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Abstract

Dynamical interactions in dense star clusters could significantly influence the properties of black holes, leaving
imprints on their gravitational-wave signatures. While previous studies have mostly focused on repeated black hole
mergers for spin and mass growth, this work examines the impact of physical collisions and close encounters
between black holes and (noncompact) stars. Using Monte Carlo N-body models of dense star clusters, we find that
a large fraction of black holes retained upon formation undergo collisions with stars. Within our explored cluster
models, the proportion of binary black hole mergers affected by stellar collisions ranges from 10%—-60%. If all
stellar-mass black holes are initially nonspinning, we find that up to 40% of merging binary black holes may have
components with dimensionless spin parameter x = 0.2 because of prior stellar collisions, while typically about
10% have spins near y = 0.7 from prior black hole mergers. We demonstrate that young star clusters are especially
important environments, as they can produce collisions of black holes with very massive stars, allowing for
significant spin-up of the black holes through accretion. Our predictions for black hole spin distributions from these
stellar collisions highlight their sensitivity to accretion efficiency, underscoring the need for detailed hydrodynamic
calculations to better understand the accretion physics following these interactions.

Unified Astronomy Thesaurus concepts: Accretion (14); Stellar mass black holes (1611); Tidal disruption (1696);

N-body simulations (1083)

1. Introduction

Gravitational-wave (GW) observations by the LIGO-Virgo-
KAGRA (LVK) detectors have yielded vital insights into the
properties of more than several hundred black holes (BHs),
including their masses, spins, and distribution over redshift
(B. P. Abbott et al. 2019; R. Abbott et al. 2021, 2023). Despite
the growing number of BH binaries detected through GWs,
their origins remain uncertain. Various mechanisms proposed
for the formation of binary black holes (BBHs) include isolated
evolution of massive binary stars in galactic fields, dynamical
assembly in dense star clusters, migration and capture
processes within active galactic nucleus (AGN) disks, and
secular interactions in hierarchical triple systems (see I. Mandel
& A. Farmer 2022, for a review). Each of these formation
channels features its own set of poorly understood physical
assumptions, presenting a major challenge for models attempt-
ing to produce robust predictions for the merger rates and
properties of BHs.

One key parameter that may help distinguish the contribution
from these various formation channels is the BH spin
(W. M. Farr et al. 2017; B. Farr et al. 2018; C. Adamcewicz
et al. 2024). The best-measured spin parameters using GW
observations are the effective inspiral spin ¢ (P. Ajith et al.
2011) and the precessing spin x, (D. Wysocki et al. 2019)

3 NASA Einstein Fellow.

Original content from this work may be used under the terms

BY of the Creative Commons Attribution 4.0 licence. Any further
distribution of this work must maintain attribution to the author(s) and the title
of the work, journal citation and DOI.

defined as
cos b + x, cosf
e = MR T RERE (1 ()
1 +q
. 3+4q .
= max sin 6, sinf, | € (0, 1), 2
Xp [Xl 1(4+3q)qx2 2} ©, 1, @

where g = my/m, is the binary mass ratio, m,>m, are the BH
masses, and x; = S,-/m,»2 € (0, 1) denotes the dimensionless
spin of each BH, with S; representing the spin angular
momentum of the BH. The effective inspiral spin encodes a
mass-weighted projection of the spin vectors on the orbital
angular momentum axis, whereas the precessing spin reflects
the projection of the spin vector on the plane of the orbit,
capturing the spin-precessing effects.

Recent studies (e.g., C. L. Rodriguez et al. 2016, 2019) of
dynamical assembly from star clusters have attempted to
provide more robust predictions regarding BH spin magnitudes
as these BHs are expected to exhibit isotropically distributed
spins as a natural consequence of dynamical formation in gas-
poor environments, assuming that most BHs are born slowly
spinning from single star evolution. Yet, the spins of BHs at
birth remain poorly understood (e.g., A. Heger et al. 2005;
E. Lovegrove & S. E. Woosley 2013; Y. Qin et al. 2019;
M. Zevin & S. S. Bavera 2022). Theoretical studies suggest
that single stellar-mass BHs typically have negligible birth
spins (x = 0.01) due to efficient angular momentum transport
from their progenitor stars’ cores (J. Fuller & L. Ma 2019).
Consistent with this, GW observations indicate that many of
the BBH mergers detected by the LVK likely involve BHs with
low spins (J. Roulet & M. Zaldarriaga 2019; R. Abbott et al.
2023). Nevertheless, spin can be acquired through stellar
evolutionary processes such as mass transfer and tidal torques
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in close binaries (e.g., Y. Qin et al. 2018; L. Ma & J. Fuller
2019; S. S. Bavera et al. 2020; J. Fuller & W. Lu 2022), as well
as through gas accretion (M. Lopez et al. 2019) and hierarchical
mergers (F. Antonini & F. A. Rasio 2016; C. L. Rodriguez
et al. 2019) in dense star clusters. Similarly, the AGN
disk channel can lead to spinning BHs through a combination
of dynamics and gas interactions (A. Vajpeyi et al. 2022;
B. McKernan & K. E. S. Ford 2024). In fact, the latest LVK
population analysis of GW events shows that the distribution of
spin magnitudes among the most rapidly rotating components
of BBHs detected in GWTC-3 peaks near x =~ 0.4 (R. Abbott
et al. 2023; see their Figure 17). However, each formation
channel provides different mechanisms for both spin-up and
spin alignment of BBH binaries that yield contrasting
predictions to compare with observations.

The latest catalog of GW detections (GWTC-3) reveals weak
evidence for a preference against a purely isotropic spin
distribution (R. Abbott et al. 2023; see their Figure 16), though
the spin tilt distribution is only weakly constrained, and results
are model dependent (S. Vitale et al. 2023). This could
challenge the notion that all LVK BBHs originate from
dynamical assembly in dense star clusters (C. L. Rodriguez
et al. 2016, 2021; S. Stevenson et al. 2017; C. Talbot &
E. Thrane 2017; S. Vitale et al. 2017; H. Yu et al. 2020).

Additionally, isolated binary evolution predicts predominantly
spin—orbit aligned BBH mergers due to past episodes of mass
exchange and tidal interaction, which is also incompatible with
observations. This has been interpreted as evidence for multiple
formation channels (M. Zevin et al. 2021). Alternatively, we will
explore the possibility that additional physical processes that are
not currently included in theoretical models may be necessary to
explain the observed distribution of BH spins.

Globular clusters have been shown to efficiently produce
merging BBHs through a series of close encounters in their very
dense cores (e.g., S. F. Portegies Zwart & S. L. W. McMillan
2000; C. L. Rodriguez et al. 2016; A. Askar et al. 2017;
J. Samsing & D. J. D’Orazio 2018; K. Kremer et al. 2020c;
M. Mapelli et al. 2021). The BH merger products of each of
these sources inherit the angular momenta of their parent
binaries. Assuming negligible component spins for “first-
generation” (1G) BHs, these mergers produce a population of
spinning BHs with y ~ 0.7 (E. Berti & M. Volonteri 2008;
W. Tichy & P. Marronetti 2008; M. Kesden et al. 2010;
M. Fishbach et al. 2017). In some cases (especially in more-
massive star clusters with higher escape speeds; F. Antonini &
F. A. Rasio 2016), the merger product can be retained and merge
again. The LVK event GW190521 has been touted as the
canonical example of one of these “second-generation” (2G)
BBH mergers. In this case, GW events with high inferred spins
may clearly indicate dynamical formation in dense star clusters
(F. Pretorius 2005; M. Fishbach et al. 2017; D. Gerosa &
E. Berti 2017; C. L. Rodriguez et al. 2019; Z. Doctor et al. 2020;
C. Kimball et al. 2020; D. Gerosa & M. Fishbach 2021;
H. Tagawa et al. 2021; E. Payne et al. 2024).

Additionally, BHs are expected to dynamically interact with
luminous stars in star clusters. Indeed, the detection of a
growing number of BH binaries with luminous stellar
companions in both detached (B. Giesers et al. 2018, 2019)
and accreting (e.g., J. Strader et al. 2012; L. Chomiuk et al.
2013;J. C. A. Miller-Jones et al. 2015) configurations confirms
the importance of such interactions. These encounters may
cause a star to pass by a BH within its tidal disruption radius or
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to collide physically with the BH, resulting in the complete
disruption of the star (e.g., H. B. Perets et al. 2016; K. Kremer
et al. 2019b; M. Lopez et al. 2019; T. Ryu et al. 2020;
K. Kremer et al. 2022; F. Kiroglu et al. 2023). Collisions often
occur during close encounters involving binary stars (leading to
three- or four-body resonant encounters), as shown in, e.g.,
D. Bacon et al. (1996), J. M. Fregeau & F. A. Rasio (2007), and
K. Kremer et al. (2021). In cases where the disrupted stars are
comparable in mass to the BH themselves, subsequent
accretion could significantly increase the masses and spin
magnitudes of the BHs involved. Encounters with such massive
stars are expected to occur more frequently early in the
evolution of clusters, while disruptions of low-mass stars will
be more prevalent in older clusters where the most-massive
stars have already collapsed (e.g., K. Kremer et al. 2019b).

Here, we explore how the initial properties of star clusters
(metallicity, primordial binary fraction, and initial central
density) affect the rates and types of close stellar interactions,
ultimately influencing BH spin distributions. Our paper is
organized as follows. In Section 2 we summarize the methods
used to model the long-term evolution of star clusters. In
Section 3 we discuss the numbers and properties of BH-star
collisions identified in our models and discuss the dependence
of these events on cluster properties. In Section 4, we detail our
method for calculating BH spins from stellar collisions and
subsequent accretion, presenting their distributions and dis-
cussing the effects of different cluster parameters on these
spins. In Section 5, we examine the fraction of merging BBH
populations influenced by these collisions, comparing the
resulting spin distributions to the underlying astrophysical
distributions inferred from LVK data. Finally, we conclude and
discuss our results in Section 6.

2. N-body Models of Clusters

We create eight cluster models in this study using the
Cluster Monte Carlo (CMC) code, a Hénon-style N-body
code for stellar dynamics (see C. L. Rodriguez et al. 2022, for a
detailed review). CMC incorporates various physical processes
essential for studying both formation and evolution of stellar-
mass BHs, including stellar and binary star evolution using the
COSMIC population synthesis package (K. Breivik et al. 2020),
which includes our most up-to-date understanding of the
formation of compact objects, including prescriptions for natal
kicks, mass-dependent fallback, and (pulsational) pair-instabil-
ity supernovae (C. L. Fryer & V. Kalogera 2001; K. Belczynski
et al. 2002), three-body formation (M. Morscher et al. 2015),
and direct integration of small-N resonant encounters
(J. M. Fregeau & F. A. Rasio 2007) including post-Newtonian
effects (C. L. Rodriguez et al. 2018).

All models we consider here assume N = 8 x 10° objects,
including single and binary stars, at birth with masses drawn
from an initial mass function (IMF) ranging from 0.08-150 M.,
following slopes of P. Kroupa (2001). Each model is initially
described by King profiles (I. King 1962) with a fixed
concentration parameter of W, = 5. We consider two metallicity
values of Z = [0.1, 1.0]Z., and adopt a fixed galactocentric
distance of 20 kpc in a Milky Way-like galactic potential. We
also vary the initial cluster virial radius: r, = [0.5, 1] pc.

Initial stellar binaries. In dense star clusters, stellar binaries
play an important role as a significant dynamical energy source,
counteracting gravothermal contraction (e.g., D. Heggie &
P. Hut 2003; S. Chatterjee et al. 2010, 2013). Binaries also
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significantly contribute to producing high rates of both stellar
collisions (e.g., J. M. Fregeau & F. A. Rasio 2007) and BH
mergers (e.g., S. Chatterjee et al. 2017). Observations indicate
that nearly all O- and B-type stars in the Galactic field are born
in binaries (H. Sana et al. 2012). However, the binary fraction
in star clusters—both primordial and at later stages—remains
less well constrained. Many old globular clusters exhibit low
binary fractions today, despite potentially higher primordial
binary fractions at birth (e.g., J. M. Fregeau et al. 2009;
A. P. Milone et al. 2012). Motivated by this, we assume an
initial low-mass (<15 M) binary fraction of 5% in all models.
The initial binary fraction for massive stars (15 M) stars is set
to either 100% or 5%. This variation is expected to alter the
mass distribution of stars that could potentially collide with
BHs, as models with f,(>15 M) = 100% have been shown to
produce very massive stars through runaway collisions
(E. Gonzlez et al. 2021; E. Gonzédlez Prieto et al. 2024,
K. Sharma & C. L. Rodriguez 2024).

For low-mass binaries, primary masses are drawn randomly
from our IMF, secondary masses are drawn assuming a
flat mass ratio distribution in the range [0.1, 1], and initial
orbital periods are drawn from a log-uniform distribution
dn/dlogP x P. For the secondaries of the massive stars
(>15M,,), a flat mass ratio distribution in the range [0.6, 1] is
assumed, and initial orbital periods are drawn from the
distribution dn/dlogP < P~%% (e.g., H. Sana et al. 2012).
For all binaries, binary semimajor axes are drawn from near
contact to the hard/soft boundary, and initial eccentricities are
drawn from a thermal distribution.

Treatment of BH spins. We assume that BHs are born with
zero natal spin (dimensionless spin parameter x = 0) motivated
by the conclusions of J. Fuller & L. Ma (2019). In our current
version of CMC, BHs acquire spin only through mergers with
other BHs. In the event of a binary BH merger, we compute the
spin (as well as mass and GW recoil kick) of the new BH using
the method described in C. L. Rodriguez et al. (2018), which in
turn implements phenomenological fits to numerical and
analytic relativity calculations (M. Campanelli et al. 2007;
J. A. Gonzilez et al. 2007; E. Barausse & L. Rezzolla 2009;
C. O. Lousto & Y. Zlochower 2013).

Treatment of stellar collision products. BHs in dense clusters
can frequently undergo sufficiently close passages to tidally
interact with stars. Depending on the pericenter distance (r,,),
stars may undergo tidal captures, tidal disruptions, or physical
collisions with BHs. Following A. C. Fabian et al. (1975), we
define the characteristic radius for tidal interaction as

1/3
=1, (I‘EH) R, 3)

where Mgy is the BH mass, M, and R, are the stellar mass and
radius, respectively, and f, is a dimensionless parameter that
depends upon the internal structure of the star. CMC assumes
that the star is instantaneously destroyed upon colliding with a
BH, with no mass being accreted by the BH. This assumption
arises from the expectation that most BHs interact with low-
mass stars after the most-massive stars have already evolved in
old globular clusters. However, in young stellar clusters, much
more massive stars can be involved in collisions with BHs, and
this assumption may no longer be justified.

Predicting the outcomes of tidal interactions during
close encounters requires detailed hydrodynamic calculations
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(e.g., K. Kremer et al. 2022; T. Ryu et al. 2022; F. Kiroglu
et al. 2023), which are beyond the computational scope of CMC.
Consequently, we simplify the problem by assuming that stars
are initially on parabolic orbits and are fully disrupted upon
their first pericenter passage. As an upper limit, we set the
pericenter distance to be 7, = 7 computed by Equation (3) with
f» = 1. We somewhat arbitrarily assume that each collision
results in 50% of star's mass remaining bound to the BH, with
the actual accreted mass modified by an accretion efficiency
factor (0.5 M, X f,.), as discussed in Section 4.

3. Demographics of Collisions from N-body Models
3.1. Rates and Cluster Evolution

In this Section, we present the results of our cluster models.
Table 1 lists the complete set of simulations with the initial
conditions specified in the first two columns for each model.
Columns 3 and 4 list the total number of BHs retained upon
formation, and by the end of the simulation, respectively.
Column 8 shows the total number of BH—star direct collisions
and tidal disruptions (which we simply refer to as “collisions”
throughout the paper) that occur through both single—single and
binary-mediated encounters involving main-sequence (MS;
Column (5)) and giant (Column (6)) stars. Note that the total
number of collisions can exceed the number of retained BHs
upon formation, as some BHs (up to 10%) may experience
multiple collisions with different stars over their lifetime in the
cluster. To clarify, we also present the number of unique
collisions in Column (9), which represents the count of distinct
BHs colliding with stars.

The collision rate can be simply estimated as I' ~ nXo,Npy,
where n is the cluster number density, o, is the cluster's
velocity dispersion, Y is the collision cross section, and Ngy is
the total number of BHs in the cluster (which, in general, are all
found within the half-mass—radius due to mass segregation;
e.g., M. Morscher et al. 2015). For a given metallicity, the
r, = 0.5 models yield a higher number of collisions (by at least
a factor of 2) than those with r, = 1. This is expected, as the
cluster density increases with decreasing cluster size, and the
collision rate scales with the cluster number density n ~ N /77,
where 7, is the half-mass—radius of the cluster.

Clusters with many retained BHs (e.g., models 3 and 7) are
relatively diffuse while clusters with few BHs (models 2, 6)
ultimately undergo core collapse, leading to relatively high
central densities and thus an increased rate of stellar collisions.
For a given initial cluster size, the number of retained BHs
upon formation in low-metallicity clusters is at least twice that
of those in high-metallicity clusters. This difference stems from
the stronger kicks assumed for lower-mass BHs in higher-
metallicity models (e.g., C. L. Fryer et al. 2012), which eject
about two-thirds of the BHs initially formed.

Nevertheless, despite having fewer retained BHs, high-
metallicity clusters lead to BH—star collisions that are twice as
frequent as those in lower-metallicity models. This can be
explained as follows: when a large number of BHs are present
in a cluster, the energy production in the BH-dominated
core dynamically “heats” the lower-mass stars in the cluster
(a phenomenon often referred to as “BH binary burning”;
A. D. Mackey et al. 2007; P. G. Breen & D. C. Heggie
2013; K. Kremer et al. 2020b). In this case, the cluster density
is reduced, inhibiting interactions between BHs and stars (e.g.,
K. Kremer et al. 2018a). Thus, despite a significant number of
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Figure 1. Time evolution of the cluster core radii (measured as in S. Chatterjee et al. 2013) for models with metallicities Z = 0.1 Z, (left) and Z = 1 Z, (right), both
with a fixed initial virial radius r, = 1 pc. In both panels, rapid mass segregation of massive MS stars is observed (labeled “Phase 1), with this effect being more
pronounced and occurring more promptly at lower metallicity and higher binary fraction for massive stars. For all models, the core radius starts to expand around
t =~ 3 Myr due to mass loss from stellar evolution (“Phase 2”). On longer timescales (¢ 2 100 Myr), the core expansion is further influenced by dynamical heating from
BHs once a central BH core forms (“Phase 3”). In the case of Z = 1.0 Z..,, the rapid depletion of the BH population after 1 Gyr ultimately facilitates a significant core
collapse, which in turn elevates the rate of BH—star collisions at later times (see the bottom panel of Figure 3).
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Table 1
List of Cluster Models and Collision Counts

No. of BHs No. of Collisions
ry/pc Z|Z Retained Final MS Giant Merger prod. All Unique (Mums) (Mg) (Mgy)
@ (@) 3 (C) ® 6) O] ® ® (10) an 12)
1 1.0 1.0 518 39 137 30 0 167 118 2.9 4.2 16.2
2 1.0 1.0 253 2 168 73 0 241 120 2.5 3.8 15.2
3 1.0 0.1 1754 573 46 24 5 70 67 0.5 23.6 29.0
4 1.0 0.1 870 49 64 14 0 78 74 0.5 4.2 32.8
5 0.5 1.0 698 13 366 134 4 500 265 2.3 4.9 14.7
6 0.5 1.0 284 6 429 244 6 673 248 2.6 4.1 14.4
7 0.5 0.1 1516 280 179 67 32 246 196 0.2 23.5 30.8
8 0.5 0.1 834 3 189 58 6 247 177 1.3 9.8 235

Note. All N-body models computed in this study. In Columns (1) and (2), we list the initial virial radius, metallicity. Models marked with asterisks assume 5% for the
binary fraction for massive stars (>15 M), while other models assume 100%. We run each simulation for a minimum of 12 Gyr. Columns (3) and (4) list the total
number of BHs retained after natal kicks, and the number of BHs remained by the end of the simulation, respectively. Columns (5) and (6) list the total number of
collisions of BHs with MS stars, and giants, respectively. Column (7) represents the number of BH-massive star collisions, where the massive star involved is itself a
merger product of two progenitor stars, with at least one of the progenitors having a mass >15 M.,. Column (8) represents the total number of BH-star collisions,
encompassing all types of stars, while Column (9) counts only unique BHs involved in those collisions. Columns (10)—(12) list the median mass of MS stars, giant
stars, and BHs (in units of M) that are involved in BH-star collisions.

retained BHs, the collision rate with stars remains relatively
low. As the cluster depletes its BHs and approaches core
collapse, the cluster density increases, and BHs dynamically
mix more efficiently with other stars in the cluster (K. Kremer
et al. 2019a).

The early dynamics of star clusters driven by massive stars is
significantly influenced by the presence of primordial binaries
(J. M. Fregeau et al. 2003), the formation of binaries through
three-body interactions (P. Hut & S. Inagaki 1985; M. Giersz
1998), and the mass-segregation process (e.g., M. Freitag et al.
2006; S. Goswami et al. 2012). In Figure 1, we show how these
various processes influence the evolution of cluster core radii

and, in turn, the BH-star collision rate over time. Before the
formation of BHs and their decoupling from the rest of the
cluster, the most-massive stars tend to segregate toward
the cluster center, which drives core collapse, which is more
pronounced in models with 100% massive binary fraction (Phase
1 in Figure 1). The presence of binaries in the core further
elevates collision rates, leading to successive collisions of
massive stars within the first 5 Myr of cluster evolution. Shortly
after formation of BHs, they can collide with these massive
stars (see Column (7) of Table 1). The number of massive
stellar collisions is expected to be significantly higher in denser
clusters with f,(> 15 M) = 100% (e.g., E. Gonzlez et al. 2021),
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Figure 2. Mass ratio distribution for all BH-star collisions identified in models
with high-mass binary fraction 5% (beige histogram) vs. 100% (black
histogram) for different metallicity models. We see that BHs often collide
with stars of comparable mass, especially for higher massive star binary
fractions and lower metallicity.

1072

resulting in an increased BH-massive star collision rate. Indeed,
in model 7, we find that about 15% of BH-star collisions involve
the massive products of stellar collisions, potentially having a
significant impact on BH properties, as discussed further in
Section 4.

3.2. Masses

Columns (10)—(12) of Table 1 present the median masses of
BHs and stars (separately for MS stars and giants) involved in
collisions. In the Z = 0.1 Z, clusters, more than 50% of these
collisions occur within 100 Myr with a similar median mass for
both BHs and giants of ~ 30 M. Approximately 20% of the
BHs exceed our assumed pair-instability supernova mass
limit which is 40.5 M. About 25% of these massive BHs
result from BBH mergers earlier in the cluster's evolution (i.e.,
2G BHs) while 75% are formed through one or more stellar
collisions of their progenitor stars in clusters with
fr &> 15 M) = 100% (e.g., K. Kremer et al. 2020a; E. Gonzlez
et al. 2021).

In contrast, the solar-metallicity models yield lower masses
for both BHs and stars, with a typical median BH mass of
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Figure 3. Stellar mass vs. time of all BH-MS (blue) and BH-Giant (orange)
collisions identified in models 1-8. The top (bottom) panel is for metallicity
0.1 Z.(1 Z). The solid black line shows the turnoff mass as a function of time
(stars above this line were formed through previous stellar collisions/mergers).
We see that BHs collide with massive stars (MS and giants) particularly at early
times but also at late times for a cluster that undergoes core collapse (see the
right panel of Figure 1).

15 M. Higher metallicity leads to more substantial mass loss
through stellar winds before the stellar core collapse, resulting
in the formation of BHs with reduced masses (e.g., J. S. Vink
et al. 2001; C. L. Fryer et al. 2012; K. Belczynski et al. 2016).

In Figure 2, we show the mass ratio distributions of colliding
stars and BHs across models with different primordial binary
fractions for massive stars (fi,(> 15M.) = 5%, 100%) and
metallicities (Z = 0.1, 1.0 Z). The top panel demonstrates that
in clusters with Z = 0.1 Z, increasing the primordial massive
binary fraction shifts the median mass ratio to 0.5 and extends
the tail for mass ratios to above 10. We note that the median
BH mass remains relatively constant at approximately 30 M, in
the low-metallicity models, regardless of the high-mass binary
fraction (see Column (12) in Table 1). Consequently, cases
with M, /Mgy = 1 observed in f,(> 15M.) = 100% clusters
are primarily due to massive stars formed through previous
stellar mergers or collisions, which are mixed with BHs
within the first roughly 10 Myr of cluster evolution (see the
top panel of Figure 3). Additionally, in models with
(> 15 M) = 100%, 70% of the massive star—BH collisions
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within 10 Myr involve binary encounters (binary—single or
binary-binary), whereas this fraction decreases to 40% for the
models with f,(> 15 M) = 5%. Most of the collisions (90%)
involving massive stars in the lower-metallicity models
originate from primordial binaries, while only 10% of these
binaries are dynamically assembled through exchange encoun-
ters. However, we note that about 80% of them are primordial
binaries that have been dynamically shaped by a series of
scatterings, during which their semimajor axis or eccentricity
changes while retaining their original pairing. This highlights
that the mass distribution of collided objects is highly sensitive
to the primordial binary fraction of massive stars in low-
metallicity models. Meanwhile, the bottom panel of Figure 2
shows that in high-metallicity clusters, the mass ratio
distribution of colliding objects remains largely unchanged
despite variations in the massive binary fraction, with the
distribution peaking around 0.2.

In Figure 3, we show the stellar mass and collision time for
all BH-star collisions in our models. In the lower-metallicity
models (top panel), there is a distinct overdensity of collisions,
especially of giant stars, shortly after formation of BHs, within
<10Myr. In contrast, the solar-metallicity models (bottom
panel) show a pronounced increase in collisions at ¢ = 1 Gyr.
This late-time rise in collisions is attributed to the significant
increase in cluster density as the cluster nears core collapse (see
the right panel of Figure 1). In high-metallicity environments,
massive giants experience significant mass loss due to stellar
winds, leading to smaller radii and reduced collision cross
sections. This reduction in cross section leads to fewer
collisions early on. However, as lower-mass stars become
more prevalent later, the impact of mass loss on collision rates
diminishes. In fact, the increased density of the cluster during
core collapse drives collisions between stars, leading to the
formation of stars above the turnoff mass (indicated by the
solid gray curve), such as blue straggler stars (e.g.,
C. D. Bailyn 1995), which may subsequently collide with
BHs. This explains the constant mass ratio in star—-BH
collisions observed in Figure 2 for high-metallicity models
despite variations in the massive binary fraction, which
primarily affect only the early collision dynamics within the
cluster.

Our N-body models indicate that more than 50% BHs
retained upon formation in dense star clusters undergo at least
one stellar collision throughout the cluster's evolution. Notably,
we found that approximately 35% of these collisions have mass
ratios greater than 0.5 in clusters with f,(> 15 M.) = 100%
while this number decreases to a few percent in clusters with
fo(> 15M.) = 5%. This emphasizes that the presence of
massive stars in binaries is crucial for achieving high rates of
collisions between BHs and massive stars.

4. Spins
4.1. Modeling Spin Evolution due to Accretion

We calculate the change of the BH spin magnitude through the
accretion of disrupted material as described in J. M. Bardeen et al.
(1972), where we assume that the final BH will have a mass and
angular momentum nearly equal to those of the binary system at
the last stable orbit (ISCO). Assuming that the accretion disk is in
the equatorial plane of a BH and that gas is dumped directly onto
the BH from the ISCO, the spin parameter of the BH is given by
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(J. M. Bardeen et al. 1972; M. Volonteri et al. 2013)

"2 g4 — 3¢ — V2 for r/2

N

X = 4

1 for > rl/2

Q= Q=

where g is the initial-to-final-BH-mass ratio, and r = r_so/Mpn
is the dimensionless radius of the ISCO in natural units, where
c=G=1,

r=3+2FJ3-Z)3 +Z + 22, )

where Z; and Z, are functions of initial spin parameter X, only
Zi=1+ 1 = "l + x9* + (1 = x9)'L,

2 =13 + 2172, (©)

and the upper and lower signs indicate that the gas is accreting
on prograde and retrograde equatorial orbits, respectively.

In our cluster models, although BHs are initially born with
zero spin, approximately 10% of these BHs may experience
more than one stellar collision. As a result, some of these BHs
could possess nonzero spin at the time of their second or
subsequent collisions. Therefore, for our spin calculations, we
use a generalized prescription that accounts for the possibility
of an initially spinning BH. We however note that the collision
of a BH with the most-massive star it has collided with is
expected to have the most significant impact on the BH's spin.

According to Equation (4), an initially nonspinning BH
(xo = 0) can be spun up to a maximum value x = 1 after its
mass increases by a factor J6 ~ 25. Conversely, a maximally
rotating Kerr BH (xo = 1) can be spun down to xy = 0 after
growing by a factor v/3 /2 ~ 1.2. Spin-up occurs naturally
when the captured material has a constant angular momentum
axis aligned with the BH's spin direction (‘“‘coherent accre-
tion”). In contrast, spin-down happens when the accreted
material has counterrotating angular momentum relative to the
BH's spin. In our calculations, we assume that the accretion of
corotating material (causing spin-up) and counterrotating
material (causing spin-down) is equally probable. However,
since the ISCO for retrograde orbits is at a larger radius than for
prograde orbits, the transfer of angular momentum is however
more efficient in the retrograde case. The accretion of
counterrotating material is therefore more effective in spinning
down BHs than the accretion of corotating material is in
spinning them up.

4.2. Spin Distributions under Realistic Stellar Collisions

We now investigate the spin evolution of BHs due to
accretion, employing Equations (4)—(6) as a post-processing
step to our N-body cluster models.

As shown in Equation (4), the final spin of a BH is
determined by the amount of mass accreted, which depends on
both the mass bound to the BH after the collision and the
accretion efficiency, f,... Motivated by the outcomes of our
previous hydrodynamic simulations (K. Kremer et al. 2022;
F. Kiroglu et al. 2023), we assume that the accretion flow is
disk-like. For the highly super-Eddington accretion rates
expected here, where the disk cannot efficiently cool via
radiation, the disk is prone to outflows that reduce the total
mass supplied to the BH (e.g., R. Narayan & I. Yi 1995;
R. D. Blandford & M. C. Begelman 1999). To account for
potential mass outflows, the accretion rate onto the BH is
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Figure 4. Dimensionless spin parameter y for BHs of mass Mgy after a collision with star of mass M,. The dots show all collisions that happened in the models with
fo(> 15 M) = 100%. In each panel, the background colors indicate the final spin of the BHs after accreting either 10% (left) or 100% (right) of the bound stellar

debris, which we assume to be 0.5 M,. In the most optimistic scenario (fye. =

100%), stellar collisions can significantly affect BH spins, resulting in a median spin

parameter x =~ 0.4. For less-efficient accretion (f,cc = 10%), the median BH spin is only about y =~ 0.05. Note again that we assume all BHs to be born initially

nonspinning.

adjusted by a factor of (Ru../R;)*, where R,.. = 6GMBH/C2
represents the accretion radius (assumed to be the ISCO), R, is
the outer edge of the disk, and the uncertain power-law index s
is in the range [0, 1]. In the case of the highest mass inflow
rate (s = 0), the entire disk mass is accreted onto the BH
(face = 100%). Conversely, for inefficient accretion disks
(s =~ 1), most of the disk mass is expelled in a wind.

The true accretion efficiency depends on the complex
physics of super-Eddington accretion, including magneto-
hydrodynamic processes and radiative transport, which are
not fully understood (O. Blaes et al. 2011; K. Ohsuga &
S. Mineshige 2011; J. C. McKinney et al. 2014; A. Sadowski
2016). Numerical simulations of radiatively inefficient accre-
tion flows analogous to those expected here suggest that s most
likely lies within the range 0.2-0.8 (e.g., F. Yuan et al. 2012;
F. Yuan & R. Narayan 2014). Considering an initial disk
mass of 1 M., a disk radius of R; = 10" ¢cm, an accretion
radius Ry = 10°cm, and high mass inflow rates (s < 0.2)
leads to (Rayec/Ry)* < 0.1.

Figure 4 illustrates the initial masses of BHs and stars
involved in collisions, with the background color representing
the corresponding BH spin for a given mass ratio, determined
by the accretion efficiency. Given the uncertainties surrounding
the accretion efficiency, we calculate upper and lower limits for
BH spins, assuming accretion efficiencies of 10% and 100%.
We show in the left panel the lower limits on BH spins. In this
case, only a few BHs can achieve spins up to x ~ 0.4 through
collisions with the most-massive stars while the majority of
BHs exhibit low spins (x < 0.1). The right panel demonstrates
BH spins for the same set of BH—star collisions assuming no
wind mass 1oss (foc.c = 100%). In this most optimistic scenario,
the median BH spin is 0.4 with approximately a dozen BHs per
cluster reaching maximal spins (x = 1). These results show that
stellar collisions in star clusters could significantly enhance the
spins of BHs, with important implications for the GW sources
detected by LVK, which we will discuss in the next Section.

5. Implications for Gravitational-wave Sources

In this Section, we examine the fraction of BHs in merging
binaries that are influenced by stellar collisions and, consequently,
may experience spin-up. Figure 5 illustrates the dynamical
evolutionary history of two example BBHSs, from their birth to
the onset of mergers. This Figure highlights two types of collision
configurations involving BHs and stars, along with the expected
spins and orientations of the BHs in each case. On the left side
(Case A), a BBH collides with an MS star of radius (= 10R.)
comparable to the semimajor axis of the orbit (@ =~ 0.1 au),
resulting in the BBH becoming embedded in a “common
envelope”-like scenario. In this case, both BHs are expected to
accrete stellar debris, which can align their spins with their orbit. If
the BBH system does not widen significantly after the interaction,
it may coalesce before any subsequent encounters can affect the
spin—orbit orientation. On the right side (Case B), a single BH
collides with a massive giant, which formed from three previous
stellar collisions between massive stars. After spinning up through
accretion, the BH subsequently forms a BBH through a dynamical
exchange encounter at + = 275 Myr and then hardens via
scattering interactions until the merger. For Case B, since the
BBH is assembled after the collision that leads to spin-up, we
expect random orientations of the spins of the BHs at merger.

Table 2 presents data on BBH mergers affected by prior
stellar collisions (Columns (4) and (5)), comparing these with
those that did not experience any collisions beforehand
(Column 3). Specifically, Column (4) shows the number of
BBH mergers similar to Case B in Figure 5. In this scenario, at
least one of the components was spun up through a prior stellar
collision as a single BH, after which it forms the BBH through
subsequent dynamical encounters, which randomizes the spin—
orbit alignment prior to the ultimate BBH merger. Column (5)
shows the number of BBH mergers similar to Case A. Here
the BBH undergoes a stellar collision and merges before
undergoing any subsequent dynamical encounters, allowing
spin—orbit alignment created during the collision itself to be
preserved. In practice, this often means the Case A BBHs are
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Figure 5. Two examples of dynamical formation and evolutionary history for
merging BBHs involving BH—star collisions. Symbols for the different types of
dynamical interactions, including scatterings and exchanges are shown in the
inset. Whenever there is a physical collision, we also give the collision time
t.on- Left side: a BBH undergoes a collision with an MS star (shown in orange)
at t = 16 Myr, resulting in the formation of a common envelope. Right side: a
massive giant star (shown in red) resulting from previous stellar mergers collide
with a single BH at = 10 Myr; the BH, now spun up by accretion, becomes
part of a merging BBH through subsequent dynamical encounters.

relatively compact at the time of stellar collision (typically
a < R,). Column 6 provides the total count of BBH mergers,
including both those occurring within their host clusters and
those that merged post-ejection, represented as the sum of the
values in Columns (3)—(5).

In all models combined, roughly 40% of all BBH mergers
feature at least one stellar collision prior to merger. About 90%
of these spun up BBHs are dynamically assembled from single
BHs post-collision, suggesting that the majority of these BBHs
have uncorrelated spins and orbital orientations (Case B). In
contrast, the remaining 10% experienced a stellar collision after
binary formation, thus preserving their spin—orbit alignment
until the merger (Case A).

Columns (7)—(9) represent the number of merging BH binaries
with primary, secondary, or both components spinning (due to
both BH mergers and stellar collisions) prior to the merger. Given
that typical 2G mergers constitute about 10% of all BBH mergers,
stellar collisions can increase the number of BBHs with at least
one component spinning by a factor of a few (depending on the
accretion efficiency; see Figure 4). Additionally, we find that these
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clusters can host a comparable number of merging BBHs where
either the primary component or both components are spinning as
a result of prior stellar collisions.

In Figure 6, we show the corresponding cumulative distribution
of primary spins of the merging BBHs identified in our high-
metallicity (dashed lines) and low-metallicity models (solid lines).
Different colors denote different accretion efficiencies (see
Section 4.2). In the case of no accretion (shown in orange), the
spin distribution, as expected, peaks at 0 and 0.7, representing 1G
and 2G BHs, respectively. As we increase the accretion efficiency,
the spin distribution broadens to both lower and larger values than
0.7. For the Z = 1 Z, models, where around 60% of all merging
BBHs have undergone a stellar collision, the 100% accretion
efficiency results in a mean primary spin of approximately
X1 ~ 0.2, while in the Z = 0.1 Z, models, the mean primary spin
is about x; ~ 0.1, with 30% of all merging BBHs having
experienced a collision. At a lower accretion efficiency of 10%,
the mean spin decreases to approximately x; ~ 0.01 for both
metallicity models.

In Figure 7, we display the effective spin versus primary
mass for all of the BBH mergers identified in our models with
fo(> 15M.) = 100%, assuming either 10% (top) or 100%
(bottom) accretion efficiency. Magenta points indicate BBHs
with at least one component that experienced at least one stellar
collision before merging, while blue points represent 1G and
2G BBH mergers unaffected by stellar collisions. We compare
our results with astrophysical samples from the 2D posterior
predictive distribution (PPD) inferred using data from the latest
LVK catalog under a population model that allows the X
distribution to evolve linearly with primary mass. The PPD
represents the updated underlying population-level distribution
corrected for GW detection biases marginalized over statistical
uncertainties (see Appendix D of E. Thrane & C. Talbot 2020).

We find that our models including the effects of stellar
collisions qualitatively reproduce the trends in the GW data.
While the f,.. = 10% model predicts a narrower Xesr
distribution at lower masses, the f,.. = 100% model reproduces
both the spread in the y.¢ values and the broadening of the
distribution as a function of mass. The widening at larger
masses (blue points) is also due to the merger products of
higher-generation BHs. Preliminary evidence for this broad-
ening was identified in GWTC-3 data, namely, that the width of
the x.p distribution increases with the BBH primary mass
(M. Safarzadeh et al. 2020; S. Biscoveanu et al. 2022;
V. Tiwari 2022; J. Heinzel et al. 2024). We caution that the
astrophysical population of BBHs probed by LVK detections
likely includes contributions from multiple formation channels,
so our models should not be expected to explain all of the
features in the inferred BBH spin distribution, like the
preference for a peak above ¢ = O.

6. Conclusions and Discussion
6.1. Summary

BBHs dynamically formed in dense stellar clusters are expected
to evolve through a series of interactions, including collisions and
mergers with stars and other BHs. These interactions can result in
changes to the BH mass, spin, and orbital characteristics within
the cluster. To investigate these effects, we conducted a series of
N-body simulations of dense stellar clusters with varying
metallicities, densities, and primordial binary fractions. Our
primary findings are as follows:
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Table 2
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Merging Black Hole Binaries

No. of BBH Mergers

No. of Spinning Components

r,/pc Z/Z No Colls Single BH-star BBH-star Total Primary Secondary Both Total

(6] (@) 3 (C) ® ©) @) ® ® 10)
1 1.0 1.0 28 19 1 48 11 7 5 23
2 1.0 1.0 8 13 6 27 9 2 10 21
3 1.0 0.1 87 10 0 97 9 1 3 13
4 1.0 0.1 59 17 0 76 17 6 0 23
5 0.5 1.0 37 48 5 90 26 9 21 56
6 0.5 1.0 6 30 13 49 16 4 25 45
7 0.5 0.1 58 29 0 87 24 5 9 38
8 0.5 0.1 62 40 2 104 37 7 12 56

Note. In Columns (1)—(2), we list the initial cluster parameters-virial radius, metallicity, respectively, for the same set of models presented in Table 1. Column (3)
represents the number of mergers of BH binaries that are not influenced by stellar collisions, including both 1G and 2G components. Column (4) provides the number
of mergers of BH binaries with at least one component that was spun up from stellar collisions prior to forming the BH binary and merger (Case B in Figure 5).
Column (5) specifically represents the number of merging BH binaries that previously underwent a stellar collision as a binary and were compact enough to merge
subsequently, ensuring that any temporary spin alignment was not erased before coalescence (Case A in Figure 5). Column (6) lists the total number of BBH mergers,
including those occurring within their host clusters and after their ejection, which is the sum of the values in Columns (3)—(5). Columns (7)—(9) represent the number
of merging BH binaries with primary, secondary, or both components spinning, respectively, due to either repeating BBH mergers or stellar collisions. Column (10)
represents the total number of these BBH mergers that have at least one component spinning. See Figure 6 for the primary spin distribution of the merging BH

binaries.
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Figure 6. The cumulative spin magnitude distribution of primary BHs in
merging binaries, combining all models with fi = 100% (and showing

separately results for models with solar metallicity as dashed lines and lower-
metallicity models with solid lines). Different colors indicate three different
choices of accretion efficiency (for f,.. = 0% BH spin-up occurs only through
BBH mergers).

1. The dynamical evolution of dense star clusters, influ-
enced by their varying initial properties, significantly
affects the rates and types of stellar interactions.
Depending on these cluster characteristics, collisions
between BHs and massive stars can occur both at early
and late times, driven by binary evolution and stellar
interactions.

2. The high density in cluster cores combined with high binary
fractions lead to an increased rate in stellar mergers and
BH-star collisions as binaries have a larger cross section for

interaction. Therefore, BHs collide with more-massive stars
as we increase the high-mass binary fraction, leading to a
higher formation efficiency of spinning BHs (since we
assume BHs to be born nonspinning).

. We investigated the effect of metallicity on both the number

of collisions and BBH mergers. We find that fewer BHs are
retained at formation for higher metallicity (due to effects of
natal kicks), leading to a reduced BBH merger rate in these
simulations. However, we find that the BH-star collision
rate increases at higher metallicities. This is primarily
because lower-mass BHs and stars can mix more readily in
the absence of BH-dominated dynamics, particularly as the
cluster approaches core collapse. Consequently, despite
their lower overall number, more than half of the BHs in
our solar-metallicity models can undergo collisions with
stars, surpassing the rates obtained in lower-metallicity
(Z = 0.1 Z,) models by at least 50%. However, lower-
metallicity clusters enable BHs to collide with much more
massive stars at early times, allowing for more significant
spin-up of the BHs.

. We explored the formation of spinning BHs through

accretion following the collisions and tidal disruptions of
stars. We found that initially nonrotating BHs can be
spun up to a median dimensionless spin parameter x up
to about 0.4 in clusters with binary fraction for massive
stars f,(> 15M.) = 100% (see the right panel of
Figure 4, where f,.. = 100%). We also showed that over
50% of merging BBHs in star clusters contain at least one
component that has previously collided with a star,
resulting in the primary component's median spin X
being up to 0.2, especially in high-metallicity clusters.
Formation of highly spinning BHs in young star clusters
has key implications for the GW sources detected by the
LVK. Indeed, S. Biscoveanu et al. (2022) already found
some evidence in GW data for a population of BHs with
larger spin magnitudes at higher redshift, consistent with
our theoretical expectations for dynamically formed BBH
sources interacting with massive stars.
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Figure 7. Effective spin (xeg) vs. primary BH mass for all of the merging
BBHs identified in our cluster models with f,(> 15 M.) = 100%. Magenta
points represent BBHs affected by stellar collisions (with at least one spinning
component prior to merger). Blue points denote merging BBHs where no
component was affected by a collision (but note that some include a 2G BH).
The magenta points differ between the top (fiee = 10%) and bottom
(face = 100%) panels. The background color coding shows the 2D posterior
predictive distribution in primary mass m; (source) and X.¢ from LVK data.
These were obtained under a population model that allows for the mean and
width of the x.¢ distribution modeled as a Gaussian to correlate linearly with
primary mass (Equations (2)—(4) of S. Biscoveanu et al. (2022), based on the
GWTC-3 data).

6.2. Discussion and Future Work

Close encounters between BHs and stars can also significantly
impact BH dynamics within clusters. Merging binary BBHs with
high spins can receive GW recoil kicks as large as 4000 km s~
(e.g., M. Camparnelli et al. 2007; C. O. Lousto et al. 2012),
which far exceed the escape velocity of any star cluster.
Consequently, if many BHs in a cluster achieve high spins
through collisions with massive stars, BBH merger products may
be more likely to be ejected from the cluster, thereby limiting 2G
mergers. C. L. Rodriguez et al. (2019) demonstrated that the
fraction of BBH merger products retained within the cluster
decreases from approximately 60% to 10% as the birth spins of
BHs increase from O to 0.2. Similarly, F. Antonini & F. A. Rasio
(2016) showed that for BH spins bigger than 0.5, 2G mergers
would only be formed in massive galactic nuclei. Our N-body
simulations show that up to 40% of merging BBH components
can acquire spins greater than 0.2 through accretion (depending on
the assumed accretion efficiency), thereby surpassing the retention
of their subsequent mergers.
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BH-star collisions also provide a possible way to produce
massive mergers like GW190521 and very asymmetric mergers
like GW190412. In the context of these, C. L. Rodriguez et al.
(2020) explored the possibility that GW190412, with the
dimensionless spin magnitude of the primary BH 0.43+0:1¢
(R. Abbott et al. 2020), is a 3G BBH from a super—star cluster,
demonstrating that the primary BH can have a spin magnitude
between 0.17 and 0.59. This phenomenon, however, limits the
formation of moderately spinning BHs to the retention of 3G BHs
in massive clusters (ZIO6 M) characterized by large escape
speeds. As shown in this paper, BHs with similar spins may be
easily produced by invoking stellar collisions in clusters with a
typical Milky Way globular cluster mass (~10° M..).

One interesting question raised by this work is whether the
Xetr distribution could be shifted to slightly positive values
through BBH—star collisions in star clusters. M. Lopez et al.
(2019) investigated this using hydrodynamic simulations and
demonstrated how both the spin magnitude and orientation of
the BHs can be altered through the accretion of stellar debris,
but they did not provide conclusive results regarding any
tendency for alignment. A follow-up exploration of this
question will be presented in a forthcoming paper (F. Kiroglu
et al. 2025, in preparation), which will include detailed
hydrodynamic calculations.

Collisions of BBHs with stars can also alter the properties of
the BBH orbit, which could potentially affect their GW inspiral
time. Collisions of BBHs with giants or massive MS stars may
increase their merger rates by shrinking the BBH orbit inside a
common envelope. Capturing the detailed tidal interactions
during these close encounters requires detailed hydrodynamic
calculations, which are beyond the scope of this study (but see,
e.g., M. Lopez et al. 2019; K. Kremer et al. 2022; T. Ryu et al.
2022; F. Kiroglu et al. 2025, in preparation, for a discussion).

In our cluster models, we have not included primordial mass
segregation, although it is observed in many young massive
clusters with ages much less than their relaxation times,
suggesting it might be a primordial feature of some clusters
(e.g., I. Bonnell & P. Kroupa 1998; D. Gouliermis et al. 2004;
S. Goswami et al. 2012). Recent studies have shown that
primordial mass segregation leads to an increased rate of
massive star collisions at early times, thereby facilitating the
formation of intermediate-mass BHs through collisional run-
away (e.g., M. A. Giirkan et al. 2004; S. F. Portegies Zwart &
S. L. W. McMillan 2002; M. Freitag et al. 2006; S. Goswami
et al. 2012; K. Kremer et al. 2020a; E. Gonzlez et al. 2021;
E. Gonzdlez Prieto et al. 2024; K. Sharma & C. L. Rodriguez
2024). We anticipate that primordial mass segregation could
also enhance the rate of BH—star collisions, similar to the effect
of primordial binaries.

As this paper represents an initial effort to study BH spin
evolution through accretion in realistic stellar environments,
several simplifying assumptions have been made. For simpli-
city, we assume that stars are initially on parabolic orbits and
are fully disrupted after any collision or tidal disruption, with
50% of their mass somewhat arbitrarily assumed to remain
bound to the BH. The actual amount of stellar material left in
an envelope bound to the BH, however, will of course depend
on the specific parameters of the encounter. Additionally, we
assume that only one of the BHs is able to accrete following a
BBH-star collision, while in reality both BHs may be able to
accrete some of the debris.



THE ASTROPHYSICAL JOURNAL, 979:237 (12pp), 2025 February 1

Another simplifying assumption we make implicitly here is
to neglect accretion feedback. Accretion will release energy on
a variety of timescales and possibly trigger various outflows,
leading to some fraction of mass loss, which is uncertain. In the
highly simplified models presented here, we adopt fixed
accretion efficiencies of 10% versus 100% to crudely represent
accretion under high or low feedback effects.

All of the simplifying assumptions discussed above can also
impact the star cluster models that we compute with CMC. The
current treatment of physical collisions and tidal disruptions in
CMC models employs a highly simplified set of recipes. For
example, CMC assumes that stars, regardless of their mass, are
instantaneously destroyed upon colliding with a BH, with no
mass being accreted. Changing BH masses and spins through
accretion will actually affect to some extend the long-term
dynamical evolution and present-day structure of a star cluster
since we now understand that BHs play a dominant role in
supporting clusters against gravothermal collapse (e.g.,
K. Kremer et al. 2018b, 2020b).

A more detailed treatment of the various regimes of BH-star
interactions using hydrodynamic models is necessary to
explore the potentially broad range of outcomes from these
events. Future work would replace the current simplistic
recipes in CMC with a more sophisticated set of fitting formulae,
providing at least qualitatively accurate results for all
hydrodynamic stellar interactions occurring in clusters.
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