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ABSTRACT

The observations of high-redshifts quasars at z > 6 have revealed that supermassive black holes (SMBHs) of mass ~ 10° Mg,
were already in place within the first ~Gyr after the big bang. Supermassive stars (SMSs) with masses 103> M, are potential
seeds for these observed SMBHs. A possible formation channel of these SMSs is the interplay of gas accretion and runaway stellar
collisions inside dense nuclear star clusters (NSCs). However, mass-loss due to stellar winds could be an important limitation
for the formation of the SMSs and affect the final mass. In this paper, we study the effect of mass-loss driven by stellar winds
on the formation and evolution of SMSs in dense NSCs using idealized N-body simulations. Considering different accretion
scenarios, we have studied the effect of the mass-loss rates over a wide range of metallicities Z, = [.001-1]Zs and Eddington
factors fgqa = Ly/Lgaa = 0.5,0.7, and 0.9. For a high accretion rate of 10~* Mgyr~!, SMSs with masses > 103 Mgyr~! could
be formed even in a high metallicity environment. For a lower accretion rate of 107> Mgyr—!, SMSs of masses ~ 10°~* Mg,
can be formed for all adopted values of Z, and frqq, except for Z, = Zg and fgqq = 0.7 or 0.9. For Eddington accretion, SMSs
of masses ~ 10° Mg, can be formed in low metallicity environments with Z, < 0.01 Zo. The most massive SMSs of masses
~ 10°> Mg, can be formed for Bondi-Hoyle accretion in environments with Z, < 0.5 Z. An intermediate regime is likely to exist
where the mass-loss from the winds might no longer be relevant, while the kinetic energy deposition from the wind could still

inhibit the formation of a very massive object.
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1 INTRODUCTION

Discovery of more than two hundred supermassive black holes
(SMBHs) with masses = 10° M, within the first ~Gyr after the big
bang (Fan et al. 2001; Willott et al. 2010; Mortlock et al. 2011, 2018,
2019; Wu et al. 2015; Baiiados et al. 2018; Shen et al. 2019; Wang
et al. 2019) have challenged our general understanding of black hole
growth and formation. How these massive objects formed and grew
over cosmic time is one of the biggest puzzles to solve in astrophysics
(Inayoshi, Visbal & Haiman 2020; Latif & Schleicher 2019; Smith
& Bromm 2019). These SMBHs are created from ‘seed’ black holes
that grow via gas accretion and mergers. The ‘seed’ black holes are
categorized into two categories: (i) low-mass seeds (< 10> M) and
(i) high-mass seeds (~ 10*°My). These seeds were formed at z
~ 20-30 (Barkana & Loeb 2001), and then they rapidly grew to
their final masses by gas accretion and mergers (Dayal et al. 2019;
Pacucci & Loeb 2020; Piana et al. 2021). Low-mass seeds are formed
from Pop III stellar remnants. However, it is really challenging to
grow a SMBH of mass ~ 10° M, from a 10*> M, seed (Haiman &
Loeb 2001; Haiman 2004; Volonteri 2012; Woods et al. 2019). A
potential solution could be super-Eddington accretion (Volonteri &
Rees 2005; Alexander & Natarajan 2014; Madau, Haardt & Dotti
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2014; Pacucci, Volonteri & Ferrara 2015; Volonteri, Silk & Dubus
2015; Begelman & Volonteri 2017; Pacucci et al. 2017; Toyouchi
et al. 2019; Takeo, Inayoshi & Mineshige 2020). However, radiation
feedback from the seed black hole itself (Milosavljevi¢, Couch &
Bromm 2009; Sugimura et al. 2018; Regan et al. 2019) and inefficient
gas angular momentum transfer (Inayoshi et al. 2018; Sugimura et al.
2018) could reduce the accretion flow into the black hole.

Another solution is to start the growth from a high mass
seed (Bromm & Loeb 2003). A possible scenario for the formation
of these high mass seeds is the formation of massive black holes
via direct collapse (Oh & Haiman 2002; Bromm & Loeb 2003;
Begelman, Volonteri & Rees 2006; Agarwal et al. 2012; Latif et al.
2013; Dijkstra, Ferrara & Mesinger 2014; Ferrara et al. 2014; Basu
& Das 2019). A key requirement for this scenario is large inflow
rate of ~ 0.1 Mgyr~! which can be obtained easily in metal-free
haloes (Agarwal et al. 2012; Latif et al. 2013; Shlosman et al. 2016;
Becerra et al. 2018; Chon, Hosokawa & Yoshida 2018; Regan &
Downes 2018; Agarwal et al. 2019; Latif, Khochfar & Whalen 2020).
In this scenario supermassive stars (SMSs) of masses ~ 10475 Mg
are formed, which are massive enough to grow to 10° Mg by z ~
7. These SMSs collapse into seed BHs with minimal mass loss at
the end of their lifetime (Umeda et al. 2016). These seed BHs are
massive enough to grow up to ~ 101 M, SMBHs observed at z
~ 7 via Eddington accretion. The SMSs are often assumed to be
formed in primordial haloes with virial temperatures 7; ~ 10* K
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where the formation of molecular hydrogen is fully suppressed by
strong external radiation from nearby galaxies (Omukai 2001; Shang,
Bryan & Haiman 2010; Regan, Johansson & Wise 2014; Sugimura,
Omukai & Inoue 2014). The accretion flow into the cloud remains
very high (0.1-1 Mgyr~!) due to the high gas temperature (Latif et al.
2013; Inayoshi & Haiman 2014; Becerra et al. 2015). The surface
of the protostars is substantially inflated due to the high accretion
inflow and the effective temperature drops down to a few times
10° K (Hosokawa, Omukai & Yorke 2012; Hosokawa et al. 2013;
Schleicher et al. 2013; Woods et al. 2017; Haemmerlé et al. 2018).
The accretion flow can then continue without being significantly
affected by the radiative feedback, which allows the protostars to
grow into SMSs of masses 104~ M, within about ~1 Myr. In order
to prevent the molecular H, formation, a very high background UV
radiation flux is required (Latif et al. 2015; Wolcott-Green, Haiman
& Bryan 2017), which is very rare and optimistic but not impossible
(Dijkstra et al. 2014; Visbal, Haiman & Bryan 2014; Regan et al.
2017, 2020b). The formation of H, may lead to fragmentation that
would suppress this process, as would the presence of metals via
metal-line cooling (Omukai, Schneider & Haiman 2008; Dopcke
et al. 2011; Latif et al. 2016; Corbett Moran, Grudi¢c & Hopkins
2018; Chon & Omukai 2020).

However, there are some scenarios in which the high velocity of
the baryon gas can yield high accretion rates even in the presence
of H, and/or low metallicity. High velocities due to collisions of
protogalaxies (Inayoshi, Visbal & Kashiyama 2015) or due to super-
sonic streaming motions of baryons relative to dark matter (Hirano
et al. 2017) can lead to the required high mass infall rates. Massive
nuclear inflows in gas-rich galaxy mergers (Mayer et al. 2015) have
also been invoked. Chon & Omukai (2020) have further shown that
even in just slightly metal-enriched haloes (Z < 1073 Z), where
fragmentation takes place, the central massive stars could be fed by
the accreting gas and grow into SMSs. Regan et al. (2020a) also have
shown that SMSs could still be formed in atomic cooling haloes with
higher metal enrichment (Z > 1073Z) in the early Universe due
to inhomogeneous metal distribution. The high infall rate could be
obtained by dynamical heating during rapid mass growth of low-
mass haloes in overdense regions at high redshifts (Wise et al.
2019). There would still be an angular momentum barrier in all
scenarios, though Sakurai et al. (2016) have shown that gravitational
instability in a circumstellar disc can solve the angular momentum
problem, leads to an episodic accretion scenario (Vorobyov, DeSouza
& Basu 2013; Vorobyov & Basu 2015) and is consistent with the
maintenance of the required low-surface temperature of the accreting
SMS. Nevertheless, the DCBH scenario is optimistic in that it relies
on low fragmentation (Latif et al. 2013) and lack of disruptive
feedback, e.g. X-ray feedback that could reduce the final mass of
the collapsed object (Aykutalp et al. 2014).

Other scenarios for the formation of SMSs are based on runaway
collisions of stars in dense stellar clusters (Portegies Zwart &
McMillan 2002; Portegies Zwart et al. 2004; Freitag, Guerkan &
Rasio 2007; Freitag 2008; Glebbeek et al. 2009; Moeckel & Clarke
2011; Lupi et al. 2014; Katz, Sijacki & Haehnelt 2015; Sakurai
et al. 2017; Boekholt et al. 2018; Reinoso et al. 2018; Gieles &
Charbonnel 2019; Schleicher et al. 2019; Alister Seguel et al. 2020;
Das et al. 2021; Rizzuto et al. 2021; Vergara et al. 2021). Both
Pop 11 star clusters (e.g. Boekholt et al. 2018; Reinoso et al. 2018;
Schleicher et al. 2019; Alister Seguel et al. 2020) and nuclear star
clusters (e.g. Katz et al. 2015; Das et al. 2021; Natarajan 2021)
are possible birthplaces of such SMSs. Many galaxies host massive
NSCs (Carollo et al. 1997; Boker et al. 2002; Leigh, Boker & Knigge
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2012; Leigh et al. 2015; Georgiev et al. 2016) in their centre with
masses of ~ 108 My. In many galaxies (typically with masses
10° Mg < M < 10" Mg), NSCs and SMBHs co-exist (Graham &
Driver 2007; Seth et al. 2008; Graham & Spitler 2009; Kormendy
& Ho 2013; Graham 2014; Georgiev et al. 2016; Nguyen et al.
2019) including galaxies like our own (Schodel et al. 2014), as
well as M31 (Bender et al. 2005) and M32 (Bender et al. 2005).
Studies have also found correlations between both the SMBH mass
and the NSC mass with the galaxy mass (Ferrarese et al. 2006;
Rossa et al. 2006; Leigh et al. 2012; Scott & Graham 2013; Seth,
Neumayer & Boker 2020). In lower mass galaxies (M < 10'! M)
the NSC masses are proportional to the stellar mass of the spheroidal
component. NSC mass and spheroid mass correlations were studied
by Balcells et al. (2003), Graham & Guzman (2003). Kroupa et al.
(2020) studied the SMBH-spheroid correlation and found that for
spheroid masses < 10%% M, , SMBHs cannot be formed and instead
only accumulated NSCs remain. The most massive galaxies do not
contain NSCs and their galactic nuclei are inhabited by SMBHs. It
is therefore motivating to explore the NSCs as possible birthplaces
of SMSs. There are different proposed scenarios for the formation of
black hole seeds of masses ~ 10°~> Mg, in NSCs. Stone, Kiipper &
Ostriker (2017) have proposed that above a critical threshold stellar
mass, the NSCs can serve as possible sites for the formation of
intermediate mass black holes (IMBH) and/or a SMBH from stellar
collisions, which could end up eventually as central BHs via runaway
tidal encounters. They have shown that both tidal capture and tidal
disruption will favour the growth of the remnant stellar mass black
holes in the NSCs. In their study, they have argued that the stellar
mass black holes can grow into a IMBH or SMBH via three stages
of runaway growth processes. At an early stage, the mass growth
is driven by the unbound stars leading to supraexponential growth.
Once the BH reaches a mass ~ 100 Mg, the growth is driven by
the feeding of bound stars. In this second stage, the growth of the
black hole could be extremely rapid as well. At later times, the
growth slows down once the seed IMBH/SMBH consumes the core
of its host NSC. This type of runaway growth happens in dense
nuclear stellar clusters which have been observed at lower redshifts
(e.g. Georgiev et al. 2016). The growth of the BH through tidal
captures/disruption of stars has also been proposed (Alexander &
Bar-Or 2017; Boekholt et al. 2018; Arca Sedda & Mastrobuono-
Battisti 2019). Another possible pathway for the formation and
growth of massive BH seeds in NSCs is via stellar collisions and
gas accretion (Devecchi & Volonteri 2009; Devecchi et al. 2010;
Davies, Miller & Bellovary 2011; Das et al. 2021; Natarajan 2021).
A seed BH of mass ~ 10*~> M, could be formed in this case and
grow to a 10° My SMBH at z ~ 6-7. King & Pringle (2006) and
King, Pringle & Hofmann (2008) have shown that rapid BH growth is
favoured by low values of the spin. Several studies have also proposed
that NSCs are likely formed by the mergers of smaller clusters and
these merging clusters may already host an IMBH which could be
brought to the NSC during the merging event (Ebisuzaki et al. 2001;
Kim, Figer & Morris 2004; Portegies Zwart et al. 2006; Devecchi
et al. 2012; Davies, Askar & Church 2019). It is also likely that
multiple IMBHs are being fed to the NSCs (Ebisuzaki et al. 2001;
Mastrobuono-Battisti, Perets & Loeb 2014), which will form binary
IMBHs that could merge and emit gravitational waves (GW; Tamfal
et al. 2018; Arca Sedda & Mastrobuono-Battisti 2019; Rasskazov,
Fragione & Kocsis 2020; Wirth & Bekki 2020). However, the GW
recoil kick from the merging of the two IMBHs has to be less than
the escape speed of the NSC in order to retain the merged IMBH
within the NSC (Amaro-Seoane & Freitag 2006; Giirkan, Fregeau &
Rasio 2006; Amaro-Seoane et al. 2007; Arca Sedda & Mastrobuono-
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Battisti 2019). A recent study by Askar, Davies & Church (2020) has
shown that the SMBH will be ejected from the NSC by the GW recoil
kick if the mass ratio 2 0.15. This might explain why some massive
galaxies contain an NSC but not an SMBH, e.g. M33.

Das et al. (2021) have shown that SMSs of masses 1037 M
could be formed in dense NSCs in low-metallicity environments
via runaway stellar collisions and gas accretion adopting different
accretion scenarios. However, in high metallicity environments the
mass loss due to stellar winds will play an important role in the
formation and growth of the SMSs in the NSCs. Glebbeek et al.
(2013) and Kaaz, Antoni & Ramirez-Ruiz (2019) have shown that
these could significantly change the final mass of the SMS formed
via collisions. In this paper, we explore the effect of mass loss due
to stellar winds on the final mass of the SMSs produced in nuclear
clusters via gas accretion and runaway collisions. We use the same
idealized N-body setups as in Das et al. (2021) and include the mass
loss due to stellar winds. We adopt the theoretical mass loss recipe
given by Vink, de Koter & Lamers (2000, 2001). This work is an
extension of the model presented in Das et al. (2021).

2 METHODOLOGY

2.1 Initial conditions

To model collisions and accretion in the nuclear clusters consisting of
main-sequence (MS) stars, we use the Astrophysical MUIti-purpose
Software Environment (AMUSE; Portegies Zwart et al. 2009, 2013;
Pelupessy et al. 2013; Portegies Zwart & McMillan 2018).This is
an N-body code with component libraries that can be downloaded
for free from amusecode.org. In the AMUSE framework different
codes, e.g. stellar dynamics, stellar evolution, hydrodynamics, and
radiative transfer, can be easily coupled. We have modified the code
and introduced the mass—radius relation for MS stars, gravitational
N-body dynamics, gravitational coupling between the stars and the
gas described via an analytical potential, accretion physics, stellar
collisions, and mass growth due to accretion and collisions (Das et al.
2021).

The cluster is embedded in a stationary natal gas cloud. Initially
both cluster and gas follow a Plummer density distribution

3MC1 1 r 2\ 1
”(’)‘zmba( +b2) : 1
(Plummer 1911), where M., is the mass of the cluster and b is the
Plummer length-scale (or Plummer radius) that sets the size of the
cluster core. We further assume that both the gas mass (M) and gas
radius (R,) are equal to the mass (M) and radius (R) of the stellar
cluster. We introduce a cut-off radius, which is equal to five times
the Plummer radius, after which the density is set to zero so that the
cluster remains stable. We consider a Salpeter initial mass function
(IMF) (Salpeter 1955) for the stars:

m \ “ [ Am
E(m)Am = & <M7@> (M7@) , )

where o = 2.35 is the power-law slope of the mass function. We
considered a top heavy IMF with mass range 10-100 M. The main
parameters for our simulations are the cluster mass M., cluster radius
R, the gas mass M,, gas radius Ry, and the number of stars N.

In principle, pure N-body codes solve Newton’s equations of mo-
tion with no free physical parameters. However, they have capacities
to flag special events e.g. close encounters or binary dynamics. The
time-stepping criterion used to integrate the equations of motion
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is the only adjustable quantity. We used ph4 (e.g. McMillan &
Hut 1996, Section 3.2), which is based on a fourth-order Hermite
algorithm (Makino & Aarseth 1992), to model the gravitational
interactions between the stars. We modelled the gravitational effect
of the gas cloud via an analytical background potential which is
coupled to the N-body code using the BRIDGE method (Fujii et al.
2007). This allows us to determine the motions of the stars from the
total combined potential of the gas and stars.

2.2 Stellar properties

Another key ingredient in our simulations is the mass—radius relation
of the MS stars as the size of the stars will play an important role in
determining the number of collisions via the collisional cross-section.
The mass-radius (M, —R,) relation of the stars is given by

0.47
R. M,
= 1.60 x for I0Mg < M, < 50 Mo, (3)
Ro Mo
0.67
R M
* =085 x * for 50Mg < M., 4)
Ro Mg

where equation (3) is adopted from Bond, Arnett & Carr (1984)
and equation (4) is adopted from Demircan & Kahraman (1991).
However, it is important to note that the mass—radius relation of the
SMSs is poorly understood. Moreover, stars produced via collisions
could have a larger radii than similar mass stars (e.g. Lombardi
et al. 2003). Using smoothed particle hydrodynamics (SPH), Suzuki
et al. (2007) have shown that the collision product of massive stars
(2, 100 M) could be 10-100 times larger than the equilibrium radius
and hence the collision rate could be sufficiently high to have the next
collision before the star settles down to the equilibrium radius.
The luminosity of the stars is given by

L, =103x M**Lg for I0Mg < M, < 120Mg, )
L* = fEdd X LEdd for IZOMQ S M*, (6)
where
4 [ M
Lggg = 3.2 x 10 Lo. )
Mo

Equation (5) is adopted from Demircan & Kahraman (1991). As we
are considering stars that are accreting, one might consider that the
accretion luminosity

GM.M
=R
also contributes to the total luminosity of the stars. In Fig. 1, we
have plotted the different luminosity for different accretion scenarios
(see below), showing that the accretion luminosity is almost always
subdominant, except for cases where we are reaching the largest
stellar masses. The atmospheric temperature of the star is given from
the Stefan—Boltzman equation via

L,
A RiO'SB ’

Lace ®)

4 _
Teff -

©))

where o gp is the Stefan—Boltzmann constant.

2.3 Gas accretion

The next key ingredient in our simulation is the gas accretion.
The protostars formed in the cluster will grow in mass by gas
accretion (Bonnell, Bate & Zinnecker 1998; Krumholz et al. 2009;
Hartmann, Herczeg & Calvet 2016). Das et al. (2021) have found
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Figure 1. Luminosity of stars as a function of mass. The solid lines represent
accretion luminosities whereas the dashed lines represent the Eddington
luminosity and the luminosity assumed in Demircan & Kahraman (1991),
respectively.

that gas accretion will play a crucial role in determining the number
of collisions and hence the final mass of the most massive object
(MMO). In our current accretion prescription, the gas is assumed
to be initially at rest, and hence due to momentum conservation the
stellar velocity decreases as they accrete gas and gain mass, and fall
deeper into the potential well of the cluster. We assume that no new
stars are formed and hence the gas is fuelled into the cluster with
100 per cent accretion efficiency. The efficiency might be reduced
due to protostellar outflows (Federrath 2015; Offner & Chaban
2017), which are not considered here. At each time-step, the accreted
gas mass is subtracted from the total gas mass, and the density
keeps being distributed according to the Plummer profile. Hence,
the gas depletion in our simulation is uniform. We consider different
accretion scenarios in our work, including constant accretion rates of
107%, 107>, and 10~® Myyr~!, and Eddington accretion given by

Mpgq = 2.2 x 1078 M, Mg yr—! 10
Edd = 4.2 X M, oyYr (10)

as well as Bondi-Hoyle-Lyttleton (hereafter BHL or Bondi—-Hoyle)
accretion given by equation (2) of Maccarone & Zurek (2012):

. M, \?> n 2
Mg, =7 x 1070 * (7)
BHL = 1 ( M, ) 10° cm—>

-3
2 2
x <VC+”°°> Mg yr ! (11)

10°cm s—!

A recent study by Kaaz et al. (2019) has shown that the average BH
accretion rate of an individual star is given by

Mg, when R| > Ry,

N x Mgur, when R < Ru, (12)

(Mpu1) = {

where R = RyN~"?3 is the mean separation between stars and R,.. =
zf# is the characteristic accretion radius of a star, i.e. the impact
pa?ameter in the BHL theory for which gas can be gravitationally
focused and overcome its angular momentum barrier to reach the
star. Here, v, is the relative velocity of the star with respect to the

gas. Our adopted BHL accretion rate is given by equation (11). We
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multiply the BHL rate of a single star by N if R, < R, according
to equation (12). We compute the density of the gas and hence the
MBHL 10C3.Hy.

2.4 Stellar collisions

We adopt the sticky-sphere approximation to model collisions be-
tween the MS stars (Leigh & Geller 2012; Leigh et al. 2017), where
the two stars are assumed to merge if the distance between their
centres is less than the sum of their radii. The two stars are replaced
by a single star whose mass is equal to the sum of the masses of the
colliding stars and the radius of the object to be determined by the
(M.—R,) relation described in equations (3) and (4). The conservation
of linear momentum is implemented during the collision. However,
the mass is not necessarily conserved due to the possible ejection of
mass (Sills et al. 2002; Dale & Davies 2006; Trac, Sills & Pen 2007).
The final mass of the colliding objects could change a lot depending
on fraction of the mass that is lost during the merger (Alister Seguel
et al. 2020; Das et al. 2021). This fraction depends on the type of
stars that are colliding (Glebbeek et al. 2013).

2.5 Mass-loss due to stellar winds

Since the massive stars and the collision products in our simulations
become very massive and luminous, mass-loss driven by stellar wind
plays a key role in their evolution. However, the mass-loss of very
massive stars is very poorly understood both observationally and
theoretically. In this work, we adopt the theoretical mass-loss recipe
given by Vink et al. (2000, 2001). The mass-loss rate is a function
of the luminosity of the stars L,, mass of the stars M,, the Galactic
ratio of terminal velocity and escape velocity vo/vesc, the eftective
temperature of the stars T, and the metallicity of the stars Z,.

InFig. 2, we have plotted the mass-loss rates for different metallici-
ties. We have also plotted the Eddington and Bondi—Hoyle accretion
rates to compare with the mass-loss rates (the constant accretion
rates can be identified without a plotted line). It is interesting to note
that for Bondi—Hoyle accretion, the mass-loss could be comparable
or higher for masses < 200 M and metallicities Z = (0.5-1)Zg,
whereas the Eddington accretion rate is always lower than the mass-
loss rate in the same metallicity range for any mass. The Eddington
accretion rate could be comparable to or higher than the mass-loss
rate for Z < 0.1 Zg. Another key parameter in the mass-loss rate is
the Eddington factor f4q, which is given by equation (7). Nadyozhin
& Razinkova (2005) have shown that 0.54 < fgaq < 0.94 for stellar
masses intherange 3 x 10° Mgy < M, < 10* M. We adopt a typical
value of figq = 0.7 for the rest of our models. In Fig. 2, we show the
mass-loss rates for different values of fr4q. An important point to note
here is that the mass-loss recipe in Vink et al. (2001) was computed
for fgaa < 0.5. Vink et al. (2011) have shown that mass-loss rates
could be significantly higher for stars close to the Eddington limit.
In other words, when extrapolating the results to higher Eddington
fractions, it is important to note that we might be underestimating
the mass-loss that actually occurs.

3 RESULTS

The main results of our simulations are presented in this section. We
adopted the initial conditions with N = 5000, My = M, = 1.12 x
10° Mo, Ry = Ry = 1 pc, assuming a Salpeter IMF within a stellar
mass interval of 10-100 M. We have assumed three different values
of fgaa = 0.5, 0.7, 0.9, and for each fgqq, we have studied six different
metallicities Z, = 1,0.5, 0.1, 0.05, 0.01, 0.001 Z.
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Figure 2. Mass-loss rate nijoss as a function of mass for different metallicities (solid lines) and accretion rates (dashed line) as a function of the stellar mass.

The evolution of the cluster is similar to the results in Das et al.
(2021). In the initial phase, the stars accrete gas and due to momentum
conservation the stellar velocity decreases and the stars fall deeper
into the potential well of the cluster. During the accretion phase the
accretion dominates the mass growth. Once the gas is fully depleted,
the stellar collisions take place and drive the mass growth of the SMS.
However, some initial collisions might occur which will boost the
accretion process, especially for the Eddington and Bondi—-Hoyle
accretion scenarios. The evolution of the Lagrangian radii will be
similar to our previous results in Das et al. (2021). The 10 per cent
Lagrange radii will always decrease, eventually leading to a core-
collapse. The evolution of the 50 and 90 per cent Lagrange radii will
be an initial decrease and a later increase after the core-collapse.
The timing of the transition will depend on the accretion recipe. A
similar trend has been seen in previous simulations in the absence of
accretion (e.g. Leigh et al. 2014).

The evolution of the mass of the MMO is shown in Fig. 3 for
constant accretion rates of 107> Mgyr~! and 10~ Mgyr~!, as well
as for physically motivated accretion rates of Eddington and Bondi—
Hoyle accretion rates. For a constant accretion rate of 107* Mgyr™!,
the growth of the MMO is quite rapid due to mergers of collision
products. The mass of the MMO reaches ~ 10* Mg, already after
0.8 Myr except for Z, = Zg for frqqg = 0.7 and 0.9. The final mass
of the MMO depends on Z, and fgqq. SMSs of mass ~ 10* Mg are
formed for all the cases except for Z, = Zg for fgagg = 0.7 and
0.9 where the final mass of the MMO is ~ 5 x 10> My, For the
case of a constant accretion rate of 107> Mgyr~!, the growth of the
MMO is more gradual. The MMO reaches a mass of ~ 10* Mg
for Z, < 0.5Z after ~2.5 Myr, and a final mass of ~ 2 x 10* Mg,
after 5 Myr. For the case of Z = 0.5Z, the evolution of the MMO
depends on the adopted fgqq. For Z, = 0.5Zg, the MMO reaches
amass of ~ 8 x 103, 6 x 10° and 2 x 103 M, after ~2.5 Myr for
fraa = 0.5, 0.7, and 0.9, respectively. The final mass after 5 Myr
varies between 3 x 10°-10* M,. For the case of Z = Zg, no SMS
could be formed for frgq = 0.9. However, for fzqqg = 0.5 and 0.7, a
significant growth occurs after 3 Myr, and the MMO reaches a mass
of ~5 x 10 and 4 x 103 Mg, for fgs = 0.7 and 0.5, respectively,
at 5 Myr. The mass-loss by winds is stronger for higher metallicity,
and so its effect on the final mass of the MMO is more prominent
in the case of the lower accretion rate 10~> Mgyr~! compared to
10~ Mgyr—'.

Next, we explore the Eddington accretion scenario given by
equation (10). For the case of Eddington accretion, the growth of
the MMO occurs after about 3.5 Myr. However, it is important to
note that using this recipe, the MMO does not grow for the cases of
Z, = Zg and 0.5 Z. The final mass of the MMO depends highly on
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the values of Z, and fg4q. For fggg = 0.5, an MMO of mass ~ 103 Mg
is formed for Z,. < 0.01 Zg. For fqq = 0.7 and 0.9, an MMO of mass
~ 103 Mg, is formed for Z, < 0.001 Z,. Finally, we explore the more
extreme case of Bondi-Hoyle accretion given by equation (11). The
growth of the MMO is very slow during the initial period of time
(depending on Z, and fgqq), after which the growth happens in a
runaway fashion due to the fact that Mgy oc M2. The timing of the
runaway growth depends on when the first collision happens. Similar
to the Eddington accretion scenario, there is no growth of the MMO
for the case of Z = 1 and 0.5Z¢. The MMO reaches a final mass
of ~ 10° M, for Z, = 0.1Z or lower. The results could also be
understood from the comparison of accretion and mass-loss rates in
Fig. 2. For a constant accretion rate of 10~*Mgyyr~!, the accretion
rate is greater than the mass-loss rate for M, < 10° Mg So the stars
have a net gain of mass no matter what metallicity we choose and as a
result, they slow down and move towards the core due to momentum
conservation. This results in a significant number of collisions and
the formation of an SMS in the core. However, for the accretion
scenario of 107> Mgyr~!, Eddington, or Bondi-Hoyle, the accretion
rate could be greater or lesser than the mass-loss rate depending on
the adopted values of Z, and fraq.

4 NEGLECTED PROCESSES

In this paper, we considered the interplay of collisions, physically
motivated accretion recipes, and mass-loss due to stellar winds.
However, there are important processes that were still neglected,
and which could have a relevant influence on some of the results.

In the context of stellar winds, we considered only the mass-
loss, but the winds also deposit kinetic energy into the system. It
is therefore important to at least approximately assess its effect. In
Fig. 4, we show the energy deposited by a single star for different
metallicities as a function of mass. The energy deposited by a single
star can be calculated as E, yin ~ Mjossv%, Where My is the mass-
loss rate of the star (computed for frzgqq = 0.5). To estimate the
velocity of the winds, we calculate the escape velocity from the stellar
surface, vese = /2GM,/R,. The wind velocity should correspond
to that velocity within a factor of a few (Vink et al. 2000, 2001).
We also show the gravitational binding energy of the cluster Ey,
~ GM*IR ~ 9 x 10° erg with the black dashed line in the same
figure for comparison. It is important to note that a single star with
mass ~few times 100 My, will deposit enough energy in 1 Myr to
unbind the cluster for metallicities Z, 2 0.5Mg. As we go towards
lower metallicities, the energy deposition rate is considerably lower.
In order to avoid the unbinding of the cluster, one can naively expect
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Figure 3. Mass evolution of the MMO for different accretion rates and mass-loss rates. Different colours represent different values of Z, as labelled.
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Figure 4. Energy deposited by a single star as a function of mass. Different
colour represents different Z,.. The binding energy of the cluster is shown as
the black dashed line for comparison.

the stars to be of lower metallicities. For a constant accretion rate
of 107*Mgyr~! the SMS is forming within the first 1 Myr, so
in principle the deposition of energy by the stellar wind will not
prohibit the formation of an SMS. However, for an accretion rate

of 107> Mgyr~! the SMS is forming at a much later stage >2 Myr.
The energy deposited by the wind from the MMO is enough to
unbind the cluster within 2 Myr for Z, 2 0.1 Z,. For the Eddington
accretion scenario, the SMS ~ 10° M, is forming at a much later
stage ~4-5 Myr for Z < 0.01 Myr for which the binding energy of
the cluster is greater than the kinetic energy deposited by the star. So,
the deposition of kinetic energy from the star would not be expected
to be a problem at least for the runtime of the simulations. For the
Bondi-Hoyle scenario, no SMS is forming for Z, 2 0.5Zs, where
we expect the unbinding of the cluster to be much faster. For all other
cases, the SMS could be formed if kinetic energy feedback was not
relevant; however, in reality it will unbind the cluster very quickly
(1 Myr), since for Bondi-Hoyle the mass of the SMS is ~ 10° M.
To compute the energy deposited by the whole cluster we can
assume a simplified cluster with N = 5000 stars with each star of
mass 22 Mg (which is the average mass of a star in the cluster with the
initial conditions we assumed in our simulations). The velocity of the
wind can be estimated as for a single star, which yields a characteristic
velocity v ~ 1100 kms~'. The total kinetic energy deposition rate
can then be evaluated as Ey, ~ MNv? ~ 1.2 x 10° erg Myr—!.
To avoid unbinding the gas within a time-scale of 1 Myr, the energy
deposition should decrease by at least two orders of magnitude.
Equation (21) of Vink et al. (2001) suggests that the mass-loss rate
scales with the metallicity as Z*®°, implying that a decrease of the
metallicity by a factor of 225 should bring the energy deposition rate
into the regime where the gas no longer becomes unbound. Since
this estimate is very approximate, we expect the transition where
kinetic energy deposition is no longer relevant to occur somewhere in
the range (1072-10~%) Z,. For the range in between, gas expulsion
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due to the winds is expected to limit the potential growth of the
central massive object, with this effect becoming weaker at lower
metallicities. We also want to note that the gravitational potential
energy of the cluster will change with the cluster properties. For a
massive cluster or for a compact cluster the binding energy will
be higher and hence the formation of the SMS would be more
favourable.

On the 5 Myr time-scale explored in our simulations, supernova
feedback is also expected to become relevant. With the typical energy
of 10°! erg for a core-collapse supernova, it is clear that one such
event will expel the gas and terminate the accretion, if it has not
stopped already (either due to gas expulsion by stellar winds or as
the accretion process may have depleted the gas).

In future work, it will be important to study detailed gas dynamics
where the kinetic energy deposition of winds as well as the supernova
feedback is taken into account.

5 SUMMARY AND DISCUSSION

In this work, we explored the effect of mass-loss due to stellar
winds on the final mass of the SMSs, which could be formed via
runaway stellar collisions and gas accretion inside NSCs. We find
that an SMS of mass > 10° M, could be formed even in a high-
metallicity environment for high accretion rates of 107* Mgyr~'.
For an accretion rate of 107> Mgyr~!, the final mass of the SMS
~ 10* Mg, for Z, < 0.5Zg. Whereas for solar metallicity, no SMS
can be formed for figq = 0.9 and SMSs of masses ~ 10>~ M, can be
formed for frgg = 0.7 and 0.5, respectively. For the case of Eddington
accretion it will not be possible to form an SMS in the metallicity
regime = 0.1Zg. Finally, for the Bondi—-Hoyle accretion scenario,
we find that the formation of a SMS will not be possible in the
high-metallicity regime of Z, > 0.5Z.

The interaction of the stellar wind and the gas inside the cluster
might play an important role in the evolution of the SMS. The winds
from the SMSs have high velocities ~10° kms~' (Muijres et al.
2012), which might exceed the escape velocity from the centre of
our modelled star cluster. The SMS in the cluster is close to the centre
which results in a high collision rate near the centre due to a shorter
relaxation time in the core and an increased collisional cross-section.
If the SMS is displaced by collisions, it rapidly sinks back close to
the centre via dynamical friction where it may eventually decouple
from the remainder of the cluster. This is also known as the Spitzer
instability (Spitzer 1969). Interestingly, Krause et al. (2016) have
found that for a Salpeter -type mass function the stellar wind cannot
remove the gas inside the cluster. Hence, we do not expect the stellar
wind to remove gas from the cluster.

One of the main caveats of this work is the neglect of the kinetic
energy deposition through stellar winds, which could contribute
significantly to expel the gas. The latter is likely to create a regime
where the growth of a massive object is still inhibited, even though
the mass-loss itself from the winds is no longer significant. Below
a critical metallicity in the range (1072-107%) Z, this effect is no
longer expected to be relevant; however, supernova feedback may
lead to the expulsion of the gas. Another relevant caveat is the
extrapolation of the mass-loss recipe by Vink et al. (2000, 2001)
beyond 1000 Mg, for which the mass-loss is not really well known.
Another uncertainty is the mass-loss rates for stars close to their
Eddington limit. Vink et al. (2011) have shown that the mass-loss rate
increases strongly for stars close to the Eddington limit. So we might
be underestimating the mass-loss rate assuming the Vink et al. (2001)
recipe, especially in the high-mass regime. We point out that similar
to Das et al. (2021), this work contains an idealized simulation setup.
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In real cosmological systems, the gas dynamics could be different
and one needs to solve the hydrodynamics equations. In order to
study the gas dynamics in detail, we need to incorporate the full
hydrodynamics and hence the cooling, which also depends on the
chemistry of the gas. Feedback processes due to the stars would
also need to be modelled in more detail. Using cosmological zoom-
in simulations, Li et al. (2017) have found that accretion might be
regulated by stellar feedback processes. The main goal of this work
was to build a simplified model that allows us to study the evolution
over a large part of the parameter space for a long time-scale of a few
Myr. For future work, it will be important to explore more realistic
accretion scenarios and their interaction with the mass-loss process,
as well as mass-loss in the range of high stellar masses.
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