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Abstract

The existence of compact stellar remnants in the mass range 2-5 M, has long been debated. This so-called lower-
mass gap (LMG) was initially suggested by the lack of low-mass X-ray binary observations with accretors about
2-5 M, but it has recently been called into question following newer observations, including an LMG candidate
with a millisecond pulsar (MSP) companion in the dense globular cluster NGC 1851. Here, we model NGC 1851
with a grid of similar dense star clusters utilizing the state-of-the-art Monte Carlo N-body code Cluster Monte
Carlo, and we specifically study the formation of LMG black holes (BHs). We demonstrate that both massive star
evolution and dynamical interactions can contribute to forming LMG BHs. In general, the collapse of massive
remnants formed through mergers of neutron stars (NSs) or massive white dwarfs produces the largest number of
LMG BHs among all formation channels. However, in more massive clusters, supernova core collapse can
contribute comparable numbers. Our NGC 1851-like models can reproduce MSP—LMG BH binaries similar to the
observed system. Additionally, the LMG BHs can also become components of dynamically assembled binaries,
and some will be in merging BH-NS systems similar to the recently detected gravitational wave source
GW230529. However, the corresponding merger rate is probably <1 Gpc > yr~
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1. Introduction

The maximum mass of neutron stars (NSs) and the
transitional mass between NSs and black holes (BHs) have
been long-standing questions in astrophysics. Theoretical
calculations indicate that NSs have gravitational masses
<3 M,, (e.g., C. E. Rhoades & R. Ruffini 1974; V. Kalogera
& G. Baym 1996), while pulsar timing observations have
identified 2.08 £0.07 M., (H. T. Cromartie et al. 2020;
E. Fonseca et al. 2021) as the most massive NS to date. At
the same time, dynamical mass measurements of BHs in X-ray
binaries have suggested a lack of BHs with mass <5M.,
indicating the possible existence of a mass gap, usually referred
to as the “lower-mass gap” (henceforth LMG), between ~3 and
~5M. (C. D. Bailyn et al. 1998; F. Ozel et al. 2010;
W. M. Farr et al. 2011). These findings inspired searches for
the origins of the LMG, including those resulting from
core-collapse supernovae (CCSNe; C. L. Fryer et al. 2012;
K. Belczynski et al. 2012; C. S. Kochanek 2014; T. Liu et al.
2021; C. L. Fryer et al. 2022) and binary evolution of massive
stars and compact objects (e.g., S.-J. Gao et al. 2022;
J. C. Siegel et al. 2023).

Recently, however, various observations have revealed
several candidates residing in the purported LMG. These
include compact objects in noninteracting binaries (T. A. Tho-
mpson et al. 2019; T. Jayasinghe et al. 2021), an isolated
compact object detected by microlensing (C. Y. Lam et al.
2022), as well as gravitational wave (GW) sources
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(GW230529, A.G. Abac et al. 2024; GW200115, R. Abbott
et al. 2021a; and GW190814, R. Abbott et al. 2020). These
observations suggest that the LMG may not be empty.°
Recently, yet another LMG candidate was identified in the
Galactic globular cluster (GC) NGC 1851 (E. D. Barr et al.
2024). This object, with inferred mass 2.09—-2.71 M, (95%
confidence interval), was found via radio timing of its
companion, the millisecond pulsar (MSP) PSR J0514-4002E
(NGC 1851E). This could be the most massive NS or least
massive BH detected in an MSP binary to date. MSPs are
abundant in GCs and are understood to form at high rates in
these systems due to the role of dynamical processes enabled
by high stellar densities. As pointed out by E. D. Barr et al.
(2024), the companion of NGC 1851E bears a striking
resemblance in mass to the remnant of the known double NS
binary merger, GW170817, observed by LIGO-Virgo-KAGRA
(LVK; B. P. Abbott et al. 2017), potentially hinting that this
object formed via a similar mechanism. The double NS merger
origin is also motivated by the presence of a known double NS
binary with an inspiral time of roughly 200 Myr in another
Galactic GC, M15 (B. A. Jacoby et al. 2006). Additional
formation scenarios are also viable, including mergers of
massive white dwarf (WD) binaries and accretion-induced
collapse via binary Roche lobe overflow or tidal disruption of
stars (e.g., K. Kremer et al. 2021, 2022; C. S. Ye et al. 2024).
Furthermore, scenarios involving single-star evolution cannot
be ruled out due to the uncertainties in supernova natal kicks
(e.g., T. N. O’Doherty et al. 2023, and references therein).
However, retention within GC with central escape velocities of

6 However, previous analyses of the mass spectra of GW detections still
found evidence for a paucity of objects in the LMG, without conclusively
resolving it (e.g., R. Abbott et al. 2021b; A. Farah et al. 2022).
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<100 km s~ ' places constraints on the natal kick such an
object could have received at birth (e.g., C. S. Ye et al. 2019,
and references therein).

It is notable that the host cluster NGC 1851 has one of the
highest central densities of Milky Way GCs (e.g., H. Baumgardt
& M. Hilker 2018). Indeed, previous studies of the dynamics of
NSs in GCs have demonstrated that clusters with high central
densities (especially those that have undergone cluster core
collapse) feature a markedly enhanced rate in NS dynamics
(e.g., C.S. Yeetal. 2019). In addition to the NGC 1851E binary,
clusters that have undergone (or are near to) core collapse are
hosts to the aforementioned double NS binary MISC, a
population of six apparently young radio pulsars (J. Boyles
et al. 2011; K. Kremer et al. 2023), and an overabundance of
single MSPs without binary companions (C. S. Ye et al
2024), all pointing to processes uniquely enabled by cluster
dynamics.

In this study, we explore the formation and dynamics of
LMG BHs in dense stellar clusters, similar to the companion of
NGC 1851E. We focus, in particular, upon the formation of
these objects via NS collapse, triggered by several mechanisms
enabled by dynamical interactions, including double NS
mergers, WD mergers, and stellar tidal disruptions. We then
explore the subsequent dynamical evolution of these mass-gap
objects in clusters, including their interactions with BHs, NSs,
and other stars. We demonstrate that objects like the
NGC 1851E binary can form naturally in clusters like
NGC 1851 and predict other related GW /electromagnetic
sources that may potentially be observed in the future.

We describe the Monte Carlo N-body code used for
simulating GCs and the compact objects within in Section 2.
We present simulations matching the observed properties of
NGC 1851 and describe the grid of core-collapsed cluster
simulations in Section 3. In Section 4, we explore the formation
of LMG BHs through massive star evolution and close
dynamical encounters in dense star clusters. We study the
formation of LMG binaries in Section 5, and potential GW
sources and detectable transient signals consisting of LMG
BHs in Section 6. Lastly, we discuss the model uncertainties in
Section 7 and conclude in Section 8.

2. Monte Carlo N-body Code and Compact Object
Formation

We use the Cluster Monte Carlo (CMC) code (C. L. Rodriguez
et al. 2022, and references therein) to study the formation of
LMG BHs in GCs. CMC is a Monte Carlo N-body code based on
the orbit-averaged method of M. Hénon (1971a, 1971b). It
incorporates various relevant physics for cluster evolution,
including two-body relaxation, strong three-, and four-body
dynamical interactions, and tidal mass loss from the galactic tidal
fields. The Fewbody package is used to integrate directly strong
three- and four-body gravitational encounters (J. M. Fregeau
et al. 2004; J. M. Fregeau & F. A. Rasio 2007), which includes
post-Newtonian dynamics for BHs (J. M. Antognini et al. 2014;
P. Amaro-Seoane & X. Chen 2016; C. L. Rodriguez et al.
2018a, 2018b). Single and binary star evolution is fully coupled
to the stellar dynamics and is computed with COSMIC (K. Bre-
ivik et al. 2020), which is based on SSE (J. R. Hurley et al.
2000) and BSE (J. R. Hurley et al. 2002).
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2.1. Core-collapse Supernova

BHs and NSs can form in CCSNe in CMC. The birth mass
distribution of compact objects depends on the supernova
mechanism and the formation of LMG BHs may be determined
by effects such as the explosion energy and the development
timescale of instabilities (e.g., C. L. Fryer et al. 2012;
K. Belczynski et al. 2012; C. L. Fryer et al. 2022), or the
successfulness of the supernova explosion (e.g., C. S. Kochanek
2014). We follow the prescriptions in C. L. Fryer et al. (2012)
for the remnant mass and natal kick distributions of CCSNe and
adopt either their “rapid model” or “delayed model” in the
simulations. The delayed mechanism launches an explosion in a
longer timescale than the rapid mechanism and allows for a
broader range of explosion energy and fallback material onto the
proto-NS. This mechanism thus produces a continuous range of
remnant masses across the LMG (assuming to be between
2.5M and 5 M), in contrast to the rapid mechanism, which
leads to a sharp transition between BHs and NSs and produces
very few remnants in the mass gap (Figure 4 in C. L. Fryer et al.
2012 and also the “rapid” and “delayed” histograms in Figure 2
below). We adopt a maximum NS mass at 2.5 M., following,
e.g., C. L. Fryer et al. (2012).”

We assume that newly born NSs from CCSNe receive large
natal kicks vng drawn from a Maxwellian distribution with a
velocity dispersion occgy = 265 kms~! (G. Hobbs et al.
2005). The natal kicks are three-dimensional, with their
directions sampled isotropically. On the other hand, the natal
kicks of BHs are determined by how much material falls back
post-explosion and are calculated by

vea = (1 — f,)vns, (1)

where f,, measures the fraction of the stellar envelope mass that
falls back upon core collapse. Most BHs in our simulations
with massive progenitor stars of =30 M., have a considerable
amount of fallback materials and are formed with small natal
kicks (C. L. Fryer et al. 2012). BHs from low-mass progenitors,
however, are assumed to form with a small amount of fallback
materials and receive large natal kicks similar to NSs.

2.2. Electron-capture Supernova and White Dwarf Collapse

In addition to CCSNe, NSs can form from electron-capture
supernovae (ECSNe) in our simulations (K. Nomoto 1984, 1987).
Electron capture can also be triggered in massive WDs through
accretion onto the WDs or mergers between two WDs
(K. Nomoto & Y. Kondo 1991; H. Saio & K. Nomoto
1985, 1998, 2004; K. J. Shen et al. 2012; J. Schwab et al.
2015, 2016; J. Schwab 2021). We assume that all super-
Chandrasekhar mergers where the components are carbon—
oxygen (CO) or oxygen—neon (ONe) WDs collapse to NSs
(e.g., K. Kremer et al. 2023; C. S. Ye et al. 2024), thus
maximizing the NS formation rate through this channel. For the
natal kicks of ECSNe, we adopt the prescription in P. D. Kiel
et al. (2008) and P. D. Kiel & J. R. Hurley (2009) and sample the
three-dimensional kicks from a Maxwellian distribution with a
velocity dispersion ogcgy = 20 km s~!. Therefore, many NSs
formed in ECSNe are retained in typical GCs with escape
velocities of ~50kms .

7 The maximum mass of NSs is still highly uncertain and depends on their
equation of states (e.g., F. Ozel & P. Freire 2016), which allows a maximum
mass between about 2 M, and 3 M.
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Here, we follow the treatments of the merger-induced
collapses of massive WDs from C. S. Ye et al. (2024, and
references therein). We summarize below the two limiting
assumptions for bracketing the uncertainties in the mass loss
for merger-induced collapses of super-Chandrasekhar WDs:

1. Default scenario. As a lower limit, we follow the default
mass prescriptions in K. Breivik et al. (2020), where the
more massive WD accretes AM = M.gqTy from
the donor WD during dynamical mass transfer. M_yq is
the Eddington accretion limit, and 7y = \/m is the
characteristic mass-transfer timescale where 7y is the
Kelvin—Helmholtz timescale and 74y, is the dynamical
timescale of the donor WD. This prescription only allows
the more massive WD to accrete a small amount of mass
from the donor WD, e.g., AM ~ 10> M, fora 1 M., WD
accreting for ~2000yr. The accreting WD in this
scenario will collapse to an NS of gravitational mass
0.9 x 1.38 M, where 1.38 M., is the critical mass for
electron capture.

2. Updated scenario. As an upper limit, on the other hand,
we assume that the mass loss is negligible during the
merging and the subsequent thermal and viscous
evolution phase, and the total mass of the pair of WDs
is conserved up until collapse (J. Schwab 2021). This
upper limit allows more WD merger products to exceed
the Chandrasekhar mass, thus producing a larger number
of NSs and also more massive NSs. Furthermore, if the
masses of the merger products exceed the maximum NS
mass defined above, we assume that the remnants
collapse to a BH.

2.3. Collapse of Neutron Stars

Furthermore, LMG BHs can be produced through dynamical
interactions in dense star clusters. NSs engage in frequent
dynamical encounters in GCs, which can lead to direct
collisions with other stars or compact objects, tidal disruptions
of main-sequence stars, or the formation of binaries that could
subsequently merge. These collisions and mergers allow the
NSs to grow in mass and collapse to BHs if exceeding the
maximum NS mass. Specifically, we assume that the remnants
of NSs colliding or merging with another compact object
conserve the total mass of the merger components in CMC. For
collisions with or tidal disruptions of main-sequence stars, we
follow the treatments of NS tidal disruption events (TDEs)
from K. Kremer et al. (2022) and C. S. Ye et al. (2024) to
estimate the accretion rates of disruption debris of the main-
sequence stars.

To briefly summarize, NS—main-sequence TDEs occur when
the pericenter distance between the two objects during a close
encounter is smaller than the tidal disruption radius of the main-
sequence star (e.g., M. J. Rees 1988; H. B. Perets & Z. Li 2016):

1/3
= (MNS) R @

where Mygs is the initial mass of the NS, and M,, and R, are the
initial mass and radius of the main-sequence star, respectively.

Ye et al.

The mass accretion rate onto the NSs during TDEs is
calculated as

Macc ~ % Racc S
tv Rd
_130425/30-0)
3(1—
X [1 L3 — C)(ZL)] o 3)

where M,;, R, and ¢, are the initial mass and radius of the
accretion disk, and the viscous accretion time, respectively
(B. D. Metzger et al. 2008; K. Kremer et al. 2022). The
exponent s € [0, 1] is a free parameter determining the amount
of mass transported from the outer edge of the accretion disk to
the NS (e.g., R. D. Blandford & M. C. Begelman 1999), and
C=2s5/(2s+1) (e.g., P. Kumar et al. 2008). We assume that
M,;=09M, following the results of the hydrodynamic
simulations of K. Kremer et al. (2022). This is a reasonable
assumption since the relative velocity of the NSs and main-
sequence stars in typical GCs is, in general, much smaller than
the stellar escape velocity. We also assume that R;=2r),
t,=1day, and R, equals the NS radius (K. Kremer et al.
2022). For more details on the TDE treatments in CMC, see
C. S. Ye et al. (2024).

3. Modeling Core-collapsed Globular Clusters
3.1. Typical Core-collapsed Globular Clusters

We first run 13 core-collapsed GC simulations up to a
Hubble time (13.8 Gyr) with the same initial conditions using
CMC to explore the formation of LMG BHs through CCSNe,
merger-induced collapse of WDs, and tidal disruption of stars
by NSs. These cluster simulations have an initial number of
stars N =8 x 105, initial virial radius r, = 0.5 pc, metallicity
Z=0.0002, and Galactocentric distance r, = 8 kpc. We adopt
the Kroupa standard broken power law (P. Kroupa 2001) for
the initial mass function between 0.08 M., and 150 M. The
initial binary fraction is assumed to be 5%, representative of the
observed binary fraction of old GCs (e.g., A. P. Milone et al.
2012).* These simulations will evolve to be “typical” core-
collapsed clusters similar to NGC 6752 in the Milky Way,
which shows clear evidence for frequent dynamical interactions
of lower-mass compact objects (e.g., single MSPs; for more
details, see C. S. Ye et al. 2024). Thus, clusters similar to
NGC 6752 are ideal test grounds for studying the dynamical
formation and evolution of LMG BHs. We show the surface
brightness profiles and velocity dispersion profiles of all 13
simulations at ~12 Gyr in Figure 1 (left panels). We focus on
core-collapsed GCs in this study since they produce binaries
containing NSs, low-mass BHs, or LMG BHs at higher rates
than non-core-collapsed GCs (e.g., C. S. Ye et al. 2020).

For these simulations, we vary the supernova prescriptions,
the mass scenarios for WD-WD mergers, and the accretion
efficiency of NSs tidally disrupting main-sequence stars
(Section 2). These variations will affect the mass distributions
of NSs and the number of LMG BHs formed. We also vary the
prescriptions for the tidal capture of two WDs, and the stability

8 Studies (e.g., J. M. Fregeau et al. 2009) have shown that the overall hard
binary fractions of GCs remain roughly constant with time. In addition, because
of the large natal kicks for NSs and LMG BHs, varying the initial binary
fraction will likely have negligible effects on the formation of binaries with
LMG BHs.
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Figure 1. Left panels: comparisons between the observed (black stars) and model (curves and circles with other colors) surface brightness profiles and velocity
dispersion profiles of the cluster NGC 6752. The model profiles are for simulations 1-14 in Table 1 at ~12 Gyr. Right panels: comparisons between the observed
(black stars) and model (green and orange curves and circles) surface brightness profiles and velocity dispersion profiles of the cluster NGC 1851. The green profiles
(simulation B in Table 1) show the updated model of NGC 1851 at ~11 Gyr (the observed age of the cluster; D. A. VandenBerg et al. 2013), while the orange profiles
(simulation A) show the default model at ~11 Gyr. The observed surface brightness profile is from S. C. Trager et al. (1995), and the observed velocity dispersion
profile is from the fourth version (2023 March) of the Baumgardt GC database’ as well as H. Baumgardt (2017), H. Baumgardt & M. Hilker (2018), E. Vasiliev &

H. Baumgardt (2021), and M. Libralato et al. (2022).

criterion of binary mass transfer, g.ix = Maonor/Maccretor- This
stability criterion will influence the orbital period distribution
of the compact object binaries, thereby affecting their cross
sections for dynamical encounters (for more details, see
C. S. Ye et al. 2024). Table 1 lists the different prescriptions
adopted for each simulation.

To explore the extreme upper limit for the number of LMG
BHs and their binaries formed and retained in GCs, we also run
a simulation (simulation 14) that truncates the standard Kroupa
initial mass function at 30 M, resulting in a much smaller
number of BHs with masses greater than about 10M..
Additionally, we assume that NSs born from CCSNe receive
small natal kicks same as those from ECSNe. These
assumptions allow for a large number of NSs and LMG BHs
to be retained in the cluster. Other initial conditions of this
simulation are the same as mentioned above.

3.2. Modeling NGC 1851

In addition to the main grid of models, which are intended to
be representative of a “typical” core-collapsed Milky Way GC,
we also run two additional higher-mass simulations designed
specifically to match the observed properties of NGC 1851. For
these models, we assume an initial number of stars
N=1.3 x 10° and virial radius r, = 0.5 pc. The metallicity of
the simulations is Z=0.0013, closely matching the observed
metallicity of NGC 1851 from W. E. Harris (1996, 2010
edition). We adopt a circular orbit with Galactocentric distance
re =20kpc for the cluster following the fourth version (2023

March) of the Baumgardt GC database,g which shows that
NGC 1851 is on an eccentric orbit in the Milky Way with
pericenter distance 7,~09kpc and apocenter distance
r,~19.9kpc. At distances near the pericenter distance,
NGC 1851 may be subject to strong tidal stripping from the
Milky Way, and a simple circular orbit at the apocenter
distance would not be able to capture the detailed evolution of
the cluster in the Milky Way’s potential. However, simulations
with r, = 20 kpc match the observed surface brightness profile
of NGC 1851 at the outermost part better than those with
smaller Galactocentric distances, as we will demonstrate below.
This is not surprising since the cluster spends most of its orbital
time near the apocenter distance, while only a short time at the
pericenter distance. In addition, backscattering—gravitational
interactions with other stars scattering the potential escapers
back down to a bound orbit—may also prevent a significant
fraction of objects from escaping from their host clusters even
though they have enough energy to do so (e.g., N. C. Weathe-
rford et al. 2023). Simulating the detailed evolution of the
cluster’s tidal boundary is beyond the scope of this paper, and
the location of the tidal boundary likely does not have a
significant effect on the LMG BHs, which mostly concentrate
at the cluster cores due to mass segregation. Other initial cluster
properties (e.g., binary fraction, initial mass function, stellar
distribution profile) are the same as the simulations in the main
grid (simulations 1-13 above). For these two simulations, we

° https: //people.smp.uq.edu.au/HolgerBaumgardt/globular/
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Table 1
Simulation Results for Core-collapsed Clusters
Model My, Ngn Nns Nns—-wp Nns—Ns NBH-Ns SN MNP TDE WDTC qerit
[10°M,,]

1 1.97 5 968 18 1 0 Rapid Default Default
24 1.90 2 905 17 2 0 Delayed Default e e Default
3" 1.99 7 917 21 3 1 Rapid Updated e e Default
gelm 1.89 5 862 16 0 0 Delayed Updated Default
5 2.01 3 889 17 2 0 Rapid Default 0.2 v Default
6! 2.02 3 970 20 1 0 Delayed Default 0.2 v Default
™ 1.97 12 904 12 0 0 Rapid Updated 0.2 v Default
gm 2.04 9 937 21 2 1 Delayed Updated 0.2 v Default
9 2.07 4 961 22 1 0 Rapid Default 0.2 v Updated
107 1.96 1 1077 13 1 0 Delayed Default 0.2 v Updated
" 2.01 15 955 21 2 1 Rapid Updated 0.2 v Updated
127m 1.98 10 968 12 2 0 Delayed Updated 0.2 v Updated
137 2.05 10 905 16 1 Delayed Updated 0.0 v Updated
147 2.03 13 3181 10 6 Delayed Updated 0.2 v Updated
A 3.79 17 816 20 0 0 Rapid Default Default
B 3.80 24 970 22 1 1 Delayed Updated 0.2 v Updated
cam 2.23 15 936 20 2 1 Delayed Updated 0.2 v Updated

Notes. From left to right, the columns are the total mass of the cluster at present, the number of BHs retained at present, the number of NSs retained at present, and the
number of compact object binaries (NS-WD, NS-NS, and BH-NS) at present. The present-day values for simulations 1-14 are averages between 11 and 13.8 Gyr in
each cluster simulation, and between 10 and 13 Gyr for simulations A, B, and C.

The last five columns indicate the various physical processes included in the simulations and relevant to forming LMG BHs. “SN” shows the supernova model used.
“MNP . shows the mass scenario assumed for the merger-induced collapse of two WDs (Section 2). “TDE” indicates whether the simulations include the tidal
disruption of main-sequence stars by NSs and the subsequent accretion of the disrupted debris by the NSs (see also Section 2.3). The numbers show the s-parameter
values assumed for Equation (3). s = 0 corresponds to the highest accretion efficiency. “WDTC” indicates if WD-WD tidal capture is turned on in the simulations.
The inclusion of WD-WD tidal capture can slightly increase the WD merger rates. “qcrit” shows the critical mass prescription used for stable mass transfer (default:
J. R. Hurley et al. 2000 and M. S. Hjellming & R. F. Webbink 1987; updated: K. Belczynski et al. 2008). The updated prescription for “qcrit” allows for more stable
mass transfer, thus generally producing wider binaries that are easier to disrupt by gravitational encounters. For more details, see C. S. Ye et al. (2024).

Note that simulation 14 is an extremely optimistic model where most NSs and LMG BHs receive small natal kicks and are retained in the cluster. The initial mass
function of this model is also truncated at 30 M, to prevent the formation of massive BHs.

Simulation C has the same initial conditions as simulation B except for the Galactocentric distance r,. Simulation B has r, =20 kpc while simulation C has

re = 1kpc.

again adopt different prescriptions that will affect the mass of
the NSs and BHs for comparison (simulations A and B in
Table 1). Furthermore, given the observed eccentric orbit of
NGC 1851, we include simulation C with Galactocentric
distance r,=1kpc as a limiting case. All the other initial
conditions of this simulation are the same as in simulation B.

Figure 1 (right panels) shows comparisons between the
model and observed surface brightness profiles and velocity
dispersion profiles of NGC 1851. We exclude very luminous
stars with luminosity L > 12 L., to avoid large fluctuations in
the model surface brightness profiles, and we calculate the
model velocity dispersion profiles with only the giant stars and
upper main-sequence stars with M > 0.8 M. (the main-
sequence turnoff mass of the simulations is ~0.85 M). The
orange profiles correspond to simulation A in Table 1 (which
assumes the rapid supernova prescription and the default mass
scenario for WD-WD mergers). The green profiles are for
simulation B in the same table (which assumes the delayed
supernova prescription and the updated WD mass scenario).
Both simulations produce similar surface brightness and
velocity dispersion profiles at the present day because of the
same initial conditions used. We note that the model surface
brightness profiles do not overlap exactly with the observed
ones. However, our goal is not to produce a best-fit NGC 1851

model in this study, but to explore the formation pathways of
binaries similar to the NGC 1851E binary in models that match
the observed properties of NGC 1851 reasonably closely.

Table 1 summarizes the present-day properties of the
14+2 GC simulations and their prescriptions for forming
LMG BHs. The present-day values are averaged between 11
and 13.8 Gyr for simulations 1-14, while between 10 and 13 Gyr
for simulations A and B (the observed age of NGC 1851 is
~11Gyr; D. A. VandenBerg et al. 2013). All clusters have
reached core collapse at late times, which is shown by the small
number of BHs retained (e.g., K. Kremer et al. 2020a, and
references therein). In the following sections, we will explore the
contributions from various pathways to the formation of binaries
and transient sources containing LMG BHs.

4. Formation of Lower-mass-gap Objects

In this section, we quantify the effects of the rapid and
delayed models of CCSNe from C. L. Fryer et al. (2012)
(Section 2.1), accretion- and merger-induced collapses of WDs
(Section 2.2), as well as the collapses of NSs through mergers
and TDEs (Section 2.3), on the population of LMG BHs
in GCs.

Figure 2 shows the mass distributions of BHs and NSs
formed over a Hubble time in simulations 1-12. The
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Figure 2. Mass distributions of NSs and BHs formed throughout the evolution of the clusters (simulations 1-12 in Table 1) over a Hubble time, including BHs and
NSs resulting from the collapse of massive NSs and WDs from collisions/mergers, respectively. The vertical line shows 5 M., the upper boundary of the LMG
assumed here. “Rapid” and “delayed” refer to the rapid and delayed supernova models in C. L. Fryer et al. (2012), respectively. “Updated mass” refers to the updated
scenario which conserves mass during WD-WD merger and the subsequent collapse of the remnant (as opposed to the default scenario which does not conserve mass;
Section 2). The delayed supernova prescription produces more objects between 2 M, and 5 M., compared to the rapid prescription.

simulations are divided into four groups that utilize the rapid
and delayed supernova prescriptions (C. L. Fryer et al. 2012) as
well as the default and updated mass scenarios for the mergers
between a pair of WDs (Table 1). Simulations that adopt the
delayed supernova prescription produce a significant number of
objects in the LMG (~465 per cluster over a Hubble time), in
contrast to the ones using the rapid prescription (approximately
four per cluster over a Hubble time).

Despite the large number of LMG BHs born, most of them
are not retained in the host clusters. In our simulations (except
the extremely optimistic simulation 14), NSs up to 2.5 M,
receive large natal kicks of hundreds of kilometers per second,
and BHs smaller than about 5 M, receive fallback kicks at
birth, similar to the NS kicks (Section 2). The upper panel of
Figure 3 shows the natal kick distributions for massive NSs and
low-mass BHs in simulations 1-12. More than ~90% of the
compact objects between 2 and 5 M. have natal kicks
>50kms . Since the escape velocities of typical GCs are
generally <50-100kms ™', most of the LMG BHs formed
from the delayed prescriptions are ejected from their host
clusters at birth. This leads to the retention of only a few LMG
BHs from the delayed supernovae. The bottom panel of
Figure 3 shows the mass distributions of NSs and BHs of the
same 12 simulations at the present day. The similarity of the
remnant mass distributions between the simulations using the
rapid and delayed prescriptions demonstrates the negligible
effects of the supernova prescriptions on the LMG populations
in typical GCs, if LMG remnants have large natal kicks.
Table 2 also shows the number of LMG BHs formed in
supernovae that are retained in the clusters (approximately
five per cluster for typical Milky Way core-collapsed clusters;
simulations 1-13). If all NSs and LMG BHs receive small natal
kicks, however, hundreds of LMG BHs can be retained in a
cluster (simulation 14). For more massive clusters similar to
NGC 1851 (simulations A and B), the number of retained LMG
BHs is larger due to the cluster’s higher escape velocity.

Columns (2)—(5) in Table 2 show the contributions to the
formation of LMG BHs from various channels. These numbers
only include the retained remnants and the mergers in the
clusters. Overall, mergers between NSs and WDs produce the
largest number of LMG BHs compared to other channels
(except when TDE accretion is almost conservative and when
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Figure 3. Upper panel: natal kick distributions of newly born NSs with masses
>2 M., and BHs with masses <5 M, for simulations 1-12 from Table 1. Only
~109% of these NSs and BHs have small enough natal kicks to be retained in
the clusters. Bottom panel: mass distributions of NSs and low-mass BHs at
present (<12 Gyr) for the same 12 simulations. The vertical line marks 2.5 M,
the maximum NS mass adopted in this study. The simulations with the rapid
and the delayed supernova prescriptions have similar present-day NS and BH
mass distributions, while the simulations adopting the updated mass scenario
for WD merger have more massive NSs and low-mass BHs.

all NSs and LMG BHs receive low natal kicks), with the
numbers comparable to or much larger than the combined total
from other channels. Those involving two NSs contribute to
<50% of the numbers formed by the NS—WD merger channel



Table 2
Collisions and Mergers of Compact Objects in Core-collapsed Clusters
Frac. with

LMG BHs from LMG BHs Frac

Model FBANS FBBH [BHMS
ode Naelayed Ntpg Nxsns Nxswp Nuen Nnsns Nguns Neuwp Nxswp Nwpwp mg mg Nwoms Nxswms Nums mg

1 0 0 4 6 149 6 3 12 102 648 1.00 0.007 1289 134 120 0.05
24 7 0 6 15 146 11 7 24 126 675 0.29 0.034 1999 226 165 0.10
3" 0 0 6 38 153 14 13 28 103 603 0.69 0.026 1410 176 141 0.10
4m 2 0 17 44 144 28 18 32 142 586 0.83 0.062 1873 248 227 0.16
5 0 0 4 9 146 8 5 14 95 652 0.40 0.007 1378 150 232 0.03
67 6 5 5 11 131 14 7 31 121 740 0.57 0.023 1638 224 281 0.05
7" 0 2 14 45 145 17 8 19 112 615 0.75 0.028 1424 214 308 0.14
gm 5 1 20 40 126 26 17 35 135 643 0.82 0.024 1508 222 252 0.13
9 0 1 7 8 133 12 6 8 80 336 0.67 0.008 1331 143 268 0.03
107 2 3 11 18 123 17 9 28 132 411 0.78 0.016 2084 334 321 0.10
" 0 1 16 37 143 16 12 25 92 358 0.83 0.028 1322 176 301 0.11
124" 2 2 20 43 129 26 18 37 105 372 0.72 0.078 1769 307 328 0.11
134" 6 56 10 34 142 19 22 33 74 354 0.86 0.127 1582 249 302 0.20
144 315 18 50 56 220 82 86 34 118 160 0.78 0.377 1313 821 678 0.46
A 0 0 0 0 256 0 1 7 16 449 0.00 0.000 649 25 183 0.00
B 19 1 5 21 254 2 14 21 45 308 0.57 0.031 1740 210 437 0.08
cén 24 5 20 55 246 21 22 37 91 396 0.95 0.057 2440 318 535 0.20

Notes. Columns (2)—(5) show the delayed supernova formation and the three dynamical formation pathways of BHs in the LMG (2.5-5 M,.)). From left to right is the number of LMG BHs from the delayed supernova
prescription, number of NS collapsing to BHs through NS—main-sequence star TDEs, binary NS mergers, and NS—WD mergers, respectively.

Columns (6)—(11): the number of various mergers (binary BHs, binary NSs, BH-NS, BH-WD, NS—-WD, and binary WDs) in each simulation over a Hubble time. Columns (12)—(13) show the fraction of BH-NS and
binary BH mergers that contain at least one LMG BHs.

Columns (14)—(16) are the collisions and tidal disruptions between WDs and main-sequence stars, NSs and main-sequence stars, as well as BHs and main-sequence stars, respectively. The last column shows the fraction
of BH-main-sequence star collisions/TDEs that involve a BH in the LMG.

Simulation 14 shows an extreme case where all NSs and LMG BHs receive small natal kicks the same as those from ECSNe, and the initial mass function of the simulation is truncated at 30 M.

Simulation C shows a limiting case with Galactocentric distance r, = 1 kpc. Other initial conditions are the same as in simulation B.
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Table 3
Observed and Candidate Pulsar Binaries with NS/BH Companions in Milky Way GCs
Cluster M, e Thi Npsr PSR P Py ecc Mpsr M, References
(10°M.,) (arcmin) (arcmin) (ms) (day) (M) (M)
NGC 1851 2.8 0.09 0.51 15 NGC 1851E 5.596 7448 0708  1.53%018 235809 (1)
NGC 7078 (M15) 52 0.14 1.00 13 M15C 30.529 0335 0681 13587991 1.3547%! ®))
"NGC 1851 2.8 0.09 0.51 15 NGC 1851A 4.991 18.785  0.888  1.251003 1.2240:0¢ (3)
" NGC 6544 0.8 0.05 121 3 NGC 6544B 4.186 9.957  0.747 1.3655 1.2064 )
" NGC 7099 (M30) 12 0.06 1.03 2 M30B 12.990 6.216  0.879 <1.43 >1.10 5)
" NGC 6838 (M71) 0.38 0.63 1.67 5 M71D 100670 10939  0.640 1.63 (©6)

Notes. From left to right, the columns show the name of the cluster, cluster mass from the fourth version (2023 March) of the Baumgardt GC database,1 the observed
cluster core and half-light radii from W. E. Harris (1996, 2010 edition), the observed number of pulsars from Paulo Freire’s GC Pulsar Catalog,2 the name of the
pulsar—NS/BH binary or candidate, the pulsar’s spin period, binary orbital period, binary eccentricity, mass of the pulsar, mass of the companion, and the reference for
the binary properties, respectively.

All of the clusters listed are core collapsed or nearly core collapsed (except M71). Note that even though NGC 1851 is shown as non-core-collapsed in W. E. Harris
(1996, 2010 edition), it has a very small core (e.g., P. Miocchi et al. 2013 and W. E. Harris 1996, 2010 edition) and a very high central density (H. Baumgardt &
M. Hilker 2018), similar to core-collapsed clusters.

A " indicates a binary candidate.

References. (1) E. D. Barr et al. (2024); (2) B. A. Jacoby et al. (2006); (3) P. C. Freire et al. (2004), P. C. C. Freire et al. (2007), and A. Ridolfi et al. (2019) (4)
R. S. Lynch et al. (2012); (5) S. M. Ransom et al. (2004) and V. Balakrishnan et al. (2023); (6) Z. Pan et al. (2021), Paulo Freire’s GC Pulsar Catalog,2 and the FAST

GC survey.’

! https: / /people.smp.ug.edu.au/HolgerBaumgardt/globular/
https: //www3.mpifr-bonn.mpg.de/staff /pfreire / GCpsr.html

3 htps:/ /fast.bao.ac.cn/cms /article/65/

in most cases, with variations for different simulations. This is
not surprising since the number of massive WDs in GCs is
significantly larger than that of NSs from stellar evolution, even
though NSs are more massive.

For simulations 1-13 that adopt the delayed supernova
prescription, approximately five LMG BHs are retained. This
number can be comparable to that from the NS-NS merger
channel in simulations with the default mass scenario for WD
mergers, but it is much smaller than either the NS—WD or NS—
NS channel when the updated mass scenario is adopted. On the
other hand, for more massive clusters (e.g., clusters like
NGC 1851; simulation B), the number of retained LMG BHs
formed through delayed supernovae can be several times higher
due to the larger cluster escape velocity, resulting in a
contribution similar to that of the NS—-WD merger channel.
We can expect that in even more massive clusters or with
smaller natal kicks, more LMG BHs could be produced by
supernovae rather than forming through the collapse of NSs
from dynamical interactions. We will explore different super-
nova prescriptions and compact object natal kicks in future
studies.

NS—-main-sequence star TDEs generally have minor con-
tributions to forming LMG BHs even with relatively high
accretion efficiency of the tidally disrupted debris (Table 2).
Simulations 5-12 assume that s=0.2 in Equation (3),
corresponding to ~0.1 M, accreted onto the NS in ~10%s
from the disruption of a 1 M, main-sequence star (K. Kremer
et al. 2022). This amount of mass is insufficient to cause NSs
with typical masses of about 1.3 M, to collapse to BHs. Only
with the largest accretion rate when s =0 (corresponding to
~1 M, accreted in ~10® s from the disruption of a 1 M., main-
sequence star) can many NSs collapse to low-mass BHs from
the tidal disruption channel. This is demonstrated in Table 2 by
simulation 13, where the TDE channel becomes the dominant
channel for producing LMG BHs.

5. Lower-mass-gap Binaries

Having established that LMG BHs can form in GCs through
various mechanisms, we now explore the subsequent dynami-
cal evolution of these objects, in particular, the dynamical
formation of LMG binaries. In general, only a very small
number of NS-NS and BH-NS binaries are present at late
times for all cluster simulations, as shown in Table 1 (average
of six and up to about 10 in the extremely optimistic simulation
14). This is roughly consistent with the fact that, despite the
hundreds of MSPs observed in Milky Way GCs (and found in
simulations, e.g., C. S. Ye et al. 2020, 2022), only two pulsar—
NS (or low-mass BH) binaries have been definitively identified.
Both are in massive, core-collapsed, or near core-collapsed
clusters (M15 and NGC 1851). We list the properties of the
MSP NGC 1851E and its binary in Table 3, together with those
of the confirmed or candidate NS-NS binaries in all Milky
Way GCs for reference.

However, different mass prescriptions for compact objects
can significantly alter the present-day mass distribution of
NS-NS and BH-NS binaries, as demonstrated in Figure 4 for
simulations 1-12. The delayed supernova prescription is more
likely to produce BH-NS binaries with BH mass >5 M
compared to the rapid prescription. Still, both supernova
prescriptions yield similar numbers of binaries with massive
NSs and LMG BHs (Figure 4, upper left panel). The most
significant change in the BH/NS-NS binary mass distribution
arises from the updated mass scenario for the WD merger and
the subsequent collapse of the heavy remnant, conserving mass
in both evolutionary stages. As discussed above, this updated
mass scenario leads to more massive NSs and more LMG BHs,
which is illustrated by the broader span of secondary masses
and the increased occurrence of binaries with massive NSs and
LMG BHs in the right panels of Figure 4. For simulations
1-12, approximately 70% of the primaries in all BH-NS
binaries containing an LMG BH (2.5-5 M) between 11 and
14 Gyr form from NS-WD mergers, about 25% from NS-NS


https://people.smp.uq.edu.au/HolgerBaumgardt/globular/
https://www3.mpifr-bonn.mpg.de/staff/pfreire/GCpsr.html
https://fast.bao.ac.cn/cms/article/65/
https://fast.bao.ac.cn/cms/article/65/
https://fast.bao.ac.cn/cms/article/65/

THE ASTROPHYSICAL JOURNAL, 975:77 (14pp), 2024 November 1

103

102
=

101

il

1004 1 I B

2.4+ . A rapid
delayed

2.2

2.0+

—_
(@]
1

M, [Me]

Ye et al.

102—E i i
1014 i
10°4 |
T i i Tt
i °, rapid
N . A
2.4+ b | +updated mass
RPN B delayed
2.2 . Aé: o +updated mass
2.0_ %s :A A‘:‘“o. ®. : .
S A A
ey
A w e ae .
1.6 . P
o A !
RSO
1.4 :::h ; .
1.2- [ e IS ST
I T : T T T T T T I T
100 10!

M [Mo]

Figure 4. Component masses of all NS-NS and BH-NS binaries (bottom panels) and the mass distributions of their primaries (upper panels) between about 11 and
14 Gyr for the core-collapsed cluster simulations 1-12 in Table 1. Blue histograms and markers are for simulations with the rapid supernova prescription and black are
for those with the delayed supernova prescription. The panels on the left show simulations that adopt the default mass scenario for WD-WD mergers, while the ones
on the right adopt the updated mass scenario (the latter assumes mass conservation during the mergers; Section 2.2). The orange crosses show the pulsar binaries and
candidates listed in Table 3 (except for the M30B binary, which only has upper and lower limits for the component masses).

mergers, and around 5% from NS-MS TDEs. If we also
include binaries containing massive NS primaries in the range
of 2.1-2.5 M, then approximately 55% of the massive NSs
and LMG BHs form from NS—-WD mergers, around 20% from
NS-NS mergers, about 10% from NS-MS TDEs, and roughly
10% from WD-WD mergers (not directly forming LMG BHs
but massive NSs). Overall, NS-WD mergers contribute the
most to the production of massive NS and LMG BH in
binaries, followed by NS-NS mergers, in typical core-
collapsed GCs similar to NGC 6752. Figure 6 illustrates the
dynamical formation of a NS-NS binary from simulation 12
where the primary NS forms from a NS-WD collision.

Similarly, both NGC 1851-like simulations produce compar-
able numbers of NS-NS and BH-NS binaries at present
(Table 1). Simulation A has zero, while simulation B has about
two NS/BH-NS per snapshot, roughly consistent with the
current pulsar timing observation. Note that NGC 1851E-like
pulsar binaries with orbital periods longer than about a week
have selection biases similar to other pulsar binaries with
massive companions (around 1 M) and can be detected at
around apoastron. Therefore, if a large number of them exist in
GCs, they would potentially be detectable.'®

10 However, there are strong selection biases against finding NS—-NS binaries
with orbital periods shorter than about 2 days (similar to the M15C binary) due
to the effects of large orbital accelerations on pulsar searches. It would be
difficult to determine the underlying population of M15C-like binaries in GCs.

On the other hand, the component mass distribution of the
NS-NS and BH-NS binaries differs between the two
simulations with different mass scenarios for WD mergers
and supernova prescriptions. Figure 5 shows the primary and
secondary masses of all NS-NS and NS—-BH binaries between
10 and 13 Gyr of the clusters’ evolution from both NGC 1851-
like models. The component masses of the NGC 1851E binary
are plotted for comparison. Simulation A produces no BH-NS
binaries with primary mass in the LMG. In contrast, for ~50%
(~65%) of the time steps between 10 and 13 Gyr, the NS-NS
or BH-NS binaries in simulation B have primary mass in the
range of 2.5 M-S M. (2M.-5 M), including binaries with
masses similar to the NGC I851E binary (bottom panel of
Figure 5). Furthermore, simulation B also produces more
massive NSs that can better match the mass of NGC 1851E.
This figure suggests that the delayed supernova prescription
(or, more generally, the formation of LMG BHs from massive
star evolution and their retention in dense star clusters) is
important for producing LMG binaries in dense and massive
clusters similar to NGC 1851. This is because massive clusters
can retain more LMG BHs due to their larger escape velocities
(Table 2). Furthermore, it also indicates that conserving mass
during WD-WD mergers (the updated mass scenario in
Section 2) is a key factor for clusters to produce NGC
1851E-like binaries containing an LMG BH and a massive NS
companion (see also, e.g., C. S. Ye et al. 2024, their Figure 9).
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Figure 5. Similar to Figure 4, the component masses of all NS-NS and BH-NS
binaries (lower panel) and their primary mass distributions (upper panel)
between 10 and 13 Gyr in the two NGC 1851-like simulations. The orange
triangles and histograms are from simulation A in Table | with the rapid
supernova prescription and the default mass scenario for WD-WD mergers
(which does not conserve mass during the mergers). The green-filled circles
and histograms are from simulation B with the delayed supernova prescription
and the updated WD merger scenario (which conserves mass). The blue cross
in the lower panel shows the NGC 1851E binary in Table 3, and the blue band
in the upper panel shows the companion mass of NGC 1851E.

Many NS/BH-NS binaries between 10 and 13 Gyr of
simulation B have component masses and orbital properties
similar to the NGC 1851E binary. In particular, for binaries
with primary masses in the range of 2.09-2.71 M. and
secondary masses in the range of 1.3-1.7 M., (approximately
the same as the components in the NGC 1851E binary), the
mean and median eccentricities are about 0.7, and the mean and
median orbital periods are about 31 and 13 days, respectively.''

Among the NS/BH-NS binaries in simulation B between 10
and 13 Gyr whose primary mass is in the range of
25M-5M. 2Mo-5M.), ~30% (~45%) of the time the
secondary NS is an MSP (including MSPs formed through NS—
main-sequence star TDEs; K. Kremer et al. 2022; C. S. Ye et al.
2024). We assume that NSs produced in WD-WD mergers are
born as young pulsars (K. Kremer et al. 2023) rather than MSPs
(C. S. Ye et al. 2024). These young pulsars are expected to spin
down quickly in <100 Myr, and are likely undetectable in the
present day.

Overall, our NGC 1851-like models can produce NS-NS or
BH-NS binaries similar to the NGC 1851E binary. A primary

' Note that these values come from only one simulation. It is possible that the
values could change slightly with more simulations using the same initial
conditions but different random seeds.

10

Ye et al.

in the LMG most likely forms in a delayed supernova
(approximately 75% of all binaries containing an LMG primary
between 10 and 13 Gyr) or through the merger between an NS
and a massive WD (around 20%). Only about 5% of these
LMG primaries form from NS—-NS mergers. By also including
binaries containing massive NS primaries in the range of
2.1-2.5, M., the fraction from the delayed supernovae
changes to approximately 55%, the fraction from NS-MS
TDEs increase to about 5%, and WD-WD mergers contribute
around 15%, with other fractions remaining mostly the same.
Thus, the LMG or massive NS companion of NGC 1851E is
less likely to be formed in NS—NS mergers. These fractions are
very different from those mentioned above for simulations
1-12 due to the difference in the cluster mass and escape
velocity. Figure 6 shows an example of the formation of one of
the LMG BH-NS binaries in simulation B.

6. Gravitational Wave Sources and Luminous Transients
with Lower-mass-gap Black Holes

6.1. Gravitational Wave Sources

Some LMG BHs can be paired up with another compact
object through dynamical encounters in the clusters and inspiral
to produce GW signals in subsequent mergers observable
by LVK.

Figure 7 shows the component masses of BHs and NSs in all
merging binaries over a Hubble time from simulations 1-12.
Three GW sources GW230529 (A. G. Abac et al. 2024),
GW200115 (R. Abbott et al. 202la), and GW190814
(R. Abbott et al. 2020) are shown as orange crosses and error
bars for comparison. Overall, both supernova prescriptions lead
to similar numbers of binary BH mergers (~130-150), while
the delayed supernova prescription produces slightly more (a
factor of <2) BH-NS and NS-NS mergers (upper panel). This
small increase is consistent with most LMG BHs from the
delayed supernovae being ejected from the clusters by their
natal kicks (Section 2.1). Simulations with the updated mass
scenario for WD mergers form approximately two to three
times more BH-NS and NS-NS mergers compared to those
with the default mass scenario (when all other initial conditions
and supernova prescriptions are the same) as shown in the
lower panel of the same figure. This increase results from the
larger number of massive NSs and WDs formed because of the
conservation of mass in WD mergers (also see Section 2.3).
Therefore, simulations with both the delayed supernova
prescription and the updated WD mass scenario produce the
largest number of NS—-NS (~30 per core-collapsed cluster up
from approximately five) and BH-NS (~20 per core-collapsed
cluster up from approximately five) mergers. Table 2 shows the
number of various compact object mergers over a Hubble time
and the fraction containing LMG BHs in each simulation.

In general, only a small fraction of binary BH mergers from
GCs (a few percent) include LMG BHs between 2.5 M., and
5 M. However, 210% of merging BH-BH from a typical
core-collapsed GC can contain at least one LMG BH if NSs are
able to accrete very efficiently from TDEs of main-sequence
stars and collapse to BHs (simulation 13 in Table 2). These
BHs would be fast-spinning and may be detectable by LVK.
On the contrary, 260%-70% of BH-NS mergers involve a BH
in the LMG for most simulations in Table 2. The recent
detection of GW230529, a merger between an LMG BH and an
NS from the fourth observing run of LVK, suggests that about



THE ASTROPHYSICAL JOURNAL, 975:77 (14pp), 2024 November 1

. ® 120Mm,
o]
Types of Interactions ‘., ECSN
1 < 7 Binary-Single i
Scattering T (x2)
«/ - Binary-Binary B
C Scattering &
«» _ «s. ¢ - Binary- pqix?
., o1 -~ Single Lis 3
Wy ~*  Exchange .
1 I ]
i ‘. i *‘ b il Binary-Binary 7
ame S e =~ Exchange 1&?
. o '-",'
Three-body =
<>, Binary Formation e 1.28 Mo,
o ECSN
1.28 M, o -
CCSN > T
3n2M, @ % &
CCSN 1® (x6) L. 1o
> 1
. L. « . L o
(x99 Lo c.(/' m< (x4)
B > S 5
1o 1. e « % ?
“ole a4 | [:l: E.
K] NS—MS coll “T = £y
«o» NS spin-up I» o = ~
ws o MNs=129Mp L5 Mg = 146 Mg
o 0y
e 3 )
i (x3) ®o(x3)
s 7 NS—WD coll 4
T Mns = 2.25 Mg ) e (8
> o o :
(D) [ NS M col - b
Uels  NSspin-up o, 1
¢ Mns=131Mg 4 il
«» ] (x2) «» 7
y u P 9(xd
ans” " )
_ TE(x11)
{ ™ | ol
—1 L1
“e 1 (x2) e (x4
1 6 Lo Y= <,
0 ol &
4 o«
P
Mgy = 3.32 Mg — 4
Mysp = 1.31 Mg =
ST My =225 Mg

@ @ Musp=146 Mo

Figure 6. Illustration of the dynamical encounters leading to the formation of
an LMG BH-NS binary (from simulation B in Table 1) and an NS-NS binary
(from simulation 12 in Table 1). Black dots denote the LMG BH and blue dots
denote the NSs. On the left, the LMG BH is formed in a delayed supernova
(CCSN; a typical formation channel for LMG BHs in massive core-collapsed
clusters similar to NGC 1851) and later is paired with an NS through multiple
close encounters. The NS in this case is spun up to millisecond periods through
NS-MS collisions. On the right, both NSs are formed in ECSNe. One NS
collides with a WD and becomes a massive NS with 2.25 M, (the most likely
channel for forming massive NSs and LMG BHs in typical core-collapsed
clusters similar to NGC 6752). The other NS accretes about 0.2 M, through
binary mass transfer from one of its binary companions and is spun up to
millisecond periods.

60% of BH-NS mergers may include a component in the LMG
(A. G. Abac et al. 2024). This fraction is similar to what we
find for BH-NS mergers in core-collapsed clusters, but the
merger rates of GW230529-like systems, 557437 Gpc 3 yr~!
(A.G. Abac et al. 2024), are much larger than the rates expected
from GCs. Assuming that about 20% of GCs are core collapsed
(similar to the percentage in the Milky Way) and the GC
number density is about 2.3 Mpc~> (C. L. Rodriguez et al.
2016a), the merger rates of all BH-NS mergers from GCs are
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Figure 7. Primary and secondary masses for all BH-BH, BH-NS, and NS-NS
mergers from simulations 1-12 over a Hubble time. The simulations are
divided into four groups similar to Figure 2 by their adopted supernova
prescriptions and the mass scenarios for WD mergers. The rapid supernova
models are shown by black triangles, and blue circles show the delayed
supernova models. Simulations in the upper panel assume the default WD mass
scenario and the ones in the lower panel assume the updated WD mass
scenario. The green lines mark 5 M, (the assumed upper boundary of the
LMG) and the maximum NS mass we adopt at 2.5 M.. GW230529
(A. G. Abac et al. 2024), GW200115 (R. Abbott et al. 2021a), and
GW190814 (R. Abbott et al. 2020) are plotted as orange crosses with error
bars for comparison. Simulations with the updated mass scenario conserve
mass during the mergers of two WDs and the subsequent collapses of the heavy
remnants (in contrast to the default scenario). Thus, they produce more massive
NSs and BHs in the LMG, as well as their mergers.

roughly <1Gpc *yr !, even when adopting the delayed
supernova prescription and the updated WD mass scenario
(the actual rate is probably even lower; see C. S. Ye et al. 2020).
The extreme upper limit of the BH-NS merger rates is a factor of
a few higher and roughly comparable to the BH-BH merger
rates, assuming that all NSs and BHs receive small natal kicks,
and that not many BHs with masses greater than 10 M, are
formed in clusters (simulation 14). Therefore, even though we
can roughly reproduce the observed MSP-LMG BH in
NGC 1851, the estimated merger rate of BH-NS is still likely
22 orders of magnitude lower than inferred from the most recent
LVK data release (7.8-140 Gpc > yr~'; R. Abbott et al. 2023).

6.2. Transients from Stellar Collisions and Tidal Disruptions

NSs and stellar-mass BHs also dynamically interact with the
luminous stars in GCs, as the compact object populations are
mixed with the numerous upper main-sequence stars and
giant stars in the cluster cores (e.g., K. Kremer et al. 2020b;
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C. S. Ye et al. 2022). This is directly evidenced by the growing
number of observed redback MSPs (Paulo Freire’s GC Pulsar
Catalog'?) and BH binaries with luminous companion stars
(e.g., B. Giesers et al. 2019) in GCs. Occasionally, the
luminous stars pass sufficiently close to the NSs or BHs to be
tidally disrupted or directly collide with them.

We record the number of main-sequence star collisions or
TDEs with NSs and BHs over a Hubble time in the simulations
in Table 2. In typical core-collapsed clusters with mass of about
2% 10° M, (simulations 1-13), the number of NS-main-
sequence TDEs is comparable to the number of BH-main-
sequence TDEs, different from the non-core-collapsed clusters
where BH TDE:s are 2 orders of magnitude more frequent (e.g.,
K. Kremer et al. 2019). The more massive, NGC 1851-like
simulations A and B have a smaller number of NS TDEs
compared to their BH TDEs, by a factor of about 2-7,
depending on the supernova prescription and WD mass
scenario. Overall, simulations using the rapid supernova
prescription and the default mass scenario for WD mergers
produce the smallest number of TDEs. Among the BH-main-
sequence TDEs from simulations 1-12, about 5%—-15% involve
a BH in the LMG, with the largest fraction coming from
models that adopt the delayed supernova prescription and/or
the updated mass scenario. The fractions involving an LMG
BH are similar for the NGC 1851-like simulations A and B.
Furthermore, at most ~20% of BH-main-sequence TDEs can
be carried out by LMG BHs in typical core-collapsed clusters if
we assume that all mass bound to the NSs during NS—main-
sequence TDEs are accreted by the NS, which results in more
NSs collapsing to LMG BHs (simulation 13 in Table 2). These
TDEs by LMG BHs may give rise to bright X-ray and gamma-
ray flares, which could resemble ultra-long gamma-ray bursts
(H. B. Perets & Z. Li 2016). They may also produce optical
signals of luminosity ~10*'-10*ergs™" that could be
detectable by optical transient surveys such as the Zwicky
Transient Facility (e.g., K. Kremer et al. 2019).

7. Discussion

One of the main uncertainties of the formation and evolution
of LMG BHs in dense star clusters lies in the number of
systems retained, which is determined by the supernova
mechanism and the kicks low-mass BHs and NSs receive at
birth. The escape velocity of typical GCs (~50-100kms™")
imposes an upper limit on the retention fraction, depending on
the natal kick distribution. For NS natal kicks estimated from
isolated pulsar observations in the Galactic field (e.g.,
G. Hobbs et al. 2005, adopted in this study), few massive
NSs and low-mass BHs (less than about 5 M) are retained
(Table 2), even though ~500 are formed in a typical GC
assuming the delayed supernova mechanism (C. L. Fryer et al.
2012). More recent studies, either based on observed NS
binaries (e.g., T. N. O’Doherty et al. 2023) or on three-
dimensional supernova simulations and semi-analytical models
(e.g., I. Mandel & B. Miiller 2020) have instead suggested that
NSs may receive smaller natal kicks than previously estimated
(e.g., Figure 1 in T. N. O’Doherty et al. 2023, and references
therein). If this is the case, up to ~10-100 times more NSs may
be retained in GCs, considering also that most massive stars are
born in binaries (H. Sana et al. 2012; M. Moe & R. Di Stefano
2017). Assuming that LMG BHs, if formed, also receive small

12 https: //www3.mpifr-bonn.mpg.de/staff /pfreire /GCpsr.html
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natal kicks, an order of magnitude more LMG BHs could be
retained in GCs. Together with the larger number of retained
NSs, this might lead to a factor of a few more binaries
containing LMG BHs in the clusters in the present day. Future
(non)observations of LMG binaries will shed more light on the
supernova and dynamical formation of these objects in dense
star clusters.

We showed that for typical core-collapsed GCs with masses
of about 2 x 10° M, at present (e.g., NGC 6752), LMG BHs
more likely form through dynamical encounters, especially
mergers between NSs and WDs. On the other hand, for more
massive core-collapsed clusters with present-day masses of
about 4 x 10° M., (e.g., NGC 1851), CCSNe through stellar
evolution and dynamical interactions (e.g., NS—WD mergers)
likely contribute similar numbers of LMG BHs (see also
Section 4 and Table 2). Additionally, if NSs can accrete nearly
all the disrupted stellar debris during TDEs of main-sequence
stars, this channel could contribute the most to the formation of
LMG BHs. The above suggests that massive, non-core-
collapsed clusters may also retain a small number of LMG
BHs from massive star evolution.

Another main uncertainty lies in the mass accretion
efficiency and mass-loss rate of WD-WD mergers. Although
zero LMG BHs in the simulations formed directly from the
merger-induced collapse of two WDs, it has significant impacts
on producing massive NSs, as shown in Section 5. For
example, many secondary NSs larger than 1.3 M, shown in
Figure 5 originate from WD-WD mergers, and they are
important for matching the mass of NGC 1851E. Significant
mass loss during the mergers of two WDs would instead
indicate that more massive NSs are formed and retained in the
clusters compared to those formed in ECSNe. This may be due
to smaller natal kicks in CCSNe, as discussed earlier, or
because the NSs accrete more mass during previous mass
transfer (e.g., through NS—-MS TDEg).

The LMG BHs, regardless of their formation channel, could
subsequently pair with an MSP or another NS/BH through
dynamical encounters, most likely in massive, dense, core-
collapsed clusters like M15 and NGC 1851. Core-collapsed
clusters probably have only a few BHs remaining (e.g.,
K. Kremer et al. 2018), allowing NSs to mass segregate to the
cluster cores and frequently engage in dynamical interactions
(C. S. Ye et al. 2019, their Figure 5). Therefore, the formation
of LMG BHs through the collapse of NSs and the formation of
NS-NS and NS-BH binaries (C. S. Ye et al. 2020) are boosted
in these dense core-collapsed clusters, and it is not surprising
that almost all detected MSP-NS/BH or their candidates are
found in (near)core-collapsed clusters (Table 3).

Similarly, the formation of MSPs (C. S. Ye et al
2019, 2024) and young radio pulsars (K. Kremer et al. 2023)
is also greatly enhanced in the dense, core-collapsed environ-
ment. The large observed number of MSPs (330 pulsars in 44
Milky Way clusters observed to date (Paulo Freire’s GC Pulsar
Catalog),'” although seemingly contradictory, is still consistent
with the small number of confirmed NS-NS/LMG BHs in
Milky Way GCs (M15C and NGC 1851E). This is because the
formation of NS-NS or NS-BH binaries is limited by the
dynamical encounter rates of two NSs (single or in binary),
which roughly scale with the square of the NS number density
in dense star clusters. On the other hand, the formation rate of
MSP binaries in dense star clusters scales with the number
density of the NSs and the number density of either WDs or
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luminous stars, which are orders of magnitude higher than the
NS number density. For example, the encounter rate between a
single and a binary star can be written as

Lys & N;Ny 2oy, 4)
where N, is the number densities of the target binaries and Ny is
the total number of singles of interest. ¥ is the encounter cross
section, and o, is the velocity dispersion. Thus, 22 orders of
magnitude more observed MSPs in GCs than NS-NS/BH
binaries is expected. Likewise, the formation rate of merging
NS-NS and BH-NS binaries is also much lower than that of
MSPs and the inferred rate from GW detections (see
Section 6.1 above; also C. S. Ye et al. 2020; R. Abbott et al.
2023; A. G. Abac et al. 2024).

8. Conclusions

In this study, we have explored for the first time the
formation and evolution of LMG BHs (in the mass range of
around 2.5-5M) and their binaries through the interplay
between massive star evolution and dynamical interactions in
dense star clusters. Motivated by the recent detection of a
pulsar binary with a potential LMG companion in the massive
and dense Milky Way cluster NGC 1851 (E. D. Barr et al.
2024), we model this cluster together with typical core-
collapsed GCs using our Monte Carlo code CMC, which self-
consistently takes into account stellar (and binary star)
evolution as well as all N-body dynamics.

Our simulations demonstrate the effects of two main
physical mechanisms on the formation of LMG BHs. The first
is the supernova core-collapse mechanism (i.e., rapid versus
delayed collapse; C. L. Fryer et al. 2012). The second is
dynamical interactions resulting in the collapse of massive
compact merger remnants into low-mass BHs (including NS-
WD mergers, NS-NS mergers, and tidal disruption of main-
sequence stars by NSs). We consider two possible outcomes for
mergers of massive WDs (our updated scenario conserves
mass, while the default in CMC does not) since WD-WD
mergers may produce massive NSs that can later collapse to
low-mass BHs in subsequent dynamical interactions.

The delayed supernova prescription produces ~400 LMG
BHs in a typical core-collapsed GC (while the rapid
prescription produces none). However, with the large natal
kicks they likely receive, only a few LMG BHs are retained in
the clusters after formation. More massive GCs similar to
NGC 1851 can retain a few tens of these LMG BHs born in
delayed supernovae because of the cluster’s deeper potential
well and the larger number of compact remnants formed
initially.

Most of the LMG BHs that form in our models through the
collapse of massive NSs originate from NS-WD mergers. In
simulations adopting the delayed supernova prescription or the
updated WD mass scenario, NS—WD mergers contribute more
than twice as many LMG BHs as NS-NS mergers. This is
expected since there are many more massive WDs in GCs than
NSs and even though most WDs have smaller masses. Only in
simulations that adopted the rapid supernova prescription and
the default WD mass scenario are there comparable numbers of
LMG BHs from NS-WD and NS-NS mergers. In addition, at
most, a few LMG BHs are produced by NSs tidally disrupting
main-sequence stars and accreting the debris. However, if NSs
can accrete very efficiently during TDEs (i.e., almost all the
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mass of the disrupted main-sequence star), then this channel
could dominate the production of LMG BHs in core-collapsed
clusters (e.g., K. Kremer et al. 2022).

Among all formation channels, NS-WD mergers can
produce 250% of LMG BHs (with an upper limit of ~85%)
in typical core-collapsed GCs given the supernova (C. L. Fryer
et al. 2012) and natal kick prescriptions (G. Hobbs et al. 2005)
adopted in our models. On the other hand, the number of
retained LMG BHs from delayed supernovae is comparable to
those from NS—WD mergers in more massive core-collapsed
clusters similar to NGC 1851. This suggests that LMG BHs
formed in supernovae may be significant in more massive
clusters, or if they (and NSs) receive smaller natal kicks as
indicated by recent studies (e.g., I. Mandel & B. Miiller 2020;
T. N. O’Doherty et al. 2023) compared to the previous
estimates from isolated pulsar observations (e.g., G. Hobbs
et al. 2005). We will explore different supernova and natal kick
prescriptions more systematically in future studies.

Our NGC 1851-like models typically have a few BH-NS
and NS—NS binaries at present, roughly consistent with the one
confirmed system in NGC 1851 (Table 3 and E. D. Barr et al.
2024) considering that binaries similar to the NGC 1851E
binary with orbital periods longer than about a week are not
strongly affected by selection biases during pulsar searches.
Future (non)detection of BH-NS and NS-NS binaries in GCs
would help better constrain supernova models and natal kicks
of NSs and LMG BHs. Among the late-time snapshots between
10 and 13 Gyr of the cluster’s evolution, about 50% (65%)
contain NS-NS/BH binaries with primary masses in the range
2.5-5M (2-5 M), and about 30% (45%) of the time these
binaries have an MSP companion. Some of the NS—NS or NS—
BH binaries in our models have both component masses similar
to those inferred for NGC 1851E. The potential LMG
companion of NGC 1851E most likely formed in a CCSN or
an NS—-WD merger. Simulations that assume our updated mass
scenario, where the total mass is conserved for WD-WD
mergers (e.g., J. Schwab 2021), better reproduce the mass of
NGC 1851E (1.537018 M.).

Acknowledgments

We thank the anonymous referee for the helpful comments.
C.S.Y. acknowledges support from the Natural Sciences and
Engineering Research Council of Canada (NSERC) DIS-2022-
568580. Support for K.K. was provided by NASA through the
NASA Hubble Fellowship grant HST-HF2-51510 awarded by
the Space Telescope Science Institute, which is operated by the
Association of Universities for Research in Astronomy, Inc.,
for NASA, under contract NAS5-26555. The National Radio
Astronomy Observatory is a facility of the National Science
Foundation operated under cooperative agreement by Asso-
ciated Universities, Inc. S.M.R. is a CIFAR Fellow and is
supported by the NSF Physics Frontiers Center award
2020265. F.A.R. acknowledges support from NSF grant
AST-2108624 and NASA ATP grant 80ONSSC22K0722. This
research was supported in part through the computational
resources and staff contributions provided for the Quest high-
performance computing facility at Northwestern University,
which is jointly supported by the Office of the Provost, the
Office for Research, and Northwestern University Information
Technology.

Software: CMC (K. J. Joshi et al. 2000, 2001; J. M. Fregeau
et al. 2003; J. M. Fregeau & F. A. Rasio 2007; S. Chatterjee



THE ASTROPHYSICAL JOURNAL, 975:77 (14pp), 2024 November 1

et al. 2010, 2013; S. Umbreit et al. 2012; M. Morscher et al.
2015; C. L. Rodriguez et al. 2016b, 2022), Fewbody
(J. M. Fregeau et al. 2004), COSMIC (K. Breivik et al. 2020).

ORCID iDs
Claire S. Ye © https: //orcid.org/0000-0001-9582-881X
Kyle Kremer @ https: //orcid.org/0000-0002-4086-3180

Scott M. Ransom @ https: //orcid.org/0000-0001-5799-9714
Frederic A. Rasio @ https: //orcid.org/0000-0002-7132-418X

References

Abac, A. G., Abbott, R., Abouelfettouh, I., et al. 2024, ApJL, 970, 39

Abbott, B. P., Abbott, R., Abbott, T. D., et al. 2017, PhRvL, 119, 161101

Abbott, R., Abbott, T. D., Abraham, S., et al. 2020, ApJL, 896, L44

Abbott, R., Abbott, T. D., Abraham, S., et al. 2021a, ApJL, 915, L5

Abbott, R., Abbott, T. D., Abraham, S., et al. 2021b, ApJL, 913, L7

Abbott, R., Abbott, T. D., Acernese, F., et al. 2023, PhRvX, 13, 011048

Amaro-Seoane, P., & Chen, X. 2016, MNRAS, 458, 3075

Antognini, J. M., Shappee, B. J., Thompson, T. A., & Amaro-Seoane, P. 2014,
MNRAS, 439, 1079

Bailyn, C. D., Jain, R. K., Coppi, P., & Orosz, J. A. 1998, ApJ, 499, 367

Balakrishnan, V., Freire, P. C. C., Ransom, S. M., et al. 2023, ApJL, 942, L35

Barr, E. D., Dutta, A., Freire, P. C. C., et al. 2024, Sci, 383, 275

Baumgardt, H. 2017, MNRAS, 464, 2174

Baumgardt, H., & Hilker, M. 2018, MNRAS, 478, 1520

Belczynski, K., Kalogera, V., Rasio, F. A., et al. 2008, ApJS, 174, 223

Belczynski, K., Wiktorowicz, G., Fryer, C. L., Holz, D. E., & Kalogera, V.
2012, ApJ, 757, 91

Blandford, R. D., & Begelman, M. C. 1999, MNRAS, 303, L1

Boyles, J., Lorimer, D. R., Turk, P. J., et al. 2011, AplJ, 742, 51

Breivik, K., Coughlin, S., Zevin, M., et al. 2020, ApJ, 898, 71

Chatterjee, S., Fregeau, J. M., Umbreit, S., & Rasio, F. A. 2010, ApJ, 719, 915

Chatterjee, S., Umbreit, S., Fregeau, J. M., & Rasio, F. A. 2013, MNRAS,
429, 2881

Cromartie, H. T., Fonseca, E., Ransom, S. M., et al. 2020, NatAs, 4, 72

Farah, A., Fishbach, M., Essick, R., Holz, D. E., & Galaudage, S. 2022, ApJ,
931, 108

Farr, W. M., Sravan, N., Cantrell, A., et al. 2011, ApJ, 741, 103

Fonseca, E., Cromartie, H. T., Pennucci, T. T., et al. 2021, ApJL, 915, L12

Fregeau, J. M., Cheung, P., Portegies Zwart, S. F., & Rasio, F. A. 2004,
MNRAS, 352, 1

Fregeau, J. M., Gurkan, M. A., Joshi, K. J., & Rasio, F. A. 2003, ApJ, 593
772

Fregeau, J. M., Ivanova, N., & Rasio, F. A. 2009, ApJ, 707, 1533

Fregeau, J. M., & Rasio, F. A. 2007, ApJ, 658, 1047

Freire, P. C., Gupta, Y., Ransom, S. M., & Ishwara-Chandra, C. H. 2004,
ApJL, 606, L53

Freire, P. C. C., Ransom, S. M., & Gupta, Y. 2007, ApJ, 662, 1177

Fryer, C. L., Belczynski, K., Wiktorowicz, G., et al. 2012, ApJ, 749, 91

Fryer, C. L., Olejak, A., & Belczynski, K. 2022, ApJ, 931, 94

Gao, S.-J., Li, X.-D., & Shao, Y. 2022, MNRAS, 514, 1054

Giesers, B., Kamann, S., Dreizler, S., et al. 2019, A&A, 632, A3

Harris, W. E. 1996, AJ, 112, 1487

Hénon, M. 1971a, International Astronomical Union Colloquium, Vol. 10
(Cambridge: Cambridge Univ. Press), 151

Hénon, M. 1971b, Ap&SS, 13, 284

Hjellming, M. S., & Webbink, R. F. 1987, ApJ, 318, 794

Hobbs, G., Lorimer, D. R., Lyne, A. G., & Kramer, M. 2005, MNRAS,
360, 974

Hurley, J. R., Pols, O. R., & Tout, C. A. 2000, MNRAS, 315, 543

Hurley, J. R., Tout, C. A., & Pols, O. R. 2002, MNRAS, 329, 897

Jacoby, B. A., Cameron, P. B., Jenet, F. A., et al. 2006, ApJL, 644, L113

Jayasinghe, T., Stanek, K. Z., Thompson, T. A., et al. 2021, MNRAS,
504, 2577

Joshi, K. J., Nave, C. P., & Rasio, F. A. 2001, ApJ, 550, 691

Joshi, K. J., Rasio, F. A., & Portegies Zwart, S. 2000, ApJ, 540, 969

Kalogera, V., & Baym, G. 1996, ApJL, 470, L61

Kiel, P. D., & Hurley, J. R. 2009, MNRAS, 395, 2326

Kiel, P. D., Hurley, J. R., Bailes, M., & Murray, J. R. 2008, MNRAS, 388, 393

14

Ye et al.

Kochanek, C. S. 2014, ApJ, 785, 28

Kremer, K., Fuller, J., Piro, A. L., & Ransom, S. M. 2023, MNRAS, 525, .22

Kremer, K., Lu, W., Rodriguez, C. L., Lachat, M., & Rasio, F. A. 2019, Ap]J,
881, 75

Kremer, K., Rui, N. Z., Weatherford, N. C., et al. 2021, ApJ, 917, 28

Kremer, K., Ye, C. S., Chatterjee, S., Rodriguez, C. L., & Rasio, F. A. 2018,
AplL, 855, L15

Kremer, K., Ye, C. S., Chatterjee, S., Rodriguez, C. L., & Rasio, F. A. 2020a,
in Star Clusters: From the Milky Way to the Early Universe, ed.
A. Bragaglia (Cambridge: Cambridge Univ. Press), 357

Kremer, K., Ye, C. S., Kiroglu, F., et al. 2022, ApJL, 934, L1

Kremer, K., Ye, C. S., Rui, N. Z., et al. 2020b, ApJS, 247, 48

Kroupa, P. 2001, MNRAS, 322, 231

Kumar, P., Narayan, R., & Johnson, J. L. 2008, MNRAS, 388, 1729

Lam, C. Y., Lu, J. R., Udalski, A., et al. 2022, ApJL, 933, L.23

Libralato, M., Bellini, A., Vesperini, E., et al. 2022, ApJ, 934, 150

Liu, T., Wei, Y.-F., Xue, L., & Sun, M.-Y. 2021, ApJ, 908, 106

Lynch, R. S., Freire, P. C. C., Ransom, S. M., & Jacoby, B. A. 2012, ApJ,
745, 109

Mandel, 1., & Miiller, B. 2020, MNRAS, 499, 3214

Metzger, B. D., Piro, A. L., & Quataert, E. 2008, MNRAS, 390, 781

Milone, A. P., Piotto, G., Bedin, L. R., et al. 2012, A&A, 540, A16

Miocchi, P., Lanzoni, B., Ferraro, F. R., et al. 2013, ApJ, 774, 151

Moe, M., & Di Stefano, R. 2017, ApJS, 230, 15

Morscher, M., Pattabiraman, B., Rodriguez, C., Rasio, F. A., & Umbreit, S.
2015, Apl, 800, 9

Nomoto, K. 1984, AplJ, 277, 791

Nomoto, K. 1987, AplJ, 322, 206

Nomoto, K., & Kondo, Y. 1991, ApJ, 367, L19

O’Doherty, T. N., Bahramian, A., Miller-Jones, J. C. A., et al. 2023, MNRAS,
521, 2504

Ozel, F., & Freire, P. 2016, ARA&A, 54, 401

Ozel, F., Psaltis, D., Narayan, R., & McClintock, J. E. 2010, ApJ, 725
1918

Pan, Z., Qian, L., Ma, X., et al. 2021, ApJL, 915, L28

Perets, H. B., Li, Z., Lombardi, J. C. J.,, & Milcarek, S. R. J. 2016, ApJ,
823, 113

Ransom, S. M., Stairs, I. H., Backer, D. C., et al. 2004, ApJ, 604, 328

Rees, M. J. 1988, Natur, 333, 523

Rhoades, C. E., & Ruffini, R. 1974, PhRvL, 32, 324

Ridolfi, A., Freire, P. C. C., Gupta, Y., & Ransom, S. M. 2019, MNRAS,
490, 3860

Rodriguez, C. L., Amaro-Seoane, P., Chatterjee, S., & Rasio, F. A. 2018a,
PhRvL, 120, 151101

Rodriguez, C. L., Amaro-Seoane, P., Chatterjee, S., et al. 2018b, PhRvD, 98,
123005

Rodriguez, C. L., Chatterjee, S., & Rasio, F. A. 2016a, PhRvD, 93, 084029

Rodriguez, C. L., Morscher, M., Wang, L., et al. 2016b, MNRAS,
463, 2109

Rodriguez, C. L., Weatherford, N. C., Coughlin, S. C., et al. 2022, ApJS,
258, 22

Saio, H., & Nomoto, K. 1985, A&A, 150, L.21

Saio, H., & Nomoto, K. 1998, ApJ, 500, 388

Saio, H., & Nomoto, K. 2004, ApJ, 615, 444

Sana, H., de Mink, S. E., de Koter, A., et al. 2012, Sci, 337, 444

Schwab, J. 2021, AplJ, 906, 53

Schwab, J., Quataert, E., & Bildsten, L. 2015, MNRAS, 453, 1910

Schwab, J., Quataert, E., & Kasen, D. 2016, MNRAS, 463, 3461

Shen, K. J., Bildsten, L., Kasen, D., & Quataert, E. 2012, ApJ, 748, 35

Siegel, J. C., Kiato, I., Kalogera, V., et al. 2023, ApJ, 954, 212

Thompson, T. A., Kochanek, C. S., Stanek, K. Z., et al. 2019, Sci, 366
637

Trager, S. C., King, I. R., & Djorgovski, S. 1995, AJ, 109, 218

Umbreit, S., Fregeau, J. M., Chatterjee, S., & Rasio, F. A. 2012, ApJ, 750, 31

VandenBerg, D. A., Brogaard, K., Leaman, R., & Casagrande, L. 2013, ApJ,
775, 134

Vasiliev, E., & Baumgardt, H. 2021, MNRAS, 505, 5978

Weatherford, N. C., Kiroglu, F., Fragione, G., et al. 2023, ApJ, 946, 104

Ye, C. S., Fong, W.-f., Kremer, K., et al. 2020, ApJL, 888, L10

Ye, C. S., Kremer, K., Chatterjee, S., Rodriguez, C. L., & Rasio, F. A. 2019,
Apl, 877, 122

Ye, C. S., Kremer, K., Ransom, S. M., & Rasio, F. A. 2024, ApJ, 961, 98

Ye, C. S, Kremer, K., Rodriguez, C. L., et al. 2022, ApJ, 931, 84


https://orcid.org/0000-0001-9582-881X
https://orcid.org/0000-0001-9582-881X
https://orcid.org/0000-0001-9582-881X
https://orcid.org/0000-0001-9582-881X
https://orcid.org/0000-0001-9582-881X
https://orcid.org/0000-0001-9582-881X
https://orcid.org/0000-0001-9582-881X
https://orcid.org/0000-0001-9582-881X
https://orcid.org/0000-0002-4086-3180
https://orcid.org/0000-0002-4086-3180
https://orcid.org/0000-0002-4086-3180
https://orcid.org/0000-0002-4086-3180
https://orcid.org/0000-0002-4086-3180
https://orcid.org/0000-0002-4086-3180
https://orcid.org/0000-0002-4086-3180
https://orcid.org/0000-0002-4086-3180
https://orcid.org/0000-0001-5799-9714
https://orcid.org/0000-0001-5799-9714
https://orcid.org/0000-0001-5799-9714
https://orcid.org/0000-0001-5799-9714
https://orcid.org/0000-0001-5799-9714
https://orcid.org/0000-0001-5799-9714
https://orcid.org/0000-0001-5799-9714
https://orcid.org/0000-0001-5799-9714
https://orcid.org/0000-0002-7132-418X
https://orcid.org/0000-0002-7132-418X
https://orcid.org/0000-0002-7132-418X
https://orcid.org/0000-0002-7132-418X
https://orcid.org/0000-0002-7132-418X
https://orcid.org/0000-0002-7132-418X
https://orcid.org/0000-0002-7132-418X
https://orcid.org/0000-0002-7132-418X
https://doi.org/10.3847/2041-8213/ad5beb
https://ui.adsabs.harvard.edu/abs/2024ApJ...970L..34A/abstract
https://doi.org/10.1103/PhysRevLett.119.161101
https://ui.adsabs.harvard.edu/abs/2017PhRvL.119p1101A/abstract
https://doi.org/10.3847/2041-8213/ab960f
https://ui.adsabs.harvard.edu/abs/2020ApJ...896L..44A/abstract
https://doi.org/10.3847/2041-8213/ac082e
https://ui.adsabs.harvard.edu/abs/2021ApJ...915L...5A/abstract
https://doi.org/10.3847/2041-8213/abe949
https://ui.adsabs.harvard.edu/abs/2021ApJ...913L...7A/abstract
https://doi.org/10.1103/PhysRevX.13.011048
https://ui.adsabs.harvard.edu/abs/2023PhRvX..13a1048A/abstract
https://doi.org/10.1093/mnras/stw503
https://ui.adsabs.harvard.edu/abs/2016MNRAS.458.3075A/abstract
https://doi.org/10.1093/mnras/stu039
https://ui.adsabs.harvard.edu/abs/2014MNRAS.439.1079A/abstract
https://doi.org/10.1086/305614
https://ui.adsabs.harvard.edu/abs/1998ApJ...499..367B/abstract
https://doi.org/10.3847/2041-8213/acae99
https://ui.adsabs.harvard.edu/abs/2023ApJ...942L..35B/abstract
https://doi.org/10.1126/science.adg3005
https://ui.adsabs.harvard.edu/abs/2024Sci...383..275B/abstract
https://doi.org/10.1093/mnras/stw2488
https://ui.adsabs.harvard.edu/abs/2017MNRAS.464.2174B/abstract
https://doi.org/10.1093/mnras/sty1057
https://ui.adsabs.harvard.edu/abs/2018MNRAS.478.1520B/abstract
https://doi.org/10.1086/521026
https://ui.adsabs.harvard.edu/abs/2008ApJS..174..223B/abstract
https://doi.org/10.1088/0004-637X/757/1/91
https://ui.adsabs.harvard.edu/abs/2012ApJ...757...91B/abstract
https://doi.org/10.1046/j.1365-8711.1999.02358.x
https://ui.adsabs.harvard.edu/abs/1999MNRAS.303L...1B/abstract
https://doi.org/10.1088/0004-637X/742/1/51
https://ui.adsabs.harvard.edu/abs/2011ApJ...742...51B/abstract
https://doi.org/10.3847/1538-4357/ab9d85
https://ui.adsabs.harvard.edu/abs/2020ApJ...898...71B/abstract
https://doi.org/10.1088/0004-637X/719/1/915
https://ui.adsabs.harvard.edu/abs/2010ApJ...719..915C/abstract
https://doi.org/10.1093/mnras/sts464
https://ui.adsabs.harvard.edu/abs/2013MNRAS.429.2881C/abstract
https://ui.adsabs.harvard.edu/abs/2013MNRAS.429.2881C/abstract
https://doi.org/10.1038/s41550-019-0880-2
https://ui.adsabs.harvard.edu/abs/2020NatAs...4...72C/abstract
https://doi.org/10.3847/1538-4357/ac5f03
https://ui.adsabs.harvard.edu/abs/2022ApJ...931..108F/abstract
https://ui.adsabs.harvard.edu/abs/2022ApJ...931..108F/abstract
https://doi.org/10.1088/0004-637X/741/2/103
https://ui.adsabs.harvard.edu/abs/2011ApJ...741..103F/abstract
https://doi.org/10.3847/2041-8213/ac03b8
https://ui.adsabs.harvard.edu/abs/2021ApJ...915L..12F/abstract
https://doi.org/10.1111/j.1365-2966.2004.07914.x
https://ui.adsabs.harvard.edu/abs/2004MNRAS.352....1F/abstract
https://doi.org/10.1086/376593
https://ui.adsabs.harvard.edu/abs/2003ApJ...593..772F/abstract
https://ui.adsabs.harvard.edu/abs/2003ApJ...593..772F/abstract
https://doi.org/10.1088/0004-637X/707/2/1533
https://ui.adsabs.harvard.edu/abs/2009ApJ...707.1533F/abstract
https://doi.org/10.1086/511809
https://ui.adsabs.harvard.edu/abs/2007ApJ...658.1047F/abstract
https://doi.org/10.1086/421085
https://ui.adsabs.harvard.edu/abs/2004ApJ...606L..53F/abstract
https://doi.org/10.1086/517904
https://ui.adsabs.harvard.edu/abs/2007ApJ...662.1177F/abstract
https://doi.org/10.1088/0004-637X/749/1/91
https://ui.adsabs.harvard.edu/abs/2012ApJ...749...91F/abstract
https://doi.org/10.3847/1538-4357/ac6ac9
https://ui.adsabs.harvard.edu/abs/2022ApJ...931...94F/abstract
https://doi.org/10.1093/mnras/stac1426
https://ui.adsabs.harvard.edu/abs/2022MNRAS.514.1054G/abstract
https://doi.org/10.1051/0004-6361/201936203
https://ui.adsabs.harvard.edu/abs/2019A&A...632A...3G/abstract
https://doi.org/10.1086/118116
https://ui.adsabs.harvard.edu/abs/1996AJ....112.1487H/abstract
https://doi.org/10.1007/BF00649159
https://ui.adsabs.harvard.edu/abs/1971Ap&SS..13..284H/abstract
https://doi.org/10.1086/165412
https://ui.adsabs.harvard.edu/abs/1987ApJ...318..794H/abstract
https://doi.org/10.1111/j.1365-2966.2005.09087.x
https://ui.adsabs.harvard.edu/abs/2005MNRAS.360..974H/abstract
https://ui.adsabs.harvard.edu/abs/2005MNRAS.360..974H/abstract
https://doi.org/10.1046/j.1365-8711.2000.03426.x
https://ui.adsabs.harvard.edu/abs/2000MNRAS.315..543H/abstract
https://doi.org/10.1046/j.1365-8711.2002.05038.x
https://ui.adsabs.harvard.edu/abs/2002MNRAS.329..897H/abstract
https://doi.org/10.1086/505742
https://ui.adsabs.harvard.edu/abs/2006ApJ...644L.113J/abstract
https://doi.org/10.1093/mnras/stab907
https://ui.adsabs.harvard.edu/abs/2021MNRAS.504.2577J/abstract
https://ui.adsabs.harvard.edu/abs/2021MNRAS.504.2577J/abstract
https://doi.org/10.1086/319771
https://ui.adsabs.harvard.edu/abs/2001ApJ...550..691J/abstract
https://doi.org/10.1086/309350
https://ui.adsabs.harvard.edu/abs/2000ApJ...540..969J/abstract
https://doi.org/10.1086/310296
https://ui.adsabs.harvard.edu/abs/1996ApJ...470L..61K/abstract
https://doi.org/10.1111/j.1365-2966.2009.14711.x
https://ui.adsabs.harvard.edu/abs/2009MNRAS.395.2326K/abstract
https://doi.org/10.1111/j.1365-2966.2008.13402.x
https://ui.adsabs.harvard.edu/abs/2008MNRAS.388..393K/abstract
https://doi.org/10.1088/0004-637X/785/1/28
https://ui.adsabs.harvard.edu/abs/2014ApJ...785...28K/abstract
https://doi.org/10.1093/mnrasl/slad088
https://ui.adsabs.harvard.edu/abs/2023MNRAS.525L..22K/abstract
https://doi.org/10.3847/1538-4357/ab2e0c
https://ui.adsabs.harvard.edu/abs/2019ApJ...881...75K/abstract
https://ui.adsabs.harvard.edu/abs/2019ApJ...881...75K/abstract
https://doi.org/10.3847/1538-4357/ac06d4
https://ui.adsabs.harvard.edu/abs/2021ApJ...917...28K/abstract
https://doi.org/10.3847/2041-8213/aab26c
https://ui.adsabs.harvard.edu/abs/2018ApJ...855L..15K/abstract
https://ui.adsabs.harvard.edu/abs/2020IAUS..351..357K/abstract
https://doi.org/10.3847/2041-8213/ac7ec4
https://ui.adsabs.harvard.edu/abs/2022ApJ...934L...1K/abstract
https://doi.org/10.3847/1538-4365/ab7919
https://ui.adsabs.harvard.edu/abs/2020ApJS..247...48K/abstract
https://doi.org/10.1046/j.1365-8711.2001.04022.x
https://ui.adsabs.harvard.edu/abs/2001MNRAS.322..231K/abstract
https://doi.org/10.1111/j.1365-2966.2008.13493.x
https://ui.adsabs.harvard.edu/abs/2008MNRAS.388.1729K/abstract
https://doi.org/10.3847/2041-8213/ac7442
https://ui.adsabs.harvard.edu/abs/2022ApJ...933L..23L/abstract
https://doi.org/10.3847/1538-4357/ac7727
https://ui.adsabs.harvard.edu/abs/2022ApJ...934..150L/abstract
https://doi.org/10.3847/1538-4357/abd24e
https://ui.adsabs.harvard.edu/abs/2021ApJ...908..106L/abstract
https://doi.org/10.1088/0004-637X/745/2/109
https://ui.adsabs.harvard.edu/abs/2012ApJ...745..109L/abstract
https://ui.adsabs.harvard.edu/abs/2012ApJ...745..109L/abstract
https://doi.org/10.1093/mnras/staa3043
https://ui.adsabs.harvard.edu/abs/2020MNRAS.499.3214M/abstract
https://doi.org/10.1111/j.1365-2966.2008.13789.x
https://ui.adsabs.harvard.edu/abs/2008MNRAS.390..781M/abstract
https://doi.org/10.1051/0004-6361/201016384
https://ui.adsabs.harvard.edu/abs/2012A&A...540A..16M/abstract
https://doi.org/10.1088/0004-637X/774/2/151
https://ui.adsabs.harvard.edu/abs/2013ApJ...774..151M/abstract
https://doi.org/10.3847/1538-4365/aa6fb6
https://ui.adsabs.harvard.edu/abs/2017ApJS..230...15M/abstract
https://doi.org/10.1088/0004-637X/800/1/9
https://ui.adsabs.harvard.edu/abs/2015ApJ...800....9M/abstract
https://doi.org/10.1086/161749
https://ui.adsabs.harvard.edu/abs/1984ApJ...277..791N/abstract
https://doi.org/10.1086/165716
https://ui.adsabs.harvard.edu/abs/1987ApJ...322..206N/abstract
https://doi.org/10.1086/185922
https://ui.adsabs.harvard.edu/abs/1991ApJ...367L..19N/abstract
https://doi.org/10.1093/mnras/stad680
https://ui.adsabs.harvard.edu/abs/2023MNRAS.521.2504O/abstract
https://ui.adsabs.harvard.edu/abs/2023MNRAS.521.2504O/abstract
https://doi.org/10.1146/annurev-astro-081915-023322
https://ui.adsabs.harvard.edu/abs/2016ARA&A..54..401O/abstract
https://doi.org/10.1088/0004-637X/725/2/1918
https://ui.adsabs.harvard.edu/abs/2010ApJ...725.1918O/abstract
https://ui.adsabs.harvard.edu/abs/2010ApJ...725.1918O/abstract
https://doi.org/10.3847/2041-8213/ac0bbd
https://ui.adsabs.harvard.edu/abs/2021ApJ...915L..28P/abstract
https://doi.org/10.3847/0004-637X/823/2/113
https://ui.adsabs.harvard.edu/abs/2016ApJ...823..113P/abstract
https://ui.adsabs.harvard.edu/abs/2016ApJ...823..113P/abstract
https://doi.org/10.1086/381730
https://ui.adsabs.harvard.edu/abs/2004ApJ...604..328R/abstract
https://doi.org/10.1038/333523a0
https://ui.adsabs.harvard.edu/abs/1988Natur.333..523R/abstract
https://doi.org/10.1103/PhysRevLett.32.324
https://ui.adsabs.harvard.edu/abs/1974PhRvL..32..324R/abstract
https://doi.org/10.1093/mnras/stz2645
https://ui.adsabs.harvard.edu/abs/2019MNRAS.490.3860R/abstract
https://ui.adsabs.harvard.edu/abs/2019MNRAS.490.3860R/abstract
https://doi.org/10.1103/PhysRevLett.120.151101
https://ui.adsabs.harvard.edu/abs/2018PhRvL.120o1101R/abstract
https://ui.adsabs.harvard.edu/abs/2018PhRvD..98l3005R/abstract
https://ui.adsabs.harvard.edu/abs/2018PhRvD..98l3005R/abstract
https://doi.org/10.1103/PhysRevD.93.084029
https://ui.adsabs.harvard.edu/abs/2016PhRvD..93h4029R/abstract
https://doi.org/10.1093/mnras/stw2121
https://ui.adsabs.harvard.edu/abs/2016MNRAS.463.2109R/abstract
https://ui.adsabs.harvard.edu/abs/2016MNRAS.463.2109R/abstract
https://doi.org/10.3847/1538-4365/ac2edf
https://ui.adsabs.harvard.edu/abs/2022ApJS..258...22R/abstract
https://ui.adsabs.harvard.edu/abs/2022ApJS..258...22R/abstract
https://ui.adsabs.harvard.edu/abs/1985A&A...150L..21S/abstract
https://doi.org/10.1086/305696
https://ui.adsabs.harvard.edu/abs/1998ApJ...500..388S/abstract
https://doi.org/10.1086/423976
https://ui.adsabs.harvard.edu/abs/2004ApJ...615..444S/abstract
https://doi.org/10.1126/science.1223344
https://ui.adsabs.harvard.edu/abs/2012Sci...337..444S/abstract
https://doi.org/10.3847/1538-4357/abc87e
https://ui.adsabs.harvard.edu/abs/2021ApJ...906...53S/abstract
https://doi.org/10.1093/mnras/stv1804
https://ui.adsabs.harvard.edu/abs/2015MNRAS.453.1910S/abstract
https://doi.org/10.1093/mnras/stw2249
https://ui.adsabs.harvard.edu/abs/2016MNRAS.463.3461S/abstract
https://doi.org/10.1088/0004-637X/748/1/35
https://ui.adsabs.harvard.edu/abs/2012ApJ...748...35S/abstract
https://doi.org/10.3847/1538-4357/ace9d9
https://ui.adsabs.harvard.edu/abs/2023ApJ...954..212S/abstract
https://doi.org/10.1126/science.aau4005
https://ui.adsabs.harvard.edu/abs/2019Sci...366..637T/abstract
https://ui.adsabs.harvard.edu/abs/2019Sci...366..637T/abstract
https://doi.org/10.1086/117268
https://ui.adsabs.harvard.edu/abs/1995AJ....109..218T/abstract
https://doi.org/10.1088/0004-637X/750/1/31
https://ui.adsabs.harvard.edu/abs/2012ApJ...750...31U/abstract
https://doi.org/10.1088/0004-637X/775/2/134
https://ui.adsabs.harvard.edu/abs/2013ApJ...775..134V/abstract
https://ui.adsabs.harvard.edu/abs/2013ApJ...775..134V/abstract
https://doi.org/10.1093/mnras/stab1475
https://ui.adsabs.harvard.edu/abs/2021MNRAS.505.5978V/abstract
https://doi.org/10.3847/1538-4357/acbcc1
https://ui.adsabs.harvard.edu/abs/2023ApJ...946..104W/abstract
https://doi.org/10.3847/2041-8213/ab5dc5
https://ui.adsabs.harvard.edu/abs/2020ApJ...888L..10Y/abstract
https://doi.org/10.3847/1538-4357/ab1b21
https://ui.adsabs.harvard.edu/abs/2019ApJ...877..122Y/abstract
https://doi.org/10.3847/1538-4357/ad089a
https://ui.adsabs.harvard.edu/abs/2024ApJ...961...98Y/abstract
https://doi.org/10.3847/1538-4357/ac5b0b
https://ui.adsabs.harvard.edu/abs/2022ApJ...931...84Y/abstract

	1. Introduction
	2. Monte Carlo N-body Code and Compact Object Formation
	2.1. Core-collapse Supernova
	2.2. Electron-capture Supernova and White Dwarf Collapse
	2.3. Collapse of Neutron Stars

	3. Modeling Core-collapsed Globular Clusters
	3.1. Typical Core-collapsed Globular Clusters
	3.2. Modeling NGC 1851

	4. Formation of Lower-mass-gap Objects
	5. Lower-mass-gap Binaries
	6. Gravitational Wave Sources and Luminous Transients with Lower-mass-gap Black Holes
	6.1. Gravitational Wave Sources
	6.2. Transients from Stellar Collisions and Tidal Disruptions

	7. Discussion
	8. Conclusions
	References

