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ABSTRACT
While large numbers of supermassive black holes have been detected at 𝑧 > 6, their origin is
still essentially unclear. Numerical simulations have shown that the conditions for the classical
direct collapse scenario are very restrictive and fragmentation is very difficult to be avoided.We
thus consider here a more general case of a dense massive protostar cluster at low metallicity
(. 10−3 Z�) embedded in gas. We estimate the mass of the central massive object, formed
via collisions and gas accretion, considering the extreme cases of a logarithmically flat and a
Salpeter-type initial mass function. Objects with masses of at least 104M� could be formed for
inefficient radiative feedback, whereas ∼ 103 M� objects could be formed when the accretion
time is limited via feedback. These masses will vary depending on the environment and could
be considerably larger, particularly due to the continuous infall of gas into the cloud. As a result,
one may form intermediate mass black holes of ∼ 104 M� or more. Upcoming observations
with the James Webb Space Telescope (JWST) and other observatories may help to detect
such massive black holes and their environment, thereby shedding additional light on such a
formation channel.
Key words: black hole physics –methods: analytical – galaxies: nuclei – quasars: supermassive
black holes – dark ages, reionization, first stars

1 INTRODUCTION

The possible formation pathways of supermassive black holes were
originally proposed by Rees (1984). These included the formation
via direct collapse (e.g. Bromm & Loeb 2003; Wise et al. 2008;
Koushiappas et al. 2004; Begelman et al. 2006; Schleicher et al.
2010; Latif et al. 2013b; Latif & Schleicher 2015a; Regan et al.
2017; Grete et al. 2019; Suazo et al. 2019; Chon & Omukai 2020;
Latif et al. 2021), through collisions in dense stellar clusters (e.g.
Portegies Zwart & McMillan 2002; Devecchi & Volonteri 2009a;
Katz et al. 2015; Sakurai et al. 2017; Reinoso et al. 2018; Escala
2021; Vergara et al. 2021), or more exotic scenarios involving merg-
ers in clusters of stellar black holes (e.g. Davies et al. 2011; Lupi
et al. 2014; Kroupa et al. 2020a). The formation of massive black
holes could occur directly or through the formation of other types
of progenitor objects, such as supermassive stars (e.g. Appenzeller
& Fricke 1972a,b; Fuller et al. 1986; Begelman 2010; Hosokawa

★ E-mail: dschleicher@astro-udec.cl

et al. 2013; Schleicher et al. 2013b; Umeda et al. 2016; Haemmerlé
2020, 2021).

While the original pathways outlined by Rees (1984) were
either based on stellar-dynamical or gas-dynamical mechanisms,
recently it became more apparent that realistic scenarios will likely
require a combination of the two. On the one hand, this is because
fragmentation cannot be fully avoided even under ideal conditions
when the gas is primordial and molecular hydrogen formation effi-
ciently inhibited via soft-UV radiaton (e.g. Latif et al. 2013b, 2020),
while on the other hand, it is very likely that molecular hydrogen
is indeed present and will enhance fragmentation, as a very strong
soft-UV background is required for its destruction (Kroupa et al.
2020b; Sugimura et al. 2014; Agarwal & Khochfar 2015; Latif &
Schleicher 2015b). In the presence of heavy elements or dust grains,
fragmentation effectively cannot be avoided (e.g. Schneider et al.
2006; Clark et al. 2008; Omukai et al. 2008; Schneider & Omukai
2010; Bovino et al. 2014; Peters et al. 2014; Grassi et al. 2017), thus
favoring the formation of a stellar cluster rather than a single object.

On the other hand, the black hole masses formed via collisional
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2 Schleicher et al.

scenarios were often found to be of the order 103M� (e.g. Devecchi
& Volonteri 2009b; Reinoso et al. 2018), while models indicate that
the explanation of the observed supermassive black holes at high
redshift (e.g. Inayoshi et al. 2020) may require more massive seeds
(Shapiro 2005; Valiante et al. 2016; Sassano et al. 2021; Wang
et al. 2021). Also from other environments, i.e. the formation of
very massive stars, it is well-known that gas-dynamical and stellar
dynamical processes may interact and favor the formation of more
massive objects (Baumgardt & Klessen 2011).

Particularly, due to accretion, protostellar radii can be enhanced
(Hosokawa et al. 2012, 2013; Schleicher et al. 2013b), thus increas-
ing the probability for collisions. In the context of black hole growth,
Alexander & Natarajan (2014) considered a stellar mass black hole
embedded in a metal-rich cluster consisting of gas and protostars,
showing how a supra-exponential growth is possible during the early
phase of its growth. The black hole formation scenario by Davies
et al. (2011) and Lupi et al. (2014) similarly requires an inflow of
gas into a cluster of stellar mass black holes, in order to sufficiently
steepen the gravitational potential and make mergers more likely
than three-body ejections. Boekholt et al. (2018) explored the inter-
action of collisions and accretion in a compact primordial cluster
embedded in gas, showing that potentially masses of ∼ 105 M� can
be reached. Alister Seguel et al. (2020) have extended this analysis
including mass loss during mergers. Tagawa et al. (2020) developed
a semi-analytic model to follow the growth of a supermassive ob-
ject via stellar bombardment in the presence of gas, finding that the
formation of a potential massive object depends on the densities
where gas fragments. Chon & Omukai (2020) similarly have shown
that dust cooling may not prevent efficient accretion, and thus is
not necessarily prohibitive to the formation of massive objects. Das
et al. (2021a) considered the impact of different analytic accretion
rates and showed how these enhance the probability for collisions,
whereas Das et al. (2021b) explored the evolution of nuclear star
clusters embedded in gas, considering mass loss from stellar winds.

Overall, it is natural to explore such scenarios that involve gas
and stellar clusters, due to the ubiquity of gas in the first galaxies
and the expected formation of protoclusters. At the same time, due
to the complexity of the problem and the multitude of the physics
involved, it is hard to exhaustively treat the problem via numerical
simulations, and we need to arrive at a more general understanding
considering the processes at play, with the aim to derive approxi-
mate relations and expectations that can be compared to simulation
results in the future. In this paper, we first consider the general prop-
erties and evolution of massive protoclusters in very metal-poor gas
(. 10−3 Z�) in the first galaxies, as found in numerical simulations
(e.g. Wise et al. 2008; Latif et al. 2013b, 2021). This involves an
analysis of the protostellar and gas-dynamical timescales in sec-
tion 2, together with an assessment of the potential relevance of
feedback. The formation of a massive central object via stellar and
gas-dynamical processes is considered in section 3, along with its
further evolution, leading to the formation of a massive black hole.
We summarize and discuss this scenario in section 4, along with im-
plications for future observations for instance with the James Webb
Space Telescope (JWST)1.

1 JWST: https://www.jwst.nasa.gov/

2 BASIC CONSIDERATIONS FOR GAS-RICH
PROTOSTELLAR CLUSTERS

We consider a cloud with a total mass of ∼ 6×104M� on a scale of
𝑅 = 0.25 pc, as found in simulations by Latif et al. (2016). We here
assume that a relevant fraction of ∼ 33% of the total mass has been
converted into stars, thus implying a gas mass𝑀𝑔 = 4×104M� and
a stellar mass 𝑀∗ = 2 × 104 M� . We consider this as a somewhat
conservative scenario; if indeed a smaller fraction of the mass goes
into stars, more of the gas will be directly available for accretion
and the fragmentation problem might be less relevant. As in the
simulations, we further assuming a continous ongoing inflow rate
of ¤𝑀in ∼ 1 M� yr−1 into the cloud. We further restrict us here
to metallicities of . 10−3 Z� , i.e. where metal-line cooling is not
relevant (Bromm& Loeb 2003), in order fragmentation to occur on
too large scales. For simplicity, we assume the overall distribution
to be homogeneous and spherically symmetric.

2.1 The initial mass function of the protostars

In the case of a primordial cluster, we expect a logarithmically flat
initial mass function (IMF) (Hartwig et al. 2015), implying that

𝑑𝑁 (𝑀)
𝑑 log𝑀

= 𝐶 = const ⇒ 𝑑𝑁

𝑑𝑀
= 𝐶𝑀−1, (1)

where 𝑁 (𝑀) is the number of stars with mass 𝑀 . We assume that
there is a minimum stellar mass 𝑀min and a maximum stellar mass
𝑀max. As the total stellar mass 𝑀∗ is known, we have

𝑀∗ =
∫ 𝑀max

𝑀min

(
𝑑𝑁

𝑑𝑀

)
𝑀𝑑𝑀 = 𝐶 (𝑀max − 𝑀min) , (2)

thus fixing the normalization constant 𝐶. The mean stellar mass is
then given as

〈𝑀〉 =
∫

𝑑𝑁
𝑑𝑀

𝑀𝑑𝑀∫
𝑑𝑁
𝑑𝑀

𝑑𝑀
=

𝑀max − 𝑀min
ln (𝑀max) − ln (𝑀min)

. (3)

Assuming typical parameters such as 𝑀max = 100M� and 𝑀min =
0.1 M� thus implies 〈𝑀〉 ∼ 14.5 M� , or 𝑁 ∼ 1.3 × 103 for the
cluster considered here. In case the IMF is not logarithmically flat,
but follows a power-law of the form

𝑑𝑁

𝑑𝑀
= 𝐶2𝑀

𝛼, (4)

where typically we expect 𝛼 to be negative, the normalization con-
stant 𝐶2 is given from

𝑀∗ =
∫ 𝑀max

𝑀min

(
𝑑𝑁

𝑑𝑀

)
𝑀𝑑𝑀 = 𝐶2

𝑀𝛼+2
max − 𝑀𝛼+2

min
𝛼 + 2 , (5)

and the mean stellar mass is given as

〈𝑀〉 =
(
𝑀𝛼+2
max − 𝑀𝛼+2

min
𝑀𝛼+1
max − 𝑀𝛼+1

min

) (
𝛼 + 1
𝛼 + 2

)
. (6)

Assuming a Salpeter IMF with 𝛼 = −2.35, it implies 〈𝑀〉 ∼
0.35 M� and 𝑁 = 5.7 × 104 protostars. We note that the pres-
ence of magnetic fields in these clusters is potentially relevant, and
was shown to support the formation of a top-heavy IMF (Sharda
et al. 2021), and also Latif et al. (2022) found strong indications of
a top-heavy IMF with radiation-hydrodynamical simulatios. In the
following, we will consider both the logarithmically flat IMF and
the Salpeter IMF as two possible extreme cases.

MNRAS 000, 1–9 (2022)



Origin of supermassive black holes in massive metal-poor protoclusters 3

2.2 Stellar crossing and relaxation time

To analyze the dynamics of the protostellar cluster, we adopt the
formulation of Reinoso et al. (2020), who extended the framework
of Spitzer (1987) to include the effect of a gas potential. The crossing
time of the cluster is then given as

𝑡cross =
𝑅

𝑉
= 4.4 × 103 years, (7)

with

𝑉 =

√︂
𝐺𝑀∗
𝑅

(1 + 𝑞), (8)

and 𝑞 = 𝑀𝑔/𝑀∗ = 2 with the parameters adopted here, assuming
virial equilibrium. The relaxation time is then given as

𝑡relax = 0.138
𝑁 (1 + 𝑞)4
ln(𝛾𝑁) 𝑡cross =

{
1.1 × 107 years log − flat
2.8 × 108 years Salpeter (9)

where 𝛾 ∼ 0.4 is a parameter related to the ratio of maximum to
minimum impact parameter within the system. We note that the
relaxation time is considerably enhanced by the gravitational po-
tential from the gas with a factor of (1 + 𝑞)4 = 81. We note that
even decreasing 𝑀∗ would not lead to a reduction of the relaxation
time, and while 𝑁 would decrease with 𝑀∗, this decrease would be
overcompensated via the factor (1 + 𝑞)4. So no significant contrac-
tion of the cluster would be expected on a timescale shorter than 10
million years.

2.3 The gas and dynamical friction

We next consider the behavior of the gas within the cluster. We first
calculate the free-fall time of the gas, given as

𝑡ff =

√︄
3𝜋
32𝐺𝜌

∼ 1.0 × 104 years, (10)

where 𝜌 is the density of the gas, which we evaluate assuming spher-
ical symmetry and a homogeneous distribution inside the cloud, i.e.

𝜌 = 𝑀𝑔/(4𝜋𝑅3/3) ∼ 4.1 × 10−17 g cm−3. (11)

Thus in principle, the gas could evolve and contract under a rela-
tively short timescale. Under approximately virialized conditions,
the kinetic and thermal energy of the gas must correspond to about
half of the gravitational energy, i.e.

𝐺𝑀𝑔 (𝑀𝑔 + 𝑀∗)
𝑅

∼ 𝑀𝑔𝑣
2
eff , (12)

where 𝑣eff corresponds to the turbulent or thermal velocity, depend-
ing on which one is the larger component. Under the conditions
considered here, we thus find 𝑣eff ∼ 32 km s−1. On the other hand,
even under conditions where H2 cooling is suppressed, the temper-
ature at the densities considered here is expected to be 𝑇 ∼ 6000 K,
implying a sound speed of 𝑐𝑠 =

√︁
𝛾𝑘𝐵𝑇/𝑚 = 8.3 km s−1 for an

ideal gas consisting of hydrogen and helium, with 𝑘𝐵 the Boltzmann
constant, 𝛾 = 5/3 the adiabatic index and 𝑚 = 1.2𝑚𝑝 , assuming a
hydrogen-helium gas, with 𝑚𝑝 = 1.67 × 10−24 g the proton mass.
This overall implies that the gas exhibits strongly supersonic turbu-
lent motions, which should decay on a timescale (Mac Low 1999)

𝑡decay =
𝑅

𝑣eff
= 7.6 × 103 years. (13)

This timescale is comparable to the free-fall time of the gas, and as
a result, free-fall could start after one turbulent decay time, unless
the turbulent energy is sustained via some mechanism.

A way to replenish the turbulent energy in the gas is through
the dyamical friction exerted by the stars onto the gas. Based on the
formalism of Ostriker (1999), we have

𝑑𝑣

𝑑𝑡
= −4𝜋𝐺

2𝑀𝜌

𝑐2𝑠
𝑓 (gas) , (14)

with

𝑓 (gas) =
1

M2

[
1
2
ln(M2 − 1) + lnΛ

]
(15)

in the case where the relative motion between the stars and the gas,
expressed via the Mach numberM = 𝑉/𝑐𝑠 , is highly supersonic,
i.e. M � 1. In this expression, lnΛ is the so-called Coulomb
logarithm for the gas distribution, where we adopt lnΛ = 3.1 as
suggested by Chapon et al. (2013). Considering the stellar velocities
estimated above, as well as the fact that the gas temperature cannot
be higher than 6000 K, we haveM ≥ 6.7, and 𝑓 (gas) ∼ 0.11. The
friction force acting on one star thus corresponds to 𝐹 ∼ 0.11 ×
4𝜋𝐺2〈𝑀〉2𝜌/𝑐2𝑠 . Within one crossing time 𝑡cross, an average star
will cross a spatial scale 𝑅 and the energy transferred from the stars
into the gas thus corresponds to 𝐹𝑅. Given the 𝑁 stars in the clusters,
the total energy transfer in one crossing time corresponds to 𝑁𝐹𝑅,
and the energy transfer rate is thus 𝐸dyn ∼ 𝑁𝐹𝑅/𝑡cross = 𝑁𝐹𝑉 .
A significant change of the kinetic energy of the gas could thus be
expected on a timescale

𝑡df,g =
1
2𝑀𝑔𝑣

2
eff

𝑁𝐹𝑉
=

{
5.6 × 106 years log − flat
2.3 × 108 years Salpeter (16)

While dynamical friction is not expected to have a significant
effect on the energy budget of the gas, it may still have some effect
on the stars themselves. Defining the characteristic timescales for
stars to change their velocity by a significant degree as

𝑡df,∗ =
𝑉

¤𝑣 =
𝑉

𝐹/〈𝑀〉 =

{
1.7 × 107 years log − flat
6.9 × 108 years Salpeter (17)

These timescales are comparable to the relaxation time of the clus-
ter and thus suggest that contraction of the cluster could be driven
by the combination of both processes simultaneously. We also con-
sider energy input by accretion-driven turbulence, as suggested by
Klessen & Hennebelle (2010). Numerical simulations, e.g. by Latif
et al. (2013b), have shown accretion rates ¤𝑀 ∼ 1M� yr−1 and infall
velocities 𝑣in ∼ 10 km s−1. The corresponding timescale to signifi-
cantly change the kinetic energy of the cloud through the deposited
kinetic energy is thus

𝑡acc =
1
2𝑀𝑔𝑣

2
eff

1
2
¤𝑀𝑣2in

∼ 4.1 × 105 years. (18)

As a result, the timescales for the generation of new turbulent energy
thus appear considerably larger than the decay time by at least an
order of magnitude. This implies that turbulence may only delay
but not prohibit the collapse, thereby favoring the formation of a
massive object.

2.4 Protostellar accretion

We now aim to understand the typical accretion of the protostars in
the cluster, considering the presence of supersonic turbulence and

MNRAS 000, 1–9 (2022)
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surrounding protostars. Under conditions of spherical symmetry,
the accretion of an object with mass 〈𝑀〉 moving through the gas
with a velocity𝑉 is given by the Bondi solution (Bondi 1952), which
we write in the form given by Maccarone & Zurek (2012):

¤𝑀BH = 7×10−9
(
〈𝑀〉
𝑀�

)2 (
𝑛

106 cm−3

)2 ©«
√︃
𝑐2𝑠 +𝑉2

106 cm s−1
ª®®¬
−3

𝑀� yr−1,

(19)

with 𝑛 = 𝜌/` ∼ 2.1 × 107 cm−3 being the number density of the
gas, ` = 1.2𝑚𝑝 the mean molecular weight for a neutral hydrogen-
helium gas, and 𝑐𝑠 the sound speed evaluated at infinity (far away
from the protostar). Since the medium considered here is superson-
ically turbulent, we will replace the sound speed with the effective
velocity 𝑣eff derived above. In addition, it was noted by Kaaz et al.
(2019) that the separation between the stars should be taken into con-
sideration when evaluation the accretion rates, particularly when the
separation is smaller than the Bondi radius given as

𝑅𝐵 =
𝐺〈𝑀〉
𝑣2eff

=

{
6.0 × 10−5 pc log − flat
1.5 × 10−6 pc Salpeter , (20)

where we considered the impact of supersonic turbulence on the
accretion process. We can estimate the separation between the stars
𝑅⊥ as

𝑅⊥ ∼ 𝑅𝑁−1/3 =

{
0.022 pc log − flat
0.0065 pc Salpeter . (21)

The separation thus appears large enough to not require corrections
to the accretion rate. Considering the effective turbulent velocity
instead of the sound speed, we thus expect a typical accretion rate
of

¤𝑀BH ∼
{
2.3 × 10−6 M� yr−1 log − flat
1.4 × 10−9 M� yr−1 Salpeter . (22)

Evaluating the timescale to significantly change themass of a typical
star, we find

〈𝑀〉/ ¤𝑀BH =

{
6.2 × 106 years log − flat
2.5 × 108 years Salpeter . (23)

Individual stars may nonetheless grow faster due to the steep de-
pendence of the accretion rate on the protostellar mass rate as 𝑀2.
We also check on the timescale for the gas to be depleted due to
accretion,

𝑡dep =
𝑀𝑔

𝑁 ¤𝑀BH
=

{
1.2 × 107 years log − flat
5.1 × 108 years Salpeter . (24)

With inflow rates of ¤𝑀in ∼ 1 M� yr−1, the typical inflow time
is 𝑀𝑔/ ¤𝑀in = 4 × 104 years, implying a significant mass increase
during the evolution of the cluster.

2.5 Implications of characteristic timescales: gravity vs.
feedback

In section 2.3, we found that the timescale for dynamical friction is
comparable to the timescale for dynamical relaxation. As derived
above, the characteristic timescale of typical protostars to change
their masses is then even shorter. A significant change of the typical
stellar masses can be expected to have further implications for the

timescale [years] log-flat Salpeter

crossing time 4.4 × 103 4.4 × 103
turbulence decay time 7.6 × 103 7.6 × 103
free-fall time 1.0 × 104 1.0 × 104

mass infall timescale 4 × 104 4 × 104
gas evaporation timescale 4 × 104 1 × 106

turbulent energy accretion timescale 4.1 × 105 4.1 × 105
Bondi timescale protostar 6.2 × 106 2.5 × 108

depletion timescale through protostellar accretion 1.2 × 107 5.1 × 108
relaxation time 1.1 × 107 2.8 × 108

dynamical friction time of stars due to gas 1.7 × 107 6.9 × 108

Table 1. A comparison of the characteristic timescales of the cluster for the
logarithmically flat and the Salpeter IMF, ordered from the shortest to the
longest timescales.

evolution of the cluster, as the accretion of mass will likely also
imply the accretion of linear and angular momentum. Due to the
supersonic turbulence in the cluster, the accreted linear and angular
momentum will correspond (approximately) to a random walk. The
accreted angular momentum is unlikely to be aligned with the previ-
ous angular momentum of the protostars with respect to the center,
and at least some of the stars are then expected to sink towards the
center due to the reduced angular momentum, increasing the overall
likelihood for collisions.

Independent of this, a steepening of the cluster is also expected
due to the continuing mass inflow to the center. At least initially, the
cluster is still exposed to an inflow rate of ¤𝑀in ∼ 1M� yr−1 (Latif
et al. 2016), and even over longer timescales up to ∼ 7 × 103 years,
cosmological radiation hydrodynamics simulations found inflow
rates in the range of 10−2−10−1M� yr−1 by (Latif et al. 2021). The
increase of the total mass implies a steepening of the gravitational
potential, implying a contraction of the cluster. We estimate the
latter via adiabatic contraction (Blumenthal et al. 1986), implying
that

𝑀 (𝑟)𝑟 = constant, (25)

with 𝑀 (𝑟) being the total mass enclosed in the mass scale 𝑟. While
the simulations by Latif et al. (2021) found some variations of
the gas infall rate over time, these did not show very systematic
trends but rather stochastic variations, and we can thus at least very
roughly assume an approximately constant inflow rate ¤𝑀in over the
first million years or so. This implies that the mass will evolve as

𝑀tot = 𝑀ini + ¤𝑀inΔ𝑡, (26)

where Δ𝑡 is the time passed after the cluster had a mass of 𝑀ini with
a size of 𝑅ini. The size of the cluster is thus expected to evolve as

𝑅(Δ𝑡) = 𝑅ini
𝑀ini

𝑀ini + ¤𝑀inΔ𝑡
. (27)

Particularly once ¤𝑀inΔ𝑡 � 𝑀ini, we then have

𝑅(Δ𝑡) ∝
( ¤𝑀inΔ𝑡

)−1
. (28)

Each time the cluster mass doubles due to infall, the radius is thus
expected to contract at least by a factor of 2. This will likely be a
lower limit, due to the presence of additional physical processes,
such as the effect of the accretion onto the protostars (implying the
more heavy ones to sink to the center) and the effect of dynamical
friction.

Such a steepening only occurs if the continuous infall into
the cluster is not counter-acted via another energy source. In the

MNRAS 000, 1–9 (2022)



Origin of supermassive black holes in massive metal-poor protoclusters 5

case of the Salpeter IMF, the mean stellar mass is so low and the
characteristic timescale for the stars to grow is so large that feedback
is not expected to be relevant for the typical stars. Considering
the luminosities provided by Windhorst et al. (2018), the stellar
luminosity over mass ratio becomes significant roughly starting
from 10 M� stars. For the Salpeter IMF, the number of stars more
massive than at 10M� is given as∫ 𝑀max

10 𝑀�

(
𝑑𝑁

𝑑𝑀

)
𝑑𝑀 =

𝐶2
𝛼 + 1

(
𝑀𝛼+1
max − (10 𝑀�)𝛼+1

)
. (29)

The fraction of stars more massive than 10M� follows as

𝜖mass =

∫ 𝑀max
10 𝑀�

(
𝑑𝑁
𝑑𝑀

)
𝑑𝑀∫ 𝑀max

𝑀min

(
𝑑𝑁
𝑑𝑀

)
𝑑𝑀

=
𝑀𝛼+1
max − (10 𝑀�)𝛼+1

𝑀𝛼+1
max − 𝑀𝛼+1

min
∼ 1.9 × 10−3

(30)

with the parameters adopted in section 2.1. We estimate the
timescale to evaporate the cloud via the luminosity of massive stars
as

𝑡evap =
𝐸grav

𝑁𝜖mass𝐿10 𝑀� 𝜖rad
, (31)

where 𝐸grav = 𝐺𝑀𝑔 (𝑀𝑔 + 𝑀∗)/𝑅) ∼ 1.2 × 1051 erg denotes the
gravitational energy of the gas within the potential provided by
the stars and the gas and 𝐿10 M� = 103.86𝐿� (Windhorst et al.
2018). The parameter 𝜖rad describes the efficiency by which the
energy produced in the protostellar source is deposited within the
surrounding medium. For a warm ionized medium with density
0.1 cm−3, Haid et al. (2018) have shown that the efficiency rapidly
drops from initially around 50% to values between 10−4 and 10−5,
while it is∼ 10−4 for a cold neutralmediumat a density of 100 cm−3.
The typical densities in our cluster are ∼ 2 × 107 cm−3, so to be
conservative we assume an efficiency parameter of 10−2. With these
assumptions, we find 𝑡evap ∼ 106 years, still considerably larger than
the mass infall timescale 𝑀𝑔/ ¤𝑀in ∼ 4 × 104 years.

It is less obvious in case of the logarithmically flat IMF, at least
in case that the upper limit of the protostellar mass is considered
to be 𝑀max = 100 M� , as adopted here. For the mean protostellar
mass derived above, Windhorst et al. (2018) provide a luminosity
of 𝐿∗ ∼ 2 × 104 L� . We estimate the evaporation time via Eq. (31)
finding that 𝑡evap ∼ 4 × 104 years.

At the densities considered here, we further note that the HII
regions around individual stars may get trapped and recombine due
to the shorter recombination times at high density (see also Rahner
et al. 2017, 2019; Latif et al. 2021). A rough estimate of their size
can be obtained from the Strömgren radius (Strömgren 1939)

𝑅𝑆 =

(
3
4𝜋

𝑆∗
𝑛2𝛽2

,

)1/3
, (32)

where 𝑆∗ is the number of ionizing photons per unit time and
𝛽2 (𝑇) = 2 × 10−10𝑇−3/4 cm3 s−1 the recombination rate. For a
star with 1000 M� , where we expect 𝑆∗ = 1.6 × 1050 s−1 based
on Bromm et al. (2001) and assuming 𝑇 = 104 K, we obtain
𝑅𝑆 = 2.6 × 10−3 pc for the densities (𝑛 ∼ 2 × 107 cm−3) on
the 0.25 pc scale. This is considerably below the typical separation
of the protostars for the logarithmically flat IMF and also still below
the mean separation for the Salpeter IMF. We further recall that
the typical HII region of the protostars will be smaller, as here we
calculated the extreme case with the upper mass limit of the IMF.

In future studies, it will be important to better quantify the
efficiency parameter for the regime considered here. We note that

the corresponding problem arises for the logarithmically flat IMF if
protostars are relatively massive at an early stage, while the problem
would not be as relevant if the maximum mass of the IMF was
10 M� or less, or in case of a Salpeter-type IMF, where the mean
stellar mass is considerably reduced. An overview of the different
timescales derived in this section is given in table 1. In the following,
we will consider the further evolution, considering the possibilities
of inefficient and efficient radiative feedback. After longer times,
i.e. a few million years, additional complications such as supernova
feedback may arise. In the following, we will however restrict our
discussion to the earlier stages.

3 FORMATION AND EVOLUTION OF A CENTRAL
MASSIVE OBJECT

In this section, we discuss whether a verymassive protostar could be
formed in a cluster as considered above, and eventually collapse into
a massive black hole. Particularly, we aim to assess its formation
via collisional and gas-related processes. Regan et al. (2020) per-
formed cosmological simulations for primordial halos exposed to a
moderate Lyman Werner background, finding in one of their halos
the formation of a very massive object with several thousand solar
masses, and in a second halo a very massive object of a few hundred
solar masses. While resolutions of the order 10−3 pc in principle
are very good for cosmological simulations, they still limit any final
conclusions that could be drawn.

We here consider at least initially similar arguments as Devec-
chi & Volonteri (2009a) and Katz (2019) for a pure stellar cluster,
which will subsequently be adapted for the presence of gas. We note
here that several of our estimates likely are lower limits, as the proto-
stars may be accreting, implying the presence of dynamical friction
as well as the absence of angular momentum conservation, which
overall should favor to enhance the probability of stars migrating to
the center and participating in merger events.

For a system of equal mass stars, the timescale for core collapse
corresponds to (Cohn 1980)

𝑡cc ∼ 15𝑡relax ∼
{
108 years log − flat
& 109years Salpeter (33)

We consider these timescales here to be too large to be relevant.
However, our cluster does not consist of equalmass stars, but follows
an IMF. The stars are exposed to dynamical friction, and themassive
stars will sink to the center. The core-collapse time in the cluster is
then dictated by the time it takes for the most massive star to sink to
the center, and can be estimated as (Portegies Zwart & McMillan
2002)

𝑡df = 3.3
〈𝑀〉
𝑀max

𝑡relax =

{
5.2 × 106 years log − flat
3.2 × 106years Salpeter (34)

in a pure stellar-dynamical scenario. Evaluating Eq. (17) for the
maximum stellar mass rather than the average stellar mass for
the IMF, we can estimate the dynamical friction timescale due
to the gas, finding 𝑡max,df ∼ 1.4 × 106 years. Now, this star
does not only experience dynamical friction but also accretes,
and we can estimate the accretion timescale of such a star as
𝑡acc,max = 𝑀max/ ¤𝑀BH,max = 8.9×105 years. On this timescale, we
further expect it to change its angular and linear momentum due to
accretion. We in principle expect both processes to contribute, and
thus estimate its infall time via

𝑡−1in = 𝑡−1acc,max + 𝑡−1max,df ∼ 5.4 × 10
5 years. (35)
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To estimate the mass growth of the central object via collisions, we
adopt the analytical model of Portegies Zwart & McMillan (2002)
given as

𝑀CMO = 𝑀ini + 4× 10−3 𝑓𝑐𝑀∗ lnΛ𝑐

[
ln

(
𝑡diss
𝑡𝑐

)
+ 𝑡𝑐

𝑡diss
− 1

]
, (36)

where 𝑀ini is the initial mass of the massive object, we recall that
𝑀∗ is the total stellar mass of the cluster, 𝑓𝑐 the fraction of binaries
going through mergers, ln(Λ𝐶 ) the Coulomb logarithm as defined
via Binney & Tremaine (1987), 𝑡diss the dissolution timescale for
the cluster, and 𝑡𝑐 the timescale onwhich core-collapse occurs in the
cluster. We adopt the parametrization for the Coulomb logarithm
from Portegies Zwart & McMillan (2002) as

ln (Λ𝐶 ) = ln
(
0.1𝑀∗
〈𝑀〉

)
. (37)

It is encouraging to note that this runaway-process appears not to
significantly depend on the presence of rotation or the geometry
of the cluster (Vergara et al. 2021). Portegies Zwart & McMil-
lan (2002) obtained Eq. 36 by analytically integrating over a term
proportional to 1𝑡 −

1
𝑡diss
, with 𝑡𝑐 and 𝑡diss the integration limits (as-

suming collisions to start once the most massive star has arrived at
the center due to dynamical friction and subsequently to last until
𝑡diss).Wewill generalize this here, as due to stellar evolution effects,
the massive stars within the cluster will explode as supernovae after
a timescale 𝑡SN. Changing the time limits of integration to be 𝑡𝑐 and
𝑡SN, we obtain the new expression

𝑀CMO,SN = 𝑀ini+4×10−3 𝑓𝑐𝑀∗ lnΛ𝑐

[
ln

(
𝑡SN
𝑡𝑐

)
+ 𝑡𝑐

𝑡diss
− 𝑡SN
𝑡diss

]
,

(38)

Schaerer (2002) derived an estimated lifetime of 2.5 − 3 Myr for a
100 M� Pop. III star. For a conservative estimate, we adopt here
a lower limit of 𝑡𝑆𝑁 ∼ 1 Myr for supernova feedback to become
relevant. We estimate 𝑡diss ∼ 𝑡relaxx | , and thus 𝑡diss � 𝑡SN. In the
pure 𝑁-body simulations of Portegies Zwart & McMillan (2002),
only a fraction 𝑓𝑐 ∼ 0.2 of all binaries undergoes mergers. In a
gaseous environment, we expect this fraction to be considerably
enhanced due to the gas dynamical friction as well as the accretion
torque due to the accretion of the gas onto the protostars. While
it is hard to predict exactly what the right fraction should be, we
adopt here a somewhat more optimistic value of 𝑓𝑐 ∼ 0.8. The core
collapse time 𝑡𝑐 is estimated here as 𝑡𝑐 = 𝑡in. Evaluating Eq. 38
with this input, we obtain

𝑀CMO,SN =

{
1.1 × 103 M� log − flat
1.8 × 103 M� Salpeter , (39)

Now, it is important to take into account additional effects of the
gas. First, we expect that the central massive object itself contin-
ues to accrete gas while going through collisions. And second, also
the protostars merging with the central object keep accreting un-
til they merge, thereby contributing to an overall increase of the
mass. Inspired by Eq. (39) we take a fixed mass of 1000 M� for
the evaluation of further mass growth by Bondi accretion. Using
Eq. (19), we find ¤𝑀BH ∼ 1.1 × 10−2 M� yr−1 or an accretion
timescale 𝑀max/ ¤𝑀BH ∼ 8.9 × 103 years. In principle this implies
a significant growth via accretion, which could potentially grow
as ¤𝑀BH ∝ 𝑀2. In practice, however, this will be limited; on the
one hand due to the effect noted by Maccarone & Zurek (2012)
as nearby protostars would perturb the Bondi acccretion once the
Bondi radius becomes too close. In the case of a logarithmically

flat IMF, this would occur at roughly 𝑀 = 1.5 × 104 M� , and at
1.5 × 103 M� in case of the Salpeter IMF.

On the other hand, also the presence of any initial angular
momentum in the gas could become a limiting factor to a certain
extend. We note here, however, that in principle numerical simula-
tions e.g. by Wise et al. (2008) or Latif et al. (2013b) did not find
the structures on these scales to be strongly influenced by rotation.
Alexander & Natarajan (2014) already discussed in the context of
a stellar mass black hole embedded in a turbulent cloud how the
random walk of the black hole due to relaxation with the protostars
in the cloud provides a path to effectively overcome the momentum
barrier. This will be easier when the central massive object is still
an extended protostellar object, increasing the overall cross section
with the gas. The ambient medium here fulfills the condition that
was outlined by Inayoshi et al. (2016) to permit hyper-Eddington
accretion, i.e. we have(

𝑛

105 cm−3

)
≥

(
𝑀

104 𝑀�

)−1 (
𝑇

104 𝐾

)3/2
, (40)

with 𝑇 the temperature of the cloud (which will self-regulate at
∼ 104 K in case of photo-ionizing radiation, or otherwise be lower
due to the radiative cooling of the gas). Based on these overall
considerations, we generalize Eq. (38) to

𝑀CMO,gas = 𝑀ini + ¤𝑀𝐵𝐻 𝑡gas + 4 × 10−3 𝑓𝑐𝑀∗ lnΛ𝑐

×
[
ln

(
𝑡SN
𝑡𝑐

)
+ 𝑡𝑐

𝑡diss
− 𝑡SN
𝑡diss

]
, (41)

where we introduced a gas accretion term over the timescale 𝑡gas
when gas is available. For 𝑡gas, we consider an optimistic scenario
where feedback is inefficient and thus 𝑡gas ∼ 106 years, as well as a
a scenario where feedback is more efficient, with 𝑡gas ∼ 104 years.
With 𝑡gas = 106 years, we find

𝑀CMO,gas,106 =

{
1.1 × 104 M� log − flat
1.2 × 104 M� Salpeter . (42)

These masses should still be lower limits, as we did not consider
here the continous infall of mass into the cluster, which should
lead to contraction and enhance the collapse and accretion. With
𝑡gas = 104 years¸we obtain a mass of

𝑀CMO,gas,104 =

{
1.2 × 103 M� log − flat
1.9 × 103 M� Salpeter . (43)

In the first case where radiative feedback is not relevant, we
thus derived masses of the central object of at least ∼ 104 M� ,
while they remain close to ∼ 103 M� in the presence of feedback.
In a super-competitive accretion scenario as outlined by Chon &
Omukai (2020), there could be a change of the balance between
direct gas accretion by the CMO versus indirect effects, such as
gas accretion by the protostars that subsequently merge with the
most massive object. One can potentially expect that such direct gas
accretion, when feasible, would be even more beneficial, given that
not all of the protostars might merge with the central massive object
during the available time. It will be important in future work to
further establish the conditions when and for long how such super-
competitive accretion is feasible. Even if it is not, our considerations
here show that supermassive objects could be nonetheless formed.

We noted above that Bondi accretion implies a typical accre-
tion rate of ∼ 10−2 M� yr−1, and from the growth due to collisions,
a similar average mass growth rate can be expected. Based on proto-
stellar evolution calculations (e.g. Hosokawa et al. 2013; Schleicher
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Figure 1. A sketch of the expected evolution of the stellar cluster and its
central massive object. A-B) The most massive star falls to the center as a
result of dynamical friction. C) The most massive star in the center accretes
material through stellar collisions and from the gas. D) The supermassive
star collapses into a very massive black hole.

et al. 2013b; Umeda et al. 2016), these rates are too low to maintain
a very extended envelope of the protostar, and it is more likely to
contract on the Kelvin-Helmholtz timescale and form a supermas-
sive star (see also Janka 2002; Begelman 2010). Such objects are
expected to subsequently collapse due to the general relativistic in-
stability, as described by Appenzeller & Fricke (1972a); Fuller et al.
(1986); Haemmerlé (2020, 2021). A summary sketch of the overall
scenario considered here is given in Fig. 1.

We note that the numbers derived here are rough estimates,
which may vary depending on the environment, such as the inflow
rates for example, or the mass and compactness of the cluster. This
is hard to quantify exactly, but one should certainly expect an envi-
ronmental dependence of at least a factor of a few (see also Tagawa
et al. 2020). In reality, one thus needs to consider a range of possi-
ble outcomes in terms of mass. The upper limits for the masses of
supermassive stars are considered to be in the range 105 − 106 M�
(Woods et al. 2017; Haemmerlé et al. 2018, 2019), providing an
indication about the maximum seed masses that could be formed.
In a small mass window, Chen et al. (2014) found that Pop. III stars
with ∼ 55, 000 M� can cause thermonuclear explosions releas-
ing energies of up to 1055 erg. This question regarding was recently
reinvestigated by Nagele et al. (2020), who did not find an explosion
in the non-rotating case, though they found it when they included
slow rotation. Such occasional bursts may thus occur, but are likely
not the generic outcome.

The case of rotating supermassive stars was investigated by
Uchida et al. (2017), finding that an additional torus can be formed
surrounding the rotating black hole that forms as the outcome of col-

lapse. Such studies were recently extended to incorporate the effect
of magnetic fields, showing how collapse may lead to the launch-
ing of jets consistent with the typical durations of long gamma-ray
bursts (Butler et al. 2018; Sun et al. 2018). Observationally, this
could be a possibly interesting implication, as it links this formation
scenario to already known phenomena. Once amassive black hole is
formed, it may continue to grow via tidal disruption events (TDEs)
disrupting the surrounding stars (Sakurai et al. 2019). Such events
may give rise to additional possibilities to detect the newly formed
black holes.

4 DISCUSSION AND CONCLUSIONS

We have considered here the evolution of a compact and massive
cloud consisting of gas and stars at very low metallicity. Our results
strongly suggest that the interaction between the gas and the stars
can lead to the formation of very massive central objects. In case
that radiative feedback is not too relevant, as it could be the case
for the Salpeter IMF, we find masses of the central object of at
least 104 M� , which are lower limits as the cluster is exposed to
continuous infall and contraction, which should further enhance
the accretion and collapse. If the accretion timescale is limited by
feedback, we found final masses of about 103 M� , which are then
largely due to stellar collisions with gas accretion playing only a
minor role. The relevance and efficiency of feedback needs to be
further explored in these environments; estimates of the Strömgren
radius show that the radiation could be trapped and might thus not
be too prohibitive for the growth of the massive object. Beyond
that, the masses in general are likely to depend on the environment,
with higher mass in the presence of larger infall rates, or more
massive and compact clusters (see also Tagawa et al. 2020). Due
to the low metallicity, the feedback from winds is not expected to
be relevant, as sugested, e.g. by Das et al. (2021b). We conclude
that the overall conditions within the cloud are expected to allow
very efficient growth of the central massive object, both due to
collisions in the dense cluster, but also through accretion in the gas.
We particularly note that the presence of supersonic turbulence as
well as the random walk of the central massive object within the
cluster will highly alleviate the role of angular momentum, as also
noted by Alexander & Natarajan (2014). The conditions here in the
cloud further allow for the possibility of hyper-Eddington accretion,
matching the condition derived by Inayoshi et al. (2016).

Considering the masses estimated here and the expected de-
pendence on the environment, we expect the formation of massive
black holes with at least 103−104M� , though possibly even reach-
ing masses of 105 − 106 M� , depending on the environment and
considering the upper limits derived by Woods et al. (e.g. 2017).
Occasionally if such stars have masses close to 55, 000M� , highly
energetic explosions may also occur (Chen et al. 2014; Nagele et al.
2020), though we do not expect this as a very generic outcome.
Producing massive black holes seeds was found to be important
to explain the observed supermassive black holes at high redshift
(Shapiro 2005; Valiante et al. 2016; Sassano et al. 2021), and the
formation mechanism outlined here may thus help to alleviate this
problem.

To evaluate the impact of such initial masses, it will be par-
ticularly valuable to observationally study the low end of the black
hole mass function at cosmic dawn (Trinca et al. 2022). The pro-
posed formation scenario leads to several natural predictions that
can be verified with future observations. A very natural prediction
is that early black holes should be surrounded by a young star clus-
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ter, potentially even still embedded in gas, in case that feedback
was inefficient. At the early stages and in very massive clouds, even
strong obscuration could occur in these environments, potentially
requiring sub-mm investigations with ALMA2 or hard X-ray studies
with the future Athena X-ray Observatory3 to verify the presence
of the supermassive black hole. These will affect the mass function
of supermassive black holes, as calculated by Sassano et al. (2021),
where the low-mass range is particularly relevant. The formation
of these black holes from supermassive stars may be accompanied
by the formation of energetic jets, with properties similar to known
gamma-ray bursts (Butler et al. 2018; Sun et al. 2018). As the black
hole will be initially embedded into a star cluster, the occurence
and growth via TDEs is further a very much expected ingredient
(Sakurai et al. 2019). A possible and relevant concern has been
raised by Pfister et al. (2019), who explored the dynamics of black
hole seeds in high-redshift galaxies, finding that it is dominated by
the stellar component in case of seed masses less than 105 M� ,
which prevents the black hole to sink to the center. It is currently
unclear if this concern also applies to the formation mechanism
that is considered here; particularly we note that the formation of
a dense stellar cluster embedded in gas as envisioned here already
requires the presence of a steep gravitational potential, which may
help stabilize the very massive object in the place where it formed.
A relevant factor may also concern the question on how quickly it
subsequently grows, either via tidal disruption events or gas accre-
tion. The question regarding the subsequent evolution will thus be
of high relevance.

It is worth noting that the scenario proposed here requires
different preconditions than e.g. black hole formation via direct col-
lapse, where fragmentation needs to be strongly suppressed and it
is typically assumed that molecular hydrogen should be fully de-
stroyed and no metals or dust grains should be present. Thus, the
formation sites are likely to be different in both scenarios, which
is important to take into account to assess the further implications
e.g. for galaxy evolution or to predict the expected black hole mass
functions (Habouzit et al. 2021; Trinca et al. 2022). The scenario
proposed here may certainly be influenced by metallicity, which
changes the cooling and fragmentation behavior, affecting gas dy-
namics, fragmentation and the resulting IMF of the protostars. As
shown here in this draft, this may also strongly influence the rel-
evance of radiation feedback. Particularly if the metallicity is too
high, it may become prohibitive if fragmentation occurs too early,
and the cluster may thus not be compact enough. We expect this to
be a problem particularly in the metal-line cooling regime (Bromm
& Loeb 2003), while in the presence of dust cooling high accretion
rates seem to be sustainable (Chon&Omukai 2020;Matsukoba et al.
2021), thus requiring metallicities . 10−3 Z� . A topic we did not
discuss here in depth is the role of magnetic fields, though work e.g.
by Hirano et al. (2021) and Sharda et al. (2021) has shown that mag-
netic fields can influence and increase the final masses in primordial
environments. The efficient amplification ofmagnetic fields in halos
where the first black holes could form has been demonstrated e.g.
by Latif et al. (2013a, 2014), and indeed even in high Mach number
flows magnetic field amplification can be relevant (Schleicher et al.
2013a; Schober et al. 2015), and are likely to further alleviate any
problems related to the angular momentum barrier. The presence
of such fields will of course be highly favorable for jet-launching
during the collapse of supermassive stars (Sun et al. 2018). The

2 ALMA: https://www.almaobservatory.org/en/home/
3 Athena: https://www.the-athena-x-ray-observatory.eu/

inclusion of such magnetic effects will therefore likely give rise to
additional phenomena and may thus favor the formation of very
massive objects.
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