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ABSTRACT

Intermediate-mass black holes (IMBHs) in the mass range 10>~10° M, bridge the gap between stellar black holes (BHs) and
supermassive BHs. Here, we investigate the possibility that IMBHs form in young star clusters via runaway collisions and BH
mergers. We analyse 10* simulations of dense young star clusters, featuring up-to-date stellar wind models and prescriptions for
core collapse and (pulsational) pair instability. In our simulations, only nine IMBHs out of 218 form via binary BH mergers, with
a mass ~100-140 M. This channel is strongly suppressed by the low escape velocity of our star clusters. In contrast, IMBHs
with masses up to ~438 Mg, efficiently form via runaway stellar collisions, especially at low metallicity. Up to ~0.2 per cent of
all the simulated BHs are IMBHs, depending on progenitor’s metallicity. The runaway formation channel is strongly suppressed
in metal-rich (Z = 0.02) star clusters, because of stellar winds. IMBHs are extremely efficient in pairing with other BHs:
~70 per cent of them are members of a binary BH at the end of the simulations. However, we do not find any IMBH-BH merger.
More massive star clusters are more efficient in forming IMBHs: ~8 per cent (~1 per cent) of the simulated clusters with initial
mass 10*-3 x 10* Mg (10°-5 x 10° M) host at least one IMBH.

Key words: black hole physics —gravitational waves —methods: numerical —binaries: general —stars: kinematics and dynam-

ics —galaxies: star clusters: general.

1 INTRODUCTION

Intermediate-mass black holes (IMBHs), with mass in the range
10%-10° Mo, bridge the gap between stellar-sized black holes (BHs)
and supermassive BHs. IMBHs might be the building blocks for
supermassive BHs in the early Universe (Madau & Rees 2001), as
suggested by the discovery of quasars at redshift as high as ~6
(e.g. Fan et al. 2001). Currently, we lack unambiguous evidence of
IMBH existence from electromagnetic observations, but a number
of potential candidates were proposed in the last decades. Several
globular clusters, including 47 Tucanae (Kiziltan, Baumgardt & Loeb
2017) and G1 (Gebhardt, Rich & Ho 2005), have been claimed to host
IMBHs, based on indirect dynamical pieces of evidence (Gebhardt,
Rich & Ho 2002; Gerssen et al. 2002; Anderson & van der Marel
2010; van der Marel & Anderson 2010; Liitzgendorf et al. 2011,
2013; Miller-Jones et al. 2012; Nyland et al. 2012; Strader et al.
2012; Lanzoni et al. 2013; Baumgardt 2017; Perera et al. 2017; Lin
et al. 2018; Tremou et al. 2018; Baumgardt et al. 2019; Mann et al.
2019; Zocchi, Gieles & Hénault-Brunet 2019). The hyperluminous
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X-ray source HLX-1 in the galaxy ESO 243-49 (Farrell et al. 2009;
Godet et al. 2014) is possibly the strongest IMBH candidate among
ultra-luminous X-ray sources (e.g. Kaaret et al. 2001; Matsumoto
et al. 2001; Strohmayer & Mushotzky 2003; Miller & Colbert 2004;
Swartz et al. 2004; van der Marel 2004; Mapelli et al. 2010; Feng &
Soria 2011; Sutton et al. 2012; Mezcua et al. 2015; Kaaret, Feng &
Roberts 2017; Lin et al. 2020). Several BHs with mass ~10° Mo
might lurk in the nuclei of dwarf galaxies (Filippenko & Sargent
1989; Filippenko & Ho 2003; Barth et al. 2004; Greene & Ho 2004,
2007; Seth et al. 2010; Dong et al. 2012; Kormendy & Ho 2013;
Baldassare et al. 2015; Reines & Volonteri 2015; Mezcua et al.
2016, 2018; Reines et al. 2020). Finally, some candidates with mass
~10*-10° My may lie in high-velocity compact clouds (Tanaka
2018; Takekawa et al. 2019, 2020). We point to Mezcua (2017) and
Greene, Strader & Ho (2020) for two recent reviews.

The gravitational wave event GW190521 (Abbott et al. 2020a,
b), associated with the merger of a binary BH (BBH) with a total
mass of ~150 Mg, recently provided strong evidence for IMBHs
and paved the ground for further observations with current (Aasi
et al. 2015; Acernese et al. 2015) and future gravitational wave
detectors (Punturo et al. 2010; Amaro-Seoane et al. 2017; Kalogera
et al. 2019; Reitze et al. 2019; Maggiore et al. 2020). Moreover,
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GW190521 confirms the merger formation scenario for IMBHs,
where smaller BHs, likely of stellar origin, repeatedly merge in a
dense environment, such as a star cluster (SC, Miller & Hamilton
2002; McKernan et al. 2012; Giersz et al. 2015; Fishbach, Holz &
Farr 2017; Gerosa & Berti 2017, 2019; Rodriguez et al. 2019; An-
tonini, Gieles & Gualandris 2019; Arca Sedda et al. 2020; Fragione,
Loeb & Rasio 2020; Mapelli et al. 2020a, 2021; Tagawa et al.
2021a, b). Other possible formation scenarios are the collapse of very
massive (>230 M) metal-poor stars (Bond, Arnett & Carr 1984;
Madau & Rees 2001; Heger & Woosley 2002; Schneider et al. 2002;
Spera & Mapelli 2017; Tanikawa et al. 2021), primordial IMBHs
from gravitational instabilities in the early Universe (Kawaguchi
et al. 2008; Carr, Kiihnel & Sandstad 2016; Raccanelli et al. 2016;
Sasaki et al. 2016; Scelfo et al. 2018; Clesse & Garcia-Bellido 2020;
De Luca et al. 2021) and runaway collisions of stars in SCs (Colgate
1967; Sanders 1970; Portegies Zwart & McMillan 2002; Giirkan,
Freitag & Rasio 2004; Portegies Zwart et al. 2004; Freitag, Rasio &
Baumgardt 2006a; Giersz et al. 2015; Mapelli 2016; Di Carlo et al.
2019; Chon & Omukai 2020; Kremer et al. 2020; Das et al. 2021;
Rizzuto et al. 2021).

Different formation channels may be at work in different environ-
ments (Volonteri 2010), with SCs representing the ideal place both
for repeated mergers of stellar-mass BHs (e.g. Miller & Hamilton
2002) and for the formation of very massive stars through runaway
collisions in the early stages of the cluster’s evolution (e.g. Fujii &
Portegies Zwart 2013). The internal dynamics of SCs is expected
to play a key role in modulating the efficiency of the BBH merger
scenario, with core collapse being closely tied to increased dynamical
interactions (Spitzer 1987; Goodman & Hut 1989) and to the
dynamical hardening of binary systems (Sugimoto & Bettwieser
1983; Goodman & Hut 1993; Trenti et al. 2007; Hurley & Shara
2012; Beccari et al. 2019; Di Cintio et al. 2021). The main advantage
of the repeated merger mechanism is that it works for the entire
lifetime of an SC: the IMBH can assemble and grow as long as
the SC survives (Giersz et al. 2015). However, a merger chain can
come to an abrupt end if the BBH merger product is ejected from
the SC due to gravitational-wave recoil (Madau & Quataert 2004;
Merritt et al. 2004; Holley-Bockelmann et al. 2008). The magnitude
of such kick can largely exceed the escape velocity of the host SC
(Favata, Hughes & Holz 2004; Lousto & Zlochower 2011), thus
the hierarchical build-up of an IMBH via repeated BBH mergers is
more likely to take place in the most massive SCs, like nuclear SCs,
because of their large escape velocity (Antonini et al. 2019; Fragione
et al. 2020; Mapelli et al. 2021).

The runaway collision mechanism, on the other hand, can be
effective even in less massive SCs, like young SCs. The most massive
stars in a young SC are more likely to undergo collisions than lighter
stars, because dynamical friction quickly brings them to the core
(Gaburov, Lombardi & Portegies Zwart 2008). The high central
density of young SCs, which is further enhanced in the first Myr due
to gravothermal collapse, greatly favours stellar collisions (Freitag,
Giirkan & Rasio 2006b; Portegies Zwart, McMillan & Gieles 2010),
which help to build up very massive stars that may collapse into
IMBHs. The main issue is that very massive stars lose a conspicuous
portion of their mass through stellar winds (e.g. Vink et al. 2011).
The IMBH can form only if the star preserves enough mass, so this
mechanism is more efficient at lower metallicity, where stellar winds
are less powerful (Mapelli 2016). Moreover, all the collisions need
to take place before the massive stars in the SC turn into BHs, which
happens in a few Myr.

Despite being less massive than globular clusters and nuclear
SCs, young SCs make up the vast majority of SCs in the Universe

IMBHs in YSCs 5133

Table 1. Initial conditions.

Set VA Nsim h D ref.
D2019HF 0.002 2000 MI12 2.3 D19
D2019LF 0.002 2000 Mi12 1.6 D19
D2020A 0.02 1000 MI12 1.6 D20
0.002 1000 Mi12 1.6 D20
0.0002 1000 MI12 1.6 D20
D2020B 0.02 1000 1.5 pc 1.6 D20
0.002 1000 1.5 pc 1.6 D20
0.0002 1000 1.5 pc 1.6 D20

Notes. Column 1: name of the simulation set; column 2: metallicity Z;
column 3: number of runs performed per each set; column 4: half-mass radius
. M12 indicates that half-mass radii have been drawn according to Marks &
Kroupa (2012). Column 5: fractal dimension (D); column 6: reference for
each simulation set. D19 and D20 correspond to Di Carlo et al. (2019) and
Di Carlo et al. (2020a), respectively.

(Kroupa & Boily 2002), and their cumulative contribution to IMBH
statistics may thus be significant. In this paper, we study the demogra-
phy of IMBHs in young SCs through N-body simulations, including
up-to-date stellar wind models and a treatment for (pulsational) pair
instability in massive and very massive stars. We present a set of
10* state-of-the-art direct N-body simulations with fractal initial
conditions (to mimic the clumpiness of star-forming regions, e.g.
Goodwin & Whitworth 2004) and with a large initial binary fraction
(foin = 1 for stars with mass >5 Mg).

2 METHODS

The simulations discussed in this paper were performed using the
same codes and methodology described in Di Carlo et al. (2019).
We use the direct summation N-Body code NBODY6+ + GPU
(Wang et al. 2015), which we coupled with the population synthesis
code MOBSE (Mapelli et al. 2017; Giacobbo, Mapelli & Spera
2018). MOBSE includes up-to-date prescriptions for massive stellar
winds (Giacobbo & Mapelli 2018), electron-capture supernovae
(Giacobbo & Mapelli 2019), core-collapse supernovae (Fryer et al.
2012), natal kicks (Giacobbo & Mapelli 2020), and (pulsational)
pair-instability supernovae (Mapelli et al. 2020b). Orbital decay
induced by gravitational wave emission is treated as described in
Peters (1964). If a star merges with a BH or with a neutron star,
MOBSE assumes that the entire mass of the star is lost by the system
and not accreted by the compact object.

In this work, we have analysed 10* simulations of young SCs; 4000
of them are the simulations presented in Di Carlo et al. (2019), while
the remaining 6000 are the ones discussed in Di Carlo et al. (2020a).
The initial conditions of the simulations are summarized in Table 1.
Young SCs are asymmetric, clumpy systems. Thus, we model them
with fractal initial conditions (Kiipper et al. 2011), to mimic the
clumpiness of star-forming regions (Goodwin & Whitworth 2004).
The level of fractality is decided by the parameter D, where D = 3
means homogeneous distribution of stars. In this work, we assume
D = 1.6 in most of our simulations (8000 runs). We also probe a
lower degree of fractality (D = 2.3) in the remaining 2000 runs.
The total initial mass Msc of each SC ranges from 10%to 3 x 10*
Mg and it is drawn from a distribution dN /dMsc &< MgZ, as the SC
initial mass function described in Lada & Lada (2003). Thus, the
mass distribution of our simulated SCs mimics the mass distribution
of SCs in Milky Way-like galaxies. We choose the initial half-mass
radius r, according to Marks & Kroupa (2012) in 7000 simulations,
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Figure 1. Evolution of the median of the mass density at the half-mass radius
(pn, top panel) and at the core radius (p., bottom panel) for the SCs in sets
D2020A (r, from Marks & Kroupa 2012, dashed lines) and D2020B (r, =
1.5 pc, solid lines) at different metallicities.

and we adopt a fixed value r, = 1.5 pc for the remaining 3000
simulations. These different choices of 7, have a strong impact on
the density of the SCs, as shown in Fig. 1.

We generated the initial conditions with MCLUSTER (Kiipper et al.
2011). The initial masses of the stars follow a Kroupa (2001) initial
mass function, with minimum mass 0.1 Mgy and maximum mass
150 M. We set an initial total binary fraction of fi;, = 0.4. Since
MCLUSTER pairs up the most massive primary stars first, according to
a distribution P(q) o< ¢~*! (where ¢ = m»/m; € [0.1, 1], Sana et al.
2012), all the stars with mass m > 5 M are members of binary
systems, while stars with mass m < 5 Mg are randomly paired
until a total binary fraction fui, = 0.4 is reached. This procedure
results in a mass-dependent initial binary fraction consistent with the
multiplicity properties of O/B-type stars (Sana et al. 2012; Moe & Di
Stefano 2017). The orbital periods and eccentricities are also drawn
from the distributions described in Sana et al. (2012).!

We simulate SCs with three different metallicities: Z = 0.0002,
0.002, and 0.02 (approximately 1/100, 1/10, and 1 Zg, assuming
Zo = 0.02 from Anders & Grevesse 1989). Each SC is simulated
for 100 Myr in a solar neighbourhood-like static external tidal field
(Wang et al. 2016). At 100 Myr, we extract the BBHs which are still
present in our simulations and we integrate their semimajor axis and
eccentricity evolution by gravitational wave emission up to a Hubble
time (13.6 Gyr), according to Peters (1964).

The main differences between the simulations in Di Carlo et al.
(2019) and Di Carlo et al. (2020a) are the efficiency of common
envelope ejection (@ = 3 in Di Carlo et al. 2019 and @ = 5 in Di
Carlo et al. 2020a), and the chosen model of core-collapse supernova
(the rapid and the delayed models from Fryer et al. 2012 are adopted
in Di Carlo et al. 2019 and in Di Carlo et al. 2020a, respectively). The
population of IMBHs is not strongly affected by these differences.
We divide the simulations in four different sets whose names and
properties are shown in Table 1. We refer to Di Carlo et al. (2019)
and Di Carlo et al. (2020a) for further details on the code and on the
simulations.

!'The same binary properties could have been obtained using the binary eigen-
evolution and mass-feeding method described in Belloni et al. (2018).
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Table 2. Percentage of SCs that form 0, 1, and 2 IMBHs per different
metallicity, initial SC mass, and simulation set.

Set 0 IMBHs 1 IMBH 2 IMBHs
All 97.97 per cent 1.97 per cent 0.06 per cent
Z=0.02 99.85 per cent 0.15 per cent 0 per cent
Z =10.002 97.81 per cent 2.17 per cent 0.02 per cent
Z =0.0002 96.5 per cent 3.25 per cent 0.25 per cent

10° < Msc/Mg, < 5 x 103
5 x 103 < Msc/Mg < 10*
10* < Msc/Mg <3 x 10*

99.01 per cent
95.73 per cent
92.13 per cent

0.99 per cent
4.12 per cent
7.42 per cent

0 per cent
0.15 per cent
0.45 per cent

D2019HF 96.90 per cent 3.05 per cent 0.05 per cent
D2019LF 98.2 per cent 1.80 per cent 0.0 per cent
D2020A 98.03 per cent 1.94 per cent 0.03 per cent
D2020B 98.47 per cent 1.40 per cent 0.13 per cent

Notes. Column 1: Simulation set; column 2: percentage of SCs that form no IMBHs;
column 3: percentage of SCs that form one IMBH; column 4: percentage of SCs that
form two IMBHs.

450
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Figure 2. Distributions of IMBH masses for each metallicity. The blue filled
circles mark the values of the masses, while the horizontal extent of each light
blue region (violin plot) is proportional to the number of IMBHs at a given
mass value.

3 RESULTS

3.1 Formation of IMBHs

We find a total of 218 IMBHs, which make up only ~ 0.2 per cent of
all the BHs formed in our simulations. The formation of IMBHs is a
rare event in our simulations: as shown in Table 2, only 1.97 per cent
of all the simulated SCs form one IMBH, and only 0.06 per cent of
them form two IMBHs. The vast majority of the simulated IMBHs
(209) form via the runaway collision mechanism, while only nine
IMBHs form via BBH merger. This is expected because the low
escape velocity (<10 km s™!) of our simulated SCs makes the BBH
merger scenario less efficient.

Fig. 2 shows the masses of all the formed IMBHs for each metal-
licity. IMBHs form with mass up to ~438 Mg, but ~ 78 per cent of
all the formed IMBHs has a mass between 100 and 150 Mg,. Less
massive IMBHs are more likely to form. A schematic formation
history of the most massive IMBH is shown in Fig. 3; this IMBH
forms via runaway collision: a total of 10 stars participate to the

G20 UdJBIN 20 U0 18NB Aq Z08YSEY/ZE L §/¥/L0G/2I0IME/SEIUW /W0 dNo-olWapeo.//:sd)y WOy papeojumoq



Ms  Ms Ms MS M MS  Ms Ms Ms  Ms
147M, 96M,  32M, 107M, 64M, O5M,15M, 11 M,

0 G ® L)
01

2.0
2.5

29

3.4

3.8

TIME [(Myr]

39

4.3

4.6

4.7

\Y%

Figure 3. Formation history of the most massive IMBH found in our
simulations. Main-sequence stars (with label MS) are represented as blue
stars; core helium burning stars (label cHeB) are visualized as red stars with a
blue core; black holes (label BH) are shown as black circles. The mass of each
object is shown next to them. The time axis and the size of the objects are not
to scale. The formation of this IMBH takes place in an SC with metallicity
Z =0.002.
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Figure 4. Mass evolution of three stars which end up forming an IMBH.
The yellow stars mark stellar mergers. The black filled circles indicate the
moment when the IMBH form.

formation of a very massive star which promptly undergoes direct
collapse to form the IMBH. All the other IMBHs which form via
runaway collision follow a similar pattern, involving multiple stellar
mergers in the first few Myr of our simulations. The mass evolution
of three stars which end up forming an IMBH is shown in Fig. 4.
We see that mass growth via stellar mergers overcomes stellar wind
mass-loss. The formation of the IMBHs via runaway collision always
occurs within the first ~5 Myr from the beginning of the simulation.
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Figure 5. Evolution of the distance of an IMBH from the centre of mass of
its host SC (rvigr)- The blue line shows the median of the values of rivgy,
while the red line is the median of the 10 percent Lagrangian radii (r1o) of
the host SCs. The filled areas represent the 25th—75th percentile confidence
intervals. Only IMBHs which do not escape from their host SC are shown in
this figure. A simple moving average over five time-steps has been performed
to filter out statistical fluctuations.

As expected, IMBH formation is much less efficient at higher
metallicity because stellar winds are more powerful; only four
IMBHs form at solar metallicity. The fraction of IMBHs with respect
to the total number of BHs per each metallicity is ~0.4 per cent,
~0.2 per cent, and ~0.02 per cent for Z = 0.0002, 0.002, and 0.02,
respectively. Table 2 shows that the percentage of simulated SCs
which form at least one IMBH grows as the metallicity decreases,
going from 0.15 per cent at Z = 0.02 to 3.5 per cent at Z = 0.0002.
We obtained a larger absolute number of IMBHs at metallicity Z =
0.002 (Fig. 2), only because we ran three times more simulations
with Z = 0.002 than with either Z = 0.02 or Z = 0.0002 (Table 1).
We performed several statistical tests to check if the fact that the
most massive IMBHs form at Z = 0.002 is statistically significant
or is just another effect of the larger number of simulation at this
metallicity. Our tests suggest that intermediate-metallicity SCs (with
Z=10.002 = 0.1 Zg) tend to form more massive IMBHs than metal-
poor SCs (with Z=0.0002 = 0.01 Z,), even if there is no conclusive
evidence for this result (see Appendix A for details). This possible
difference could be interpreted as the interplay between relatively
inefficient mass-loss and large maximum stellar radii (Chen et al.
2015): at Z = 0.002 stellar winds are still rather inefficient (as for
lower metallicity), but massive stars can develop very large radii (in
the terminal-age main sequence and the giant phase), enhancing the
probability of collisions with other stars.

3.2 Distance from centre of mass

Fig. 5 shows the evolution of the median distance of the IMBHs with
respect to the centre of mass of the host SCs. In order to undergo a
sufficient number of stellar mergers, we expect the progenitor stars
of IMBHs to lie in the densest central regions of the SC. In our
simulations, we find that this is not completely the case: IMBH
progenitors (i.e. before r ~ 5 Myr) tend to lie outside the 10 per cent
Lagrangian radius. This is likely a consequence of the fractal initial

MNRAS 507, 5132-5143 (2021)
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Figure 6. Probability distribution function of the escape time 75 of IMBHs.
All the ejected IMBHS are shown by the solid black line. IMBHs with mass
mimH < 150 Mg are shown by the dotted red line, while IMBHs with mass
mimBH > 150 Mg are shown by the dashed blue line.

conditions, because the IMBH formation may take place in a clump
far away from the centre of mass of the SC, before the mergers
between the clumps take place. After the IMBHs form, they tend to
rapidly sink towards the centre of the SC and to remain there until
the end of the simulation.

3.3 Escaped IMBHs

Fig. 5 shows only IMBHs which do not escape from their host SC.
In our simulations, particles escape from the SC when their distance
from the centre of mass becomes larger than twice the tidal radius.
We find that ~ 54 per cent of all the formed IMBHSs are ejected
or evaporate from the SC in the first 100 Myr. The percentage of
IMBHSs with mass mvpn < 150 Mg that escape from their host SC
is ~ 57.0 per cent, and only ~ 31.8 per cent for IMBHs with mpygy
> 150 Mg . This means that the most massive IMBHs are more likely
to be retained inside their host SC.

Fig. 6 shows the distribution of the escape times 7. of ejected
IMBHs. All IMBHs and especially the less massive ones tend to
be ejected within the first 25 Myr, with a strong peak between 5
and 15 Myr. More massive IMBHs tend to escape at later times
with respect to the less massive ones. Fig. 7 distinguishes between
IMBHs that formed in SCs with initial mass smaller and larger than
5 x 10° Mg. Both distributions peak around 10 Myr, but all the
ejected IMBHs which form in the less massive SCs escape within
the first 40 Myr, while IMBHSs born in more massive SCs may escape
at later times.

We find that the percentages of escaped IMBHs which form in
SCs with initial mass Msc < 5000 Mg and Msc > 5000 My, are
37.7 per cent and 59.8 per cent, respectively. This means that IMBHs
are more likely to be ejected from more massive SCs. This may
seem surprising, because we expect more massive SCs to retain
more IMBHs due to their larger escape velocities. Massive SCs,
however, have denser cores where dynamical interactions that may
eject IMBHs are more frequent.

MNRAS 507, 5132-5143 (2021)
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Figure 7. Probability distribution function of the escape time 7., of the
IMBHEs. All the ejected IMBHs are shown by the solid black line. IMBHs
formed in SCs with mass Msc < 5000 Mg, are shown by the dotted red line,
while IMBHs formed in SCs with mass Msc > 5000 Mg are shown by the
dashed blue line.

3.4 IMBHs in binary systems

IMBHs are the most massive objects which form in our simulations,
and therefore they are likely to interact with other stars and form
binary systems (Blecha et al. 2006; MacLeod, Trenti & Ramirez-
Ruiz 2016). In our simulations, IMBHs spend ~ 85 per cent of the
time, on average, being part of a binary or triple system. Fig. 8 shows
the evolution of the companion mass mcomp, Orbital eccentricity e,
and semimajor axis a for the five most massive IMBHs that form in
our simulations. All these five massive IMBHs spend almost all their
time in binary systems, except for one of them, which is ejected from
the SC after ~10 Myr.

These binaries are subject to continuous dynamical interactions
which perturb their orbital properties. Eccentricity wildly oscillates
and tends to assume values between 0.6 and 0.9 (Fig. 8). Each
variation of eccentricity corresponds to a smaller variation of the
semimajor axis, which tends to shrink over time. At the end
of the simulation, two of the IMBHs shown in Fig. 8 are still
members of a binary system with a companion BH. We have
re-simulated the host SCs of these IMBHs for up to 1 Gyr to
check for possible mergers, but none of these binary systems does
merge.”

The simulated IMBHs tend to couple with other massive members
of the SC, because dynamical exchanges generally lead to the build-
up of more and more massive binaries (Hills & Fullerton 1980). Fig. 9
shows the distribution of the stellar types of the IMBH’s companions.
Besides main-sequence stars, which are the most common stellar
type in the simulated SCs, the most common binary companions of
IMBHs are BHs and neutron stars.

2NBODY6+ + GPU does not include a treatment for post-Newtonian terms.
‘We cannot exclude the possibility that dynamical interactions combined with
a treatment of post-Newtonian terms might allow the merger of some of our
IMBH-BH binaries.
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Figure 8. Evolution of the mass of the IMBH companion mcomp (upper
panel), eccentricity e (middle panel), and semimajor axis a (lower panel) of
the binaries which contain the five most massive IMBHs formed in our simula-
tions. The coloured filled circles represent the formation time of the IMBH, i.e.
the time when the progenitor star becomes an IMBH. The red circle is missing
because the progenitor of this IMBH is single when it collapses to a BH.

3.4.1 IMBH—-BH binaries

We analyse the properties of all BBHs which host at least one IMBH
in our simulations (hereafter, IMBH-BH binaries). From Fig. 9, it is
apparent that IMBHs are extremely efficient in finding a companion
BH: ~ 70 per cent of all IMBHs reside in a BBH at the end of the
simulations. Fig. 10 shows the total mass of the binaries M, = m,
+ m; as a function of the mass ratio ¢ = my/m; (with my < my) of
all the IMBH-BH systems. The binary with the smallest mass ratio
has g ~ 0.04 and secondary mass m, ~ 4.2 M. The most massive
IMBH-BH binary has masses m; ~ 438 Mg and m; ~ 50 M. Values
of the mass ratio ¢ < 0.6 are the most likely ones, but we find some
binaries with g up to ~0.99. Overall, the IMBH-BH binaries have
lower mass ratios than other BBHs (see fig. 5 of Di Carlo et al. 2020b,
where we show that the vast majority of BBHs in young SCs have ¢
~ 0.9-1). This is expected, because SCs with more than one IMBH
are very rare, and IMBHs can thus couple only with lower mass BHs.

We find no mergers of IMBH-BH binaries in our simulations.
Adding post-Newtonian terms to our simulations might enhance
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on the y-axis are normalized to the total number of companions Nyy. The
represented stellar types are: main sequence (MS); Hertzsprung gap (HG);
core helium burning (CHeB); asymptotic giant branch (AGB); Wolf-Rayet
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Figure 10. Mass ratio ¢ = ma/m; versus total mass My = m; + my of
IMBH-BH binaries. Circles, triangles, and stars refer to Z = 0.02, 0.002, and
0.0002, respectively. The marginal histograms show the distribution of g (on
the y-axis) and Mo (on the x-axis). The solid blue, dot—dashed green, and
dashed red histograms refer to Z = 0.0002, 0.002, and 0.02, respectively.

the chances of IMBH-BH merger during resonant encounters (e.g.
Samsing 2018; Kremer et al. 2019; Zevin et al. 2019). However, our
SCs are relatively small and disrupt quickly, so that these binaries do
not have enough time to harden via dynamical interactions. Mergers
of BBHs with at least one IMBH component seem to be extremely
rare events even in much more massive SCs (e.g. Kremer et al. 2020).
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Figure 11. Formation history of the binary IMBH found in our simulations.
Main-sequence stars (with label MS) are represented as blue stars; core helium
burning stars (label cHeB) are visualized as red stars with a blue core; black
holes (label BH) are shown as black circles. The mass of each object is shown
next to them. The time axis and the size of the objects are not to scale.

We find only one binary composed of two IMBHs (hereafter,
binary IMBH), with masses m; ~ 113 Mg and my; ~ 114 Mg.
Its formation history is shown in Fig. 11. First, two massive BHs
of my ~113Mg and m, ~ 57 Mg, which formed via runaway
collision, dynamically couple and form a BBH. Then, a third BH
of mass my, ~ 57 Mg perturbs the BBH and in the process merges
with the secondary BH of the binary, forming the binary IMBH. The
formation of this binary involves both the runaway collision and the
BBH merger mechanisms.

In our simulations, we do not include relativistic kicks. Were they
included, they might have split this binary IMBH at birth. Thus, we
calculated a posteriori the relativistic kick induced by the merger
of two BHs with m, = m, = 57.4 Mg, according to the formulas
presented in Maggiore (2018). To calculate the kick, we randomly
drew the spin magnitudes of the two BHs from a Maxwellian
distribution with ¢ = 0.1 and the spin directions as isotropically
distributed over the sphere (see e.g. Bouffanais et al. 2021 for a
discussion of these assumptions). We repeated the calculation of the
kick 103 times for different random draws of the spin magnitudes
and tilts. We then calculated the probability that the binary system
composed of the merger remnant and of the third BH with mass
my = 113 Mg, remains bound after the relativistic kick. We calculate
the mass of the merger remnant from Jiménez-Forteza et al. (2017),
yielding mem ~ 109 Mg. To estimate the orbital properties of the
binary IMBH with masses m, and m,.,, we start from an eccentricity
e = 0.5 and a semimajor axis a = 75.5 au, which are the values given
by NBODY6+ + GPU at the time of the merger between m, and my,
and we calculate the final semimajor axis and eccentricity (after the
relativistic kick) following the equations detailed in the Appendix A
of Hurley, Tout & Pols (2002). We find that the binary IMBH remains
bound in ~38 per cent of our random realizations. If the kicks are
drawn from a Maxwellian distribution with o = 0.01 (very small
kicks, as predicted by Fuller & Ma 2019), the binary IMBH remains
bound in ~98 per cent of the random realizations. The relativistic
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Figure 12. Mass of the host SC (Msc) versus the mass of the IMBH (mvpn)-
The marginal histograms show the distribution of Msc (y-axis) and mmvpH
(x-axis). The filled symbols refer to IMBHs in IMBH-BH binaries, while the
open symbols are single BHs. The solid blue, dot—dashed green, and dashed
red colours refer to Z = 0.0002, 0.002, and 0.02, respectively. The grey dashed
line shows the initial mass function of SCs (dN /dMsc Ms_cz).

kick even favours the merger of the final binary IMBH in a few
realizations (~0.05 per cent).

3.5 Properties of the host SCs

The presence of an IMBH may influence the evolution and the
characteristics of the host SC (Mastrobuono-Battisti, Perets & Loeb
2014; Bianchini et al. 2015; Arca-Sedda 2016; Askar et al. 2017).
Finding possible signatures of the presence of an IMBH in SCs may
help us to understand whether observed SCs host or not an IMBH.

3.5.1 SC mass

Fig. 12 shows the initial mass of the host SC as a function of the mass
of the IMBH. The most massive IMBHs form preferentially in mas-
sive SCs. From the marginal histogram which shows the distribution
of Mgc, it may seem that IMBHs are slightly more numerous in small
SCs. However, since we adopted a mass function dN /dMsc oc Mg,
we simulated many more small SCs than massive ones. As confirmed
by Table 2, IMBHs form more efficiently in massive SCs where
stellar collisions are more effective. For example, IMBHs form in
~ 8 per cent of the SCs with 10* Mg < Msc < 3 x 10* Mg and only
in < 1 per cent of the SCs with 103 Mg < Msc < 5 x 10° Mg, In
our simulations, IMBHs at solar metallicity form only in SCs with
mass 220500 Mg,. This feature may also be an effect of the fact that
more massive SCs statistically tend to have more massive stars. For
example, the median of the maximum initial stellar masses for SCs
of mass 10%,2.5 x 10%,5 x 103, 10*, and 3 x 10* M, is 54, 84, 108,
125, and 140 M, respectively.

3.5.2 Fractality and initial half-mass radius

In Fig. 13, we compare the IMBH mass distribution of different
simulation sets. Simulations with low fractality (D2019LF) produce
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Figure 13. Distributions of IMBH masses for the different simulation sets.
The blue filled circles mark the values of the masses, while the horizontal
extent of each light blue region (violin plot) is proportional to the number of
IMBHs at a given mass value. We refer to Table 1 for details on the different
sets.

more massive IMBHs than high fractality ones (D2019HF). From
Table 2, however, we see that the D2019HF set is more efficient than
D2019LF in producing IMBHs. This means that high fractality helps
to produce a larger number of IMBHs, but with lower mass. This
happens because SCs with high fractality are composed of smaller
and denser clumps (with a shorter two-body relaxation time-scale),
where stellar collisions are more likely to occur. On the one hand, this
increases their efficiency in forming IMBHs. On the other hand, a
small clump does not host many massive stars (in our high-fractality
SCs, a single clump may host up to two massive stars at most).
Hence, in order to have a runaway collision of massive stars and to
form a more massive IMBH, it is necessary that more clumps merge
together before the death of their massive stars. In the high-fractality
case, the various clumps merge together over a time-scale similar
or longer than the IMBH formation time-scale. While it is easier to
form a small IMBH in a single clump, stars from more clumps may
be needed to form higher mass IMBHs.

In contrast, low fractality SCs are more similar to monolithic SCs
and have a longer two-body relaxation time-scale. This means that
the runaway collisions will begin later, involving all the massive stars
of the SC. On the one hand, the mass of the collision product will
not be limited by the mass of the clump, allowing the formation
of more massive IMBHs. On the other hand, since the collisions
start later, massive stars may die before assembling a sufficiently
massive star. This makes low fractality SCs less efficient in forming
IMBHEs.

We now compare sets D2020A and D2020B in Fig. 13 and in
Table 2. The SCs in D2020A have a smaller initial half-mass radius
than in D2020B, but they both have the same degree of fractality (D =
1.6). This means that the clumps will have approximately the same
number of stars, but different densities. As shown in Fig. 1, the SCs
in D2020A have a larger core density in the first ~ 8 Myr, when the
runaway collisions take place. Because of this higher initial density,
set D2020A is more efficient in forming IMBHs, but the IMBH mass
distributions are comparable.
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Figure 14. Time evolution of the median of the 10 percent, 30 per cent,
50 per cent, and 70 per cent Lagrangian radii (r19, 30, 750, and r79). The solid
lines refer to SCs which contain at least one IMBH; dashed lines refer to SCs
which do not contain IMBHs. Each radius is normalized to its initial value
ro. A simple moving average over five time-steps has been performed to filter
out statistical fluctuations.

3.5.3 SC radii

We check if the presence of an IMBH affects the evolution of the
Lagrangian radii of the simulated SCs. Fig. 14 shows the evolution of
the 10 per cent, 30 per cent, 50 per cent, and 70 per cent Lagrangian
radii of SCs with and without IMBHs. The SCs with IMBHs expand
more rapidly in the first few Myrs than the SCs without IMBHs.
Higher Lagrangian radii expand more, meaning that the expansion is
stronger in the outer regions of the SC. This effect is a consequence
of IMBH dynamics: the IMBH heats the SC, scattering stars to less
bound orbits and making the cluster expand (Baumgardt, Makino &
Ebisuzaki 2004b). After the initial expansion, the radii of the SCs
with IMBHs flatten out. After ~65 Myr, the 10 per cent Lagrangian
radii (r9) of the SCs with and without IMBH overlap and start
behaving in the same way. At the end of the simulations, the values
of the 10 per cent and 30 per cent Lagrangian radii of SCs with and
without IMBHs are almost the same. The presence of the IMBH
has a stronger impact on Lagrangian radii in the first stages of the
evolution of the SCs.

We also check the behaviour of Lagrangian radii calculated
excluding neutron stars and BHs. In this way, we exclude the dark
component and we obtain radii more similar to what observations can
tell us, even if we do not account for any other observational bias (for
example, we do not remove the lowest mass stars). Hereafter, we call
this version of the Lagrangian radii visible Lagrangian radii. Fig. 15
shows the differences between the 10 percent and 50 per cent La-
grangian radii and the visible 10 per cent and 50 per cent Lagrangian
radii. Visible Lagrangian radii are slightly larger than the Lagrangian
radii likely due to mass segregation, but the difference does not affect
our main result: SCs with IMBHs tend to expand more than SCs
without IMBHs. This result is consistent with previous studies (e.g.
Baumgardt et al. 2004b; Baumgardt, Makino & Ebisuzaki 2004a;
Trenti et al. 2007; Trenti, Vesperini & Pasquato 2010), which find
that the presence of an IMBH in the SC leads to an initial stronger
expansion.
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Figure 15. Time evolution of the median of the 10 percent and 50 per cent
Lagrangian radii (19 and rso) and of the corresponding visible Lagrangian
radii 10, vis and rsp_vis (i.e. the 10 per cent and 50 per cent Lagrangian radii
calculated excluding BHs and neutron stars). The solid lines refer to SCs
which contain at least one IMBH; dashed lines refer to SCs without IMBHs.
Each radius is normalized to its initial value ry. A simple moving average
over five time-steps has been performed to filter out statistical fluctuations.

4 DISCUSSION

4.1 Accretion

In our simulations, we assume that if a star merges with a BH or
with a neutron star the entire mass of the star is lost. Realistically,
a fraction of the star’s mass could have accreted on to the compact
object. Studies on tidal disruption events (e.g. Metzger & Stone 2016)
show that this fraction is ~ 1-10 per cent. We also stress that most
of the star-BH mergers in our simulations tend to involve low-mass
stars, because massive stars turn into compact objects in a few Myr.
Had we allowed for a higher accretion efficiency in our simulations,
some of the formed IMBHs would have grown a slightly larger mass.

4.2 Relativistic kicks

We do not include relativistic kicks in our simulations. Were they
included, what would have been their influence on our IMBH sample?
The only IMBHs which can be affected by relativistic kicks are the
nine IMBHs which form via BBH merger, which make up only
4 per cent of all the formed IMBHs. Eight of these IMBHs form via
the merger of only one BBH. This means that all of them would
have formed in any case, with the only difference that they could
have been ejected from their host SC if the relativistic kick would
have exceeded the SC’s escape velocity. Hence, we do not expect
any significant difference in our results if we account for relativistic
kicks.

4.3 Ejected IMBHs

We find that ~ 54 per cent of all the formed IMBHs are ejected from
the host SC, but what are the mechanisms behind such ejections?
SC evaporation is not a major channel of IMBH ejection, because
most IMBHs are ejected in the first tens of Myr of the life of their
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parent SC. We find that 30 IMBHs escape while in binary systems
and 88 IMBHs are ejected as single objects. To better understand
the mechanisms behind the ejection of IMBHs in binary systems,
we calculated the value of the semimajor axis below which an
IMBH binary can be ejected by a single-binary scattering (Miller &
Hamilton 2002; Antonini & Rasio 2016):

& m% G mym,

ej — 5 1
T o+ my)? v, )

where & = 3 (Quinlan 1996) is a dimensionless parameter, v is the
escape velocity from the star cluster, m; and m, are the masses of the
members of the binary, and m;3 is the mass of the single particle. If
we consider encounters with an object of mass 1, 5, 10 Mg, we find
a < agj for 0 per cent, 47 per cent, 93 per cent of the binaries. These
results suggest that if single-binary encounters are the mechanism
behind the ejection of IMBH-BH binaries, the single object is most
likely a BH or a massive star. Furthermore, since a¢; depends on v .2,
the semimajor axis threshold is larger in low-mass SCs, where wider
binaries can thus escape.

5 CONCLUSIONS

IMBHs have mass in the range 10’103 Mg, and bridge the gap
between stellar-sized BHs and supermassive BHs. Currently, we lack
unambiguous evidence of IMBH existence from electromagnetic
observations, but we know several strong candidates (e.g. Farrell
et al. 2009; Godet et al. 2014; Reines & Volonteri 2015; Kiziltan
et al. 2017; Abbott et al. 2020a, b). Here, we have investigated the
formation of IMBHs in young SCs through BBH mergers and the
runaway collision mechanism.

In our simulations, 209 IMBHs form via the runaway collision
mechanism, while only nine IMBHs form via BBH mergers. Each
SC hosts a maximum of two IMBHs. We find IMBHs with mass up
to ~438 Mg, but ~ 78 per cent of all the simulated IMBHs have a
mass between 100 and 150 Mg: less massive IMBHs are more likely
to form than the most massive ones.

As expected, IMBH formation is much less efficient at high
metallicity, because stellar winds are more effective: only four
IMBHs form at solar metallicity. The percentage of the simulated
SCs which form at least one IMBH grows as metallicity decreases,
going from 0.15 per cent at Z = 0.02 to 3.5 per cent at Z = 0.0002.

IMBHs form more efficiently in massive SCs, where dynamics is
more important. For example, IMBHs form in ~ 8 per cent of the
SCs with 10* Mg < Msc < 3 x 10* Mg, and in only < 1 per cent of
the SCs with 10° Mg < Mgc < 5 x 10° Mg,

In our simulations, ~ 54 per cent of all the IMBHs are ejected
from their parent SC, preferentially in the first ~25 Myr from the
beginning of the simulations. The IMBHs that remain inside the
cluster rapidly sink towards the centre after their formation and stay
there until the end of the simulation. IMBHs are more likely to be
ejected if their mass is low (<150 My) and if the mass of their host
SC is large (>5 x 10° M).

Due to their high mass, IMBHs are likely to dynamically interact
with other stars and form binary systems. In our simulations, IMBHs
spend ~ 85 per cent of the time, on average, being part of a binary
or triple system. IMBHs tend to pair up with other massive BHs
in the SC, because dynamical exchanges favour the formation of
more massive binaries, which are more energetically stable (Hills &
Fullerton 1980).

Overall, our simulations show that IMBHs form quite efficiently
in massive young SCs via runaway stellar collisions, especially if
the metallicity is relatively low (Z = 0.0002, 0.002). While IMBHs
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are efficient in pairing up dynamically, the occurrence of IMBH-BH
mergers is extremely rare (<1 every 10* young SCs).
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APPENDIX A: COMPARING THE HIGH-MASS
TAILS OF THE IMBH MASS DISTRIBUTIONS
AT DIFFERENT METALLICITIES

Here, we explore if the mass of the heaviest IMBHs formed in our
simulations depends on their progenitors’ metallicity. In particular,
Fig. 2 seems to suggest that the most massive IMBHs form at
intermediate metallicity (Z = 0.002 ~ 0.1 Zy) rather than at the
lowest considered metallicity (Z = 0.0002 ~ 0.01 Z). To assess this
trend with a more quantitative evaluation, we compare the end tail
of the IMBH mass distribution at Z = 0.0002 and Z = 0.002. The
mass distribution of all the BHs in the Z = 0.002 and the Z = 0.0002
samples are significantly different, with p = 2.2 x 10~'® according to
a Kolmogorov—Smirnov (K-S) test. This rises to p = 0.08 when only
IMBHs (with mass M > 100 Mg,) are considered, likely because the
K-S test is notoriously insensitive to distribution tails and to small
samples (see e.g. Mason & Schuenemeyer 1983).

Fig. Al shows the quantiles of the IMBH masses for Z = 0.0002
against those with Z = 0.002. This quantile—quantile plot allows us
to visualize how the two distributions differ: samples drawn from
the same distribution would result in points straddling the identity
line (black dashed line in Fig. A1), as each and every quantile would
be the same for both samples, modulo random fluctuations. This is
indeed the case for our two samples in Fig. A1 up until about 130 Mg,
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Figure Al. Quantile—quantile plot for the IMBH masses in SCs with Z =
0.002 and Z = 0.0002. The x-axis shows the values corresponding to selected
quantiles of the Z = 0.002 sample, while the values of the y-axis represent the
same quantiles for Z = 0.0002. If the IMBH masses were extracted from the
same distribution, deviations from the diagonal 1:1 black dashed line would
be due to random fluctuations only.

but for higher IMBH masses the Z = 0.002 simulations appear to
produce IMBHs that are systematically heavier than the Z = 0.0002
simulations. For example, the 90th percentile is 228 M, for the Z =
0.002 and 157 Mg, for Z = 0.0002.
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It is still far from trivial to conclude whether the high-mass
tails and in particular the maximum mass produced is different.
Comparing maxima is an intrinsically hard problem, because, even
for well-behaved distributions, the variance of extremes is much
larger than that of e.g. the mean. A widespread non-parametric
approach for testing differences in maxima relies on an exact Fisher
test (Fisher 1992) applied to the contingency table obtained by
counting how many BHs lie above selected mass cut-offs in each
of the two metallicity samples. This is similar to applying a x>
test, but is exact for the case in which cell counts are very low, as
we expect them to be for large enough mass cut-offs. We find that
the null hypothesis (that both metallicities produce IMBHs above
and below each mass cut-off in the same proportion) cannot be
rejected for cut-offs at the 90th, 95th, and 99th percentiles of the
joined samples, so we conclude that at the moment our data do not
constrain the impact of metallicity on maximum IMBH mass, at
least if we forego making assumptions on the underlying parent
distribution.

A general concern with this comparison could be that the number
of simulations run at the two different metallicities is different, so the
samples can be compared fairly only through a bootstrap resampling
that takes this difference into account. We thus repeated our analysis
by randomly resampling from the Z = 0.002 sample either a number
of IMBHs equal to that in the less numerous Z = 0.0002 sample
or a number of IMBHs corresponding to an equivalent number of
simulations. Even with this test the results from the above still hold,
i.e. no significant difference in the high-mass tails of the distributions
could be ascertained non-parametrically.
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