud with its
mass (in M�) and radius (in pc).
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Figure B1. Cumulative distribution of accreted mass as a resolution conver-
gence test. Here we show clouds with initial radius Rcl  50pc. Each cloud
is simulated with resolutions of 643 (solid) and 1283 (dashed). We see gen-
eral good agreement for simulations in different resolution for most clouds.

surface density group: for M1e7R50 we see the same cut-off but
different span of CDFs, while for M1e7R50 there is a systematic
difference. One possible reason might be the uncertainties in these
near-breakup clouds.

As a summary for the test, we find good quantitative resolution
convergence for most clouds, especially dense ones where there is
significant BH accretion (M1e6R5 and M1e8R50). There are in-
deed some clouds with systematic offsets under different resolu-
tions, but they fall into a “less-interesting" category in terms of BH
accretion and will not qualitatively change our conclusions.

APPENDIX C: INITIAL VELOCITY DEPENDENCE

Due to considerations in computational costs, we made some con-
finements in the initial velocity distribution in order to capture BH
accretion events more efficiently in a limited suite of simulations.
In the main text the fiducial choice is to have all BH initial velocity
vini below the circular velocity vcl ⌘ (GMcl/Rcl)

1/2. Inevitably this
will miss some BHs that are still bounded to the GMC, and possibly
overestimate (or underestimate) the possibility of runaway accretion
in a more general BH seed population. In this section we inspect the
issue with a test.

In Fig. C1 we show the initial-velocity depends and cumula-
tive distributions of BH accretion (featured by the mass accreted
by each BH, �MBH), for three cutoffs in the initial velocity magni-
tude: fiducial (vini  vcl), “critically bounded” (vini 

p
2vcl, which

means some BHs may reach vini .
p

2vcl ), and “unbounded” (vini p
2vcl). For each test, other quantities like the initial position and ve-

locity direction for each BH are the same. Compared with the fidu-
cial case, there are a few (⇠ 5) BHs of above vcl accreting at least
one gas cell, for both the “crucially bounded” and “unbounded”
group. We also note that above

p
2vcl, no BH accretes more than

one gas cell, which is not runaway accretion.
From the cutoff of the CDF, we see that the fraction of BH seed

with accretion events in the “critically bounded” and “unbounded”
groups are lower, but still in the same order of magnitude. The maxi-
mum mass accretion for the three tests are also similar: although the
cutoff of the orange line is higher, the general trend of the three lines
at the high-mass end are very close if excluding the “lucky” BH.

In conclusion, we find that most of BH accretion events hap-
pens when vini  vcl. Our BH population in the main text overesti-
mated these events, but still well within the same order of magni-
tude.
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Figure C1. A test of the dependence on the initial velocity distribution of
BHs. In the fiducial case we confine vini  vcl, where vcl =

p
GMcl/Rcl, and

there are tests with different cutoffs (
p

2vcl and 2vcl).
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