
Single Millisecond Pulsars from Dynamical Interaction Processes in Dense Star Clusters

Claire S. Ye1 , Kyle Kremer2,6 , Scott M. Ransom3 , and Frederic A. Rasio4,5
1 Canadian Institute for Theoretical Astrophysics, University of Toronto, 60 St. George Street, Toronto, Ontario M5S 3H8, Canada; claireshiye@cita.utoronto.ca

2 TAPIR, California Institute of Technology, Pasadena, CA 91125, USA
3 NRAO, 520 Edgemont Road, Charlottesville, VA 22903, USA

4 Department of Physics & Astronomy, Northwestern University, Evanston, IL 60208, USA
5 Center for Interdisciplinary Exploration & Research in Astrophysics (CIERA), Northwestern University, Evanston, IL 60208, USA

Received 2023 July 27; revised 2023 October 20; accepted 2023 October 28; published 2024 January 17

Abstract

Globular clusters (GCs) are particularly efficient at forming millisecond pulsars. Among these pulsars, about half
lack a companion star, a significantly higher fraction than in the Galactic field. This fraction increases further in
some of the densest GCs, especially those that have undergone core collapse, suggesting that dynamical interaction
processes play a key role. For the first time, we create N-body models that reproduce the ratio of single-to-binary
pulsars in Milky Way–like GCs. We focus especially on NGC 6752, a typical core-collapsed cluster with many
observed millisecond pulsars. Previous studies suggested that an increased rate of neutron star binary disruption in
the densest clusters could explain the overabundance of single pulsars in these systems. Here, we demonstrate that
binary disruption is ineffective and instead we propose that two additional dynamical processes play dominant
roles: (1) tidal disruption of main-sequence stars by neutron stars and (2) gravitational collapse of heavy white
dwarf binary merger remnants. Neutron stars formed through these processes may also be associated with fast radio
bursts similar to those observed recently in an extragalactic GC.

Unified Astronomy Thesaurus concepts: Globular star clusters (656); Millisecond pulsars (1062); Neutron stars
(1108); White dwarf stars (1799); Tidal disruption (1696); N-body simulations (1083); Stellar dynamics (1596)

1. Introduction

Pulsars are highly magnetized, fast-spinning neutron stars
(NSs) ubiquitous in the Galaxy. There are ∼3400 pulsars
detected in the Milky Way so far (Manchester et al. 2005).7

Among these pulsars, about 570 have millisecond spin periods
(P 30 ms) and low spin-down rates ( P 10 ;19 - Lorimer
2008), thus are called millisecond pulsars (MSPs). They are
proposed to be “recycled” in low-mass X-ray binaries, where
an NS accreted material and angular momentum from the
companion star and was revived and spun up to millisecond
periods (Alpar et al. 1982). Given how MSPs were formed, it
was unexpected when observations showed that a significant
number of MSPs do not have a companion star. Specifically,
∼20% of the MSPs detected in the Galactic field8 and ∼40% of
the MSPs detected in globular clusters (GCs)9 are isolated. The
large number of single MSPs has motivated previous studies to
search for their origins, and a few scenarios have been
suggested. These include “failed” double NS binary formation,
where the binary with an MSP is disrupted by the second
supernova explosion (Camilo et al. 1993; Belczynski et al.
2010), “evaporation” of low-mass hot white dwarf (WD)
companions (Bildsten 2002), and the merger products of
double WDs (e.g., Schwab 2021).

The relatively high fraction of single MSPs in the GCs
indicates an additional contribution from dynamical forma-
tion channels. The role of dynamics is further motivated by
the fact that single MSPs are most abundant in dense core-
collapsed clusters, where they contribute to ∼55% of the
detected MSPs (Figure 1 and Table 1). For example, previous
studies have suggested that the disruption of MSP binaries by
dynamical interactions (Verbunt & Freire 2014) and NS–
main-sequence star tidal disruption events (TDEs; e.g.,
Davies et al. 1992; Davies & Benz 1995; Lee et al. 1996;
Camilo & Rasio 2005; Kremer et al. 2022) can produce
single MSPs.
However, the exact ratios of single-to-binary pulsars in

Milky Way GCs (taking into account the aforementioned
mechanisms) have yet to be self-consistently reproduced by N-
body cluster simulations. As an illustration of this, we searched
for single MSPs in the Cluster Monte Carlo (CMC)
Cluster Catalog Models. These catalog models have shown
promising results in matching various properties of observed
Milky Way GCs, including cluster masses, core radii, and half-
light radii, and are close representatives of Milky Way GCs
(Kremer et al. 2020b). The models also form and evolve MSPs
self-consistently in the dynamical environment of clusters,
producing good agreements with the properties of observed
cluster pulsars (Ye et al. 2019). However, while the fractions of
single MSPs in these models overlap with observations, they
do not show any difference between core-collapsed and non–
core-collapsed clusters as the observations do in Figure 1. In
addition, the total fraction of single MSPs in all core-collapsed
models is ∼20%, much lower than the ∼55% for the observed
core-collapsed clusters.
The high fraction of observed single MSPs and the

discrepancy between the cluster models and observations
inspire us to understand quantitatively the dynamical
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channels for forming single MSPs in GCs. In this study, we
use the ratios of single-to-binary MSPs in GCs as guidance
for forming MSPs since these ratios are likely less affected by
the selection biases of MSPs (e.g., beaming fractions;
Lorimer 2008) than the observed number of MSPs. In the
following Section 2, we will introduce the Monte Carlo N-
body dynamics code used for self-consistently simulating
GCs and the compact object dynamics within, focusing on
one cluster, NGC 6752. In Section 3, we show the number of
single MSPs formed through different channels. We discuss
the uncertainties of these channels in Section 5 and conclude
in Section 6.

2. N-body Simulation Methods

2.1. Cluster Monte Carlo Code

We use the CMC code (Rodriguez et al. 2022 and references
therein) to model GCs and all objects therein. CMC is a Hénon-
style Monte Carlo code (Hénon 1971a, 1971b) that incorpo-
rates various relevant physics for cluster evolution, including
two-body relaxation, tidal mass loss, strong few-body interac-
tions, dynamical binary formation through collisions with giant
stars and tidal capture interactions (Ye et al. 2022), and post-
Newtonian effects (Rodriguez et al. 2018b). Stellar and binary
star evolution are fully coupled to the dynamical interactions
and are computed by the publicly available software COSMIC
(Breivik et al. 2020), which is based on SSE (Hurley et al.
2000) and BSE (Hurley et al. 2002). Strong three- and four-
body gravitational encounters are directly integrated using the
Fewbody package (Fregeau et al. 2004; Fregeau &
Rasio 2007), which includes post-Newtonian dynamics for

black holes (BHs; Antognini et al. 2014; Amaro-Seoane &
Chen 2016; Rodriguez et al. 2018a, 2018b).
CMC forms and evolves NSs and MSPs following Ye et al.

(2019) and references therein. NSs are formed either in iron core-
collapse supernovae (CCSNe) or electron-capture supernovae
(ECSNe) depending on the mass and metallicity of the progenitor
star. NSs formed in CCSNe receive large natal kicks drawn from a
Maxwellian distribution with a standard deviation CCSNs =
265 km s 1- (Hobbs et al. 2005). ECSNe include scenarios where
the core of a ∼6–8 Me star collapses to an NS (Nomoto
1984, 1987), or the collapse of a massive WD to an NS triggered
by the capture of electrons and the loss of electron pressure after
mass accretion from or a merger with another WD (Saio &
Nomoto 1985; Nomoto & Kondo 1991; Saio &
Nomoto1998, 2004; Shen et al. 2012; Schwab et al. 2015;
Schwab 2021). The critical mass for the collapse of an ONe core
or WD is assumed to be 1.38 Me. For more details about the
different outcomes of WD–WD coalescences in CMC, see Kremer
et al. (2021b). NSs formed in ECSNe receive small natal kicks
drawn from a Maxwellian distribution with a standard deviation

20 km sECSN
1s = - (Kiel et al. 2008; Kiel & Hurley 2009). The

small kicks allow these NSs to be preferentially retained in the
clusters given the low cluster escape velocities. We set the
maximum mass of an NS to be 2.5Me. Any object more massive
than this will collapse into a BH.
All new NSs born in CCSNe and ECSNe are assigned initial

magnetic fields in the range 1011.5–1013.8 G and spin periods in
the range 30–1000 ms, similar to observed young radio pulsars

Figure 1. Fraction of single pulsars as a function of the ratio of the core-to-half-
light radii. The diamonds show the observations from the GC Pulsar Catalog.
Filled diamonds mark core-collapsed clusters from Harris (1996; 2010 edition)
and hollow diamonds mark non–core-collapsed clusters. The lengths of the
error bars reflect the number of observed single pulsars in the clusters. The
error bars are calculated as NsPSR /NtPSR, where NsPSR and NtPSR are the
observed number of single and all pulsars in a cluster, respectively. Both the
Pearson and Spearman statistical tests show that the fraction of single pulsars is
correlated with the core-to-half-light radius with >2σ significance and a
correlation coefficient of about −0.4. The averages of the fractions for core-to-
half-light radii in the ranges of 0–0.2, 0.2–0.4, and >0.4 are 0.50, 0.23, and
0.08. respectively. There are about 15 observed cluster pulsars with spin
periods larger than the typical MSP spin periods, where the maximum observed
spin period is about 1000 ms (there is an observed pulsar with a spin period of
2500 ms, but it is not clearly associated with the potential host cluster).

Table 1
Number of Observed Pulsars in GCs

Core-collapsed GC rc/rhl NsPSR NbPSR NsPSR/NtPSR

Terzan 1 0.01 7 0 1.00
NGC 6522 0.05 6 0 1.00
NGC 6752 0.09 8 1 0.89
NGC 7078 0.14 8 1 0.89
NGC 6624 0.07 10 2 0.83
NGC 6342 0.07 1 1 0.50
NGC 362 0.22 1 5 0.17
NGC 6397 0.02 0 2 0.00
NGC 6544 0.04 0 3 0.00
NGC 7099 0.06 0 2 0.00
NGC 6266 0.24 0 9 0.00

L 0–0.2 75 57 0.57
L 0.2–0.4 38 79 0.32
L >0.4 10 19 0.34

Notes. For the 11 core-collapsed GCs from Harris (1996; 2010 edition) with
observed pulsars from left to right: cluster name, the ratio of core-to-half-light
radii from Harris (1996; 2010 edition), the number of single pulsars, the
number of binary pulsars, and the fraction of single pulsars (also shown in
Figure 1 as filled diamonds). NGC 6266 is marked as core collapsed in Harris
(1996; 2010 edition) but has no single MSPs. This may be because the cluster
has a relatively large core-to-half-light ratio compared to other core-collapsed
clusters, and thus the dynamical evolution of MSPs in this cluster is probably
more similar to non–core-collapsed clusters. Indeed, Beccari et al. (2006)
suggested that this cluster has not undergone core collapse. A low fraction of
single MSPs is also observed in NGC 362, which has a similar core-to-half-
light ratio as NGC 6266. The last three rows show all clusters’ numbers and
fractions (including non–core-collapsed GCs) for core-to-half-light radii in the
ranges 0–0.2, 0.2–0.4, and >0.4 from top to bottom. Denser clusters with
smaller core-to-half-light radii have higher fractions of single pulsars.
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(ATNF Catalog). Isolated young pulsars spin down through
magnetic dipole radiation, and their surface magnetic fields decay
exponentially over a 3 Gyr timescale.10 On the other hand,
during mass accretion in a binary, a pulsar’s magnetic field
decreases inversely proportional to the mass accreted as
( )M M1 10 6 1

+ D - - according to the “magnetic field bury-
ing” scenario (e.g., Bhattacharya & van den Heuvel 1991, and
references therein), and the pulsar is spun up from angular
momentum transfer (Hurley et al. 2002; Kiel et al. 2008).

In addition to these standard assumptions, we have
implemented in this study several updates into CMC for
forming single MSPs as will be discussed in detail in
Section 3.

2.2. Modeling the Globular Cluster NGC 6752

For comparisons to pulsar and cluster observations, we focus
in particular on one cluster, NGC 6752. NGC 6752 is a typical
core-collapsed cluster in the Milky Way (Harris 1996; 2010
edition), thus our comparison to this particular cluster is a
reasonable proxy for core-collapsed clusters in general. It hosts
the second largest number of observed MSPs in core-collapsed
clusters,11 with nine observed MSPs, where eight of them are
single, and one is in a binary (GC Pulsar Catalog). To simulate
this cluster, we adopt the initial conditions of the cluster model
that has shown good agreement with the observations of
NGC 6752 from Kremer et al. (2020b). Our simulations all
have an initial number of stars N= 800,000, initial virial radius
Rv= 0.5 pc, metallicity Z= 0.0002, and Galactocentric dis-
tance Rg= 8 kpc. The initial mass function follows a standard
Kroupa broken power law (Kroupa 2001), and the stars are
sampled between 0.08 and 150 Me. The initial binary fraction
is 5% across all primary masses, and the secondary masses are
drawn from a uniform distribution in the range 0.1–1 of the
primary mass (Duquennoy & Mayor 1991). We use a King
profile (King 1966) with a concentration parameter W0= 5 for
the initial mass density distribution.

In total, we have run 18 NGC 6752–like simulations with the
same initial conditions while allowing the new implementa-
tions specific for forming single MSPs (Section 3) to be varied.
All simulations are run for 13.8 Gyr. We compare all model
surface brightness profiles and velocity dispersion profiles at
about 12 Gyr to the observations in Figure 2 (the observed
cluster age is about 11–14 Gyr; Buonanno et al. 1986; Gratton
et al. 1997, 2003; Correnti et al. 2016; Souza et al. 2020; Bedin
et al. 2023). We adopt 4.125 kpc as the distance to the cluster
(Baumgardt & Vasiliev 2021). Note that Vasiliev & Baumgardt
(2021) estimated that the semimajor axis of NGC 6752ʼs orbit
in the Milky Way is about 4.5 kpc with a small eccentricity of
about 0.25, different from the Galactocentric distance we adopt
here. This difference mostly affects the tidal boundary of the

cluster and is not likely to affect the dynamical interactions
in the cluster core which determine the number of single
MSPs formed. As shown, all 18 models closely match the
observed profiles without fine-tuning of the cluster’s initial
conditions.

3. Pathways for Forming Single Millisecond Pulsars

In this section we discuss the various mechanisms for
forming single MSPs in GCs and our prescriptions implemen-
ted for the first time in CMC for handling these pathways.
Critically, since these pathways all involve rare events relevant
specifically to NSs, they have a negligible effect on the global
properties of their host cluster. As a result, all cluster
simulations in our study are good fits for NGC 6752,
independent of the differences pertaining to the MSP popula-
tions. Table 2 shows the detailed properties and results of the
models, to be discussed in detail in the following subsections.
The models are separated into two sets, “a” (using the default
mass prescription) and “b” (using the updated mass prescrip-
tion), where set b forms more massive NSs as will be discussed
in Section 3.3. Models 1a and 1b have all mechanisms related
to forming more single NSs and MSPs turned off and are the
fiducial models.

3.1. Disruption of Neutron Star Binaries

Perhaps the most straightforward way to form single MSPs is
through binary-mediated dynamical encounters where the NS
binaries that passed previously through a low-mass X-ray

Figure 2. Comparisons between the model and observed surface brightness
profiles and velocity dispersion profiles of the cluster NGC 6752. The
observations are shown as black stars. The observed surface brightness profile
is from Trager et al. (1995), and the observed velocity dispersion profile is from
people.smp.uq.edu.au/HolgerBaumgardt/globular/, Baumgardt (2017; line-
of-sight radial velocities), Baumgardt & Hilker (2018; line-of-sight radial
velocities), Vasiliev & Baumgardt (2021; proper motions), and Libralato
et al. (2022; proper motions). The curves and circles with various colors show
the profiles of different models at about 12 Gyr.

10 Note that the evolution of NS magnetic fields is still under debate, and the
timescale for magnetic field decay (if at all) is uncertain (e.g., Igoshev et al.
2021, and references therein). The decay timescale adopted here can produce
the observed cluster pulsars reasonably well (Ye et al. 2019). In addition, the
decay timescale of isolated young pulsars has negligible effects on the
evolution of MSPs and, thus, is not essential for the discussion of this study.
11 M 15 and NGC 6266 have the same number of observed pulsars, but they
are about twice as massive as NGC 6752 and are more challenging to simulate.
NGC 6624 hosts the most observed MSPs among core-collapsed clusters and is
very close to the Galactic center. Its evolution is strongly affected by the
Galactic tidal field, also making it more challenging to simulate than
NGC 6752. The numbers of observed pulsars are taken from the GC pulsar
catalog, and estimates of cluster properties are from https://people.smp.uq.
edu.au/HolgerBaumgardt/globular/.
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Table 2
Summary of the Simulation Results

Model Mclu NBH NNS Nt
WDc Nt

WDm NTDE
NS N s

PSR Nb
PSR N s

MSP Nb
MSP N s

WDc Nb
WDc N s

WDm Nb
WDm Nlmco rib TDE NSsp WDTC GCTC

(105 Me)

1a 1.97 5 968 88 2 0 7 10 5 9 40 2 0 0 1 4.7 L L L L
2a 2.03 2 950 75 4 0 6 9 4 8 46 1 2 0 2 7.4 ✓ L L L
3a 2.07 6 960 77 4 160 78 10 77 9 31 2 2 0 1 10.9 ✓ 0.2 L L
4a 1.90 4 933 92 3 279 110 33 109 33 41 2 0 0 6 5.2 ✓ 0.2 L ✓
5a 1.99 4 893 165 2 257 115 31 114 31 69 2 0 0 10 8.3 ✓ 0.2 ✓ ✓
6a 2.01 3 889 138 3 166 79 11 76 11 70 3 1 0 2 12.9 ✓ 0.2 ✓ L
7a 2.03 3 952 77 6 167 18 10 16 10 29 2 1 0 5 8.3 ✓ 0.8 L L
8a 2.05 4 982 139 2 0 12 12 8 11 71 4 1 0 4 7.0 ✓ L ✓ L
9a

*
1.96 2 1238 70 3 0 24 9 19 9 41 0 2 0 2 9.7 L L L L

1b 1.99 7 917 70 154 0 9 14 8 13 15 2 32 3 6 4.8 L L L L
2b 2.02 9 970 62 151 0 8 11 5 9 17 1 37 1 3 6.6 ✓ L L L
3b 1.99 10 879 79 124 152 62 21 60 21 19 3 29 1 6 6.1 ✓ 0.2 L L
4b 1.99 4 878 85 182 287 107 25 106 24 15 1 36 2 6 7.7 ✓ 0.2 L ✓
5b 1.95 9 840 121 172 270 72 31 72 31 17 3 36 1 11 5.6 ✓ 0.2 ✓ ✓
6b 1.97 12 904 116 134 236 76 10 75 9 21 2 30 1 1 11.4 ✓ 0.2 ✓ L
7b 2.06 9 971 54 137 167 9 11 7 10 7 2 37 2 4 6.1 ✓ 0.8 L L
8b 2.04 7 916 103 145 0 9 12 8 11 28 3 43 2 3 6.3 ✓ L ✓ L
9b

*
2.01 15 955 106 93 192 86 19 84 19 20 3 16 1 5 7.4 ✓ 0.2 ✓ L

Notes. From left to right: cluster mass, number of BHs, number of NSs, total number of WD–WD collisions where the collision remnant is an NS, total number of WD–WD mergers where the remnant is an NS, total
number of NS–main-sequence star TDEs, number of single pulsars including both young radio pulsars and MSPs, number of binary pulsars including both young radio pulsars and MSPs, number of single MSPs,
number of binary MSPs, number of single NSs formed in WD–WD collisions, number of NSs in binaries formed in WD–WD collisions, number of single NSs formed in WD–WD mergers, number of NSs in binaries
formed in WD–WD mergers, and the number of MSPs with very low-mass (0.01 Me) CO/ONe companions. rib is the ratio between single and binary MSPs, assuming that NSs from WD–WD collisions/mergers are
born as MSPs, and the MSPs with very low-mass companions are single MSPs.
All numbers are the averages over multiple model time steps at the present day between 11 and 13.8 Gyr except Nt

WDc, Nt
WDm, and NTDE

NS . These three values are counted throughout the simulations.
The last four columns indicate the specific dynamical processes that are included in the simulations. “TDE:” all compact object TDEs as described in Kremer et al. (2019) and Section 3.2. “NSsp:” mass transport
efficiency from Equation (2) in Section 3.2 for the spin-up of NSs through TDEs. “WDTC:” WD–WD tidal captures. “GCTC:” binary formation through collisions with giant stars and tidal capture interactions (which
does not include WD–WD tidal captures; see Ye et al. 2022, for more details).
The asterisks mark the models that use a different critical mass ratio prescription for unstable mass transfers in Section 3.1. The italics are physical qualities.
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binary mass-transfer phase are disrupted dynamically. In
addition, MSP binaries may also be disrupted through the
evaporation of companion stars. Very low-mass (0.01 Me)
CO/ONe WD companions of some MSP binaries may be
unstable and may evaporate, leaving behind single MSPs
(Bildsten 2002). At the present day, ∼10 single MSPs which
formed from these two channels are found per time step
(models 1a and 1b in Table 2 by adding Nlmco to N s

MSP). This
number alone roughly matches the number of observed single
MSPs in NGC 6752, but the number of potentially observable
MSPs is almost certainly much larger than the number we
know now, given the sensitivity of radio telescopes and MSP
selection effects (also see Section 5). In addition, there are
similar amounts of binary MSPs in models 1a and 1b (Table 2
by subtracting Nlmco from Nb

MSP), and the extreme ratio of
single-to-binary MSPs in NGC 6752 and some other core-
collapsed GCs (Figure 1 and Table 1) is not explained. Here we
further discuss the dynamical disruption of MSP binaries.

The rate of dynamical disruption of NS binaries is
determined by the density of the host cluster (often defined
using the so-called Γ parameter; e.g., Verbunt & Freire 2014)
and the sizes of the NS binaries themselves, which set their
cross sections for encounters. A key parameter that determines
the cross sections of these binaries is the stability criterion of
binary mass transfer. The stability of mass transfer during
Roche-lobe overflow in our simulations is determined by the
critical mass ratio, qcrit=Mdonor/Maccretor. Smaller qcrit allows
for unstable mass transfer from lower-mass donors and a wider
range of donor-to-accretor mass ratios, which essentially
corresponds to higher instability during mass transfer. In turn,
this leads to higher rates of the common-envelope phase (note
that we assume there is no mass accretion during the common-
envelope process) and the formation of more compact NS–WD
binaries. Indeed, in our previous study (Ye et al. 2019), many
MSPs were spun up at least partially by a WD binary
companion. These compact NS–WD binaries have very small
encounter cross sections and are difficult to disrupt dynami-
cally. On the other hand, higher values for qcrit lead in general
to more stable mass transfer, which allows NSs to be spun up
during accretion from a giant-branch companion, leading to a
population of relatively wider MSP–WD binaries with larger
cross sections for subsequent dynamical encounters that may
break apart the binaries.

To demonstrate the effects of qcrit on the orbital separations
of MSP binaries, we have run three NS isolated binary
populations using COSMIC (Breivik et al. 2020). The initial
mass function, metallicity, and the initial binary properties are
sampled the same way as in the cluster simulations (Section 2).
All three binary simulations have the same initial conditions,
including the number of binaries, and we vary only the
prescriptions for qcrit. We select the population of interest at the
time of their formation. Figure 3 compares the orbital period
distributions of MSP binaries for three different qcrit prescrip-
tions. The black, coral, and blue histograms contain 3936, 261,
and 2992 MSP binaries at a Hubble time, respectively. In
general, the critical mass ratios from Belczynski et al. (2008;
blue distribution) are larger for stars at the giant branch or the
asymptotic giant branch (when the core mass of the giant is
90% of its total mass), which lead to a much smaller fraction
of tight MSP binaries. In the dense, dynamical environments of
GCs, larger fractions of wide binaries may lead to more single
MSPs since wide binaries have larger cross sections and more

frequent dynamical encounters; thus, the original MSP binaries
may be more easily disrupted and leave behind single MSPs.
To test the role of this mechanism in clusters, we run two

cluster simulations using the critical mass ratio prescriptions
from Belczynski et al. (2008; models 9a and 9b in Table 2). All
other simulations use the prescriptions from Hurley et al.
(2002) and Hjellming & Webbink (1987), as was adopted in
our previous paper (Ye et al. 2019). Model 9a has about four
times more single MSPs than model 1a (not including single
MSPs from WD–WD coalescences, although model 9b only
has about the same number of single MSPs as model 6b), but is
still not able to reproduce the observed ratio of single-to-binary
MSPs. This suggests that the critical mass ratio for unstable
mass transfer may play a role in forming single MSPs in GCs,
even though the evolution of binaries in core-collapsed clusters
is likely strongly influenced by dynamical encounters.

3.2. Neutron Star Spin-up from TDEs of Main-sequence Stars

Second, NSs could be spun up through disruptions of main-
sequence stars and accretion of the debris, producing single
MSPs directly (Kremer et al. 2022). This phenomenon would
most frequently occur in core-collapsed GCs. CMC self-
consistently tracks close encounters between NSs and main-
sequence stars and computes the tidal disruption process.
The accretion of debris following the tidal disruption of a

main-sequence star may spin up an NS to millisecond periods
(e.g., Davies et al. 1992; Lee et al. 1996; Kremer et al. 2022).
NS–main-sequence star TDEs can occur during close encoun-
ters with pericenter distance

( )r
M
M

R , 1p
NS

1 3

⎜ ⎟⎛⎝ ⎞⎠<
*

*

where MNS is the initial mass of the NS, and M* and R* are the
initial mass and radius of the main-sequence star, respectively.
For this study, we adopt the prescriptions in Kremer et al.
(2022) for spinning up NSs through TDEs.

Figure 3. Normalized cumulative distributions of the orbital periods of MSP
binaries at a Hubble time from three COSMIC population synthesis runs. All
initial conditions of the three runs are the same except for the critical mass
ratio, qcrit = Mdonor/Maccretor, which controls the onset of a common envelope
or unstable mass transfer during Roche-lobe overflow (Breivik et al. 2020). The
black histogram follows the prescriptions from Hurley et al. (2000) and
Hjellming & Webbink (1987), and the coral histogram follows Neijssel et al.
(2019, their Section 2.3). The blue histogram uses the prescriptions in
Belczynski et al. (2008, their Section 5.1), which in general have larger critical
mass ratios for stars at the giant branch or the asymptotic giant branch than the
other two prescriptions (see text for more details).
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The mass accretion rate is calculated as
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where Md, Rd, and tv are the initial disk mass, disk radius, and
viscous accretion time, respectively. We set Md= 0.9 M*
following the hydrodynamic simulations of Kremer et al.
(2022), where it is shown that, in general, ∼90% of the initial
stellar mass is bound to the NS following these TDEs. This is a
reasonable assumption for encounters in GCs where the relative
velocity of a pair of objects is in general much less than the
stellar escape velocity. We assume that Rd= 2 rp, tv= 1 day,
and Racc equals the radius of the NS (Kremer et al. 2022). The
exponent s ä [0, 1] is a free parameter (e.g., Blandford &
Begelman 1999) defining the amount of material transported
from the outer edge of the disk to the NS. This parameterization

accounts for the fact that in these highly super-Eddington disks,
an uncertain fraction of disk material is expected to be launched
from the disk via winds (e.g., Metzger et al. 2008; Kremer et al.
2022). We adopt C= 2s/(2s+ 1), equivalent to the assumption
that the disk wind outflow produces no net torque on the disk
(e.g., Kumar et al. 2008).
The accretion rate of the spin angular momentum is

estimated as

( )J M GM R M
GR
M

1
2

, 3acc acc NS acc acc
acc

NS
⎜ ⎟⎛⎝ ⎞⎠ » +

where Macc is the total mass accreted onto the NS.
We analytically integrate Equations (2)–(3) (Equations (3)–

(4) in Kremer et al. 2022) for 106 s to compute the total mass
and angular momentum accreted onto the NS. During the TDE,
the NS is spun up accordingly through angular momentum
transfer (Hurley et al. 2002, Equation (54)), and its magnetic
field is assumed to decay following the same “magnetic field
burying” scenario as in Ye et al. (2019, their Equation (3)) for
mass accretion in a binary.

Figure 4. Properties of the NSs that went through TDEs with main-sequence stars. Blue and orange histograms are for the model sets a and b, respectively. Model set a
uses the default mass prescription and does not conserve mass during dynamical mass transfer in double WD binaries or during the collapses of heavy WDs, while
model set b uses the updated prescription and conserves masses in both cases, thus producing more massive NSs. Upper left panel: the masses of the NSs after the
TDEs. Upper right panel: the amounts of mass accreted onto the NSs. The larger Macc peaks correspond to a higher accretion efficiency s = 0.2, and the peaks at
smaller Macc correspond to s = 0.8 (see also Section 3.2). Lower left panel: magnetic fields of the NSs before (dashed histograms) and after (solid histograms) the
TDEs. Lower right panel: NS spin periods before and after the TDEs. A high accretion efficiency during the TDEs leads to the spin-up of almost all NSs, while a low
accretion efficiency can only spin up a few NSs.
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Figure 4 shows the properties of all NSs in the simulations
that tidally disrupted main-sequence stars.12 The amounts of
mass accreted onto the NSs depend on the mass inflow rate and
can differ by ∼three orders of magnitude between high
(s= 0.2) and low (s= 0.8) efficiency (upper right panel;
Figure 3 in Kremer et al. 2022). In the optimistic case where
the inflow rate is high, almost all NSs that went through main-
sequence star TDEs were spun up to MSPs (lower panels). This
can boost the number of single MSPs in a typical core-
collapsed cluster by a factor of 10 (Table 2). On the other
hand, low inflow rates increase the numbers by a factor of 3.
In addition, 11 NSs in all relevant simulations exceeded the
maximum NS mass after accreting from the debris of the
disrupted main-sequence stars and collapsed to become BHs.

We want to point out that ∼10% of the NS–main-sequence
star TDEs include more than two objects in the close
encounters. The outcomes of these few-body interactions are
uncertain and require careful studies with hydrodynamics
simulations. Here we allow these NSs to be spun up to MSPs to
maximize the single MSPs formed in a model.

The average rate of NS–main-sequence star TDEs is about
60 Gpc−3 yr−1 at 9 Gyr (up to redshift z∼ 0.5) for typical
core-collapsed clusters assuming a GC number density of 2.31
Mpc−3. Figure 5 illustrates the time of collisions or TDEs
between an NS and a main-sequence star in all simulations. If a
fraction of the energy is converted to luminosity during
accretion, we can roughly estimate the luminosity to be
L M cTDE acc

2h~ , which is ∼2× 1043 erg s−1 assuming
η= 0.01 and M M0.04 yracc

1 ~ - (Kremer et al. 2022).
In reality, the outcomes of these TDEs are uncertain and

additional effects may limit the total mass growth by the NS.
For instance, accretion feedback (e.g., Armitage & Livio 2000;
Papish et al. 2015) or feedback due to nuclear burning on the
NS surface (e.g., Hansen & van Horn 1975; Taam 1985;
Bildsten 1998) may unbind material initially bound to the NS
and inhibit growth, provided the feedback energy can couple
mechanically with the bound material. Our intent here is to
explore whether these TDEs may account for the populations
of observed single MSPs in the most optimal scenario where
these feedback effects play a negligible role.

Finally, we also include WD–main-sequence star TDEs in
CMC. Following the treatments in Kremer et al. (2019), we
assume an immediate collision between a WD and a main-
sequence star if their pericenter distance during the first passage
is smaller than the tidal disruption radius of the main-sequence
star, ( )M M RWD

1 3
* *. The mass of the collision product is the

total mass of the WD and the main-sequence star, so the
product may evolve to be a more massive WD (Hurley et al.
2002), increasing the WD interaction rates and the probability
of subsequent double WD collisions and NS formation.

3.3. White Dwarf Binary Coalescence and Collapse

A third way to form single MSPs is through the merger-
induced collapse of WDs. To understand this channel fully, we
have implemented tidal capture interactions between two WDs
into CMC. During single–single or few-body interactions, if the
pericenter distance of the approaching WDs is smaller than
twice the sum of their radii (see the Appendix for more details),
we assume an immediate collision of the two WDs. This is a
reasonable assumption since tidally captured double WD
binaries are very compact and will merge in a short timescale
(e.g., two solar-mass WDs captured at the maximum pericenter
distance and with eccentricity e= 0.99 will merge in about
10,000 yr, less than the typical timescale between dynamical
encounters in a typical GC).13

In this study, we focus on WD coalescences that can lead to
the formation of NSs. These include both direct coalescences
when two WDs physically collide (i.e., the pericenter distance
of the encounter is smaller than the sum of the radii of the two
WDs) and coalescences that follow more distant encounters
leading to tidal capture and gravitational-wave inspiral. In
addition to these dynamically mediated scenarios, WD
coalescences can also occur following unstable mass transfer
in a gravitational-wave inspiralling WD–WD binary (e.g.,
Webbink 1984; Nelemans et al. 2001; Marsh et al. 2004;
Kremer et al. 2021b). We assume unstable mass transfer ensues
for WD–WD binaries with mass ratio q> 0.628 (e.g., Breivik
et al. 2020). Such mass-transfer-mediated binary mergers are
qualitatively similar to the physical collisions and tidal capture
encounters facilitated by close flybys, since in both cases the
coalescence occurs on the dynamical timescale of the WDs
involved. Thus, we assume that all of these scenarios result in
the same outcome.14

Traditionally, coalescences of massive (i.e., super-Chandra-
sekhar) WD pairs have been connected to Type Ia SNe (e.g.,
Webbink 1984). However, other studies have noted that in
some cases, mechanisms such as runaway electron capture
(e.g., Nomoto & Iben 1985) or off-center carbon ignition
leading to the formation of a low-mass iron core (e.g., Schwab
et al. 2016) may allow a thermonuclear explosion to be
avoided. In the latter cases, collapse to an NS is the likely
result. Here we assume all super-Chandrasekhar coalescences
where the components are CO WDs and/or ONe WDs lead to
collapse (e.g., also Kremer et al. 2023a), thus maximizing the
formation rate of single NSs through this channel. The
outcomes of various combinations of super-Chandrasekhar

Figure 5. The time of collisions (and TDEs if applicable) between NSs and
main-sequence stars in all simulations. The number of close encounters peaks
at ∼9 Gyr.

12 We include here also NSs formed in a WD–WD collision right before the
TDE during one close encounter (5% of all TDEs).

13 The crossing time during strong small N-body interactions is generally
shorter than this inspiral timescale, but we allow the tidally captured WDs to
merge immediately to maximize the double WD collision rate.
14 Perfectly head-on collisions may result in a unique outcome (e.g., Katz &
Dong 2012); however, since such events are relatively rare, we do not
distinguish them here from the more general grazing collisions.
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mass WD coalescences adopted in our simulations are shown
in Table 3. We also list the assumed outcomes for cases where
a WD accretes to the Chandrasekhar limit via stable Roche-
lobe overflow in a binary (assumed for mass ratios q< 0.628),
which is a distinct process from dynamical-timescale
coalescences.

Following the dynamical coalescence of a massive WD pair
(e.g., Dan et al. 2014), subsequent phases of viscous and
thermal evolution (e.g., Schwab et al. 2012; Shen et al. 2012)
that can last as long as 105 yr and potentially include phases of
dusty wind mass loss (e.g., Schwab et al. 2016) determine
whether an NS forms and, if so, its final properties (e.g., mass,
spin period, and magnetic field; Schwab 2021). Simulating in
detail these various phases is beyond the scope of CMC, so in
order to bracket some of the uncertainties inherent to these
phases, we adopt two limiting assumptions in our simulations.
As an upper limit (model set b in Table 2), we assume that the
total mass lost during these phases is negligible so that the total
mass of the WDs is conserved up through collapse. Accounting
for the fractional loss of mass through gravitational-wave
emission, we then assume the final masses of the NSs born
following the collapses are 90% of the initial WD pair. In
practice, this choice serves to maximize the rate of single NS
formation.

As an alternative lower-limit scenario, the other half of the
simulations (model set a) instead follow the default prescrip-
tions from Breivik et al. (2020). In these simulations, the more
massive WD accretes a total mass M Medd M tD = from the
donor WD. Here Medd is the Eddington accretion limit and

M KH dynt t t= is the characteristic mass-transfer timescale
where τKH and τdyn are the Kelvin–Helmholtz and dynamical
timescale of the donor WD, respectively. For WDs that are
∼1 Me, M M10 yredd

5 1 » - - and 2000Mt » yr, and thus a
very small amount of massΔM≈ 10−3 Me is accreted (Breivik
et al. 2020; Kremer et al. 2021b). The masses of all NSs formed
in merger-induced collapses in these simulations (set a) are
fixed to 0.9× 1.38 Me, the same as for NSs formed in
accretion-induced collapses.

The number of WD–WD coalescences that collapse to NSs
in each simulation is shown in Table 2.15 Model set b differs
from set a by (1) the mass of the NSs formed in merger-induced
collapse, with model set b having more massive NSs; and (2)
the amount of mass accreted onto the primary WD during

dynamical mass transfer, with model set b conserving the mass
and having a larger number of NSs formed from dynamical
mass transfer between two WDs. Note that even without
additional dynamical interactions such as WD–WD tidal
captures and NS spun up through TDEs (Section 3.2), the
number of single MSPs is boosted simply by assuming that the
dynamical mass transfer in double WD binaries and the
subsequent collapses of the super-Chandrasekhar-mass merger
products conserve mass (e.g., model 1b versus 1a, where there
are more mergers in 1b).
Overall, model set b (with the updated mass prescription) has

more combined WD–WD coalescences that produce NSs than
model set a (with the default mass prescription). This is largely
because the conservation of mass during dynamical mass
transfer in double WD binaries leads to many more NS
remnants from mergers, despite model set b having fewer NS
remnants from collisions. The decreased amount of collisions is
probably caused by mergers reducing some of the WDs
available for collisions and the larger number of low-mass BHs
leading to larger WD radial distributions through energy
release during BH dynamical encounters (e.g., Kremer et al.
2020a). Figure 6 illustrates the radial distributions of the
compact objects within 1 pc from the cluster centers. The WDs
in model set a (using the default mass prescription) are slightly
more concentrated than those in model set b (using the updated
mass prescription).
The masses of the component WDs involved in the

coalescences are plotted in Figure 7. Overall, CO WD–CO
WD interactions account for ∼70% of mergers and ∼60% of
the collisions. The rest of the collisions or mergers include at
least one ONe WD. The overdensity of WDs at around 1 Me
comes from the zero-age main-sequence (ZAMS) mass to WD
mass relation we adopt for low metallicities (Hurley et al. 2000;
Figure 1 in Kremer et al. 2021b). These WDs are the remnants
of ZAMS stars of about 2.5–3.5 Me.
We also show the distributions of component mass, mass

ratio, and coalescence time of the WDs in Figure 8. In addition
to the peaks at about 1 Me as mentioned above, the peak at

Table 3
Outcomes of Super-Chandrasekhar WD–WD Interactions

WD Types Collision Dynamical MT Stable MT

He+CO WD He Star He Star SN Ia
He+ONe WD He Star He Star NS
CO+CO WD NS NS SN Ia
CO/ONe+ONe WD NS NS NS

Note. From left to right: the types of interacting WDs, the outcomes of
collisions, the outcomes of dynamical mass transfer (MT) in binaries, and the
outcomes of stable mass transfer. “He Star” means either a naked helium star at
the Hertzsprung gap or a naked helium star at the giant branch (Hurley et al.
2000). “SN Ia” is Type Ia SN. Note that because of the high mass ratios in CO
+CO WD binaries, they likely do not go through stable mass transfer, but the
outcome is included here for completeness.

Figure 6. Cumulative radial distributions of compact objects at about 12 Gyr
from all models. Histograms with lighter colors show the compact objects from
model set a, which uses the default mass prescription and does not conserve
masses during the mergers of heavy WDs and the collapses of the remnants,
while the darker and dashed histograms show model set b, which uses the
updated mass prescription and conserves masses during mergers and collapses,
thus producing more massive NSs and more low-mass BHs.

15 Here we exclude NSs which form from the collisions of more than
two WDs.
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roughly 0.6 Me arises from the initial mass function of ZAMS
stars of about 1 Me (also see Kremer et al. 2021b). Meanwhile,
the mass segregation of massive WDs and previous collisions/
mergers contribute to the peak at around 1.3 Me.

Most mergers and collisions have mass ratios larger than 0.6.
The peak at around 1 for collisions can be naturally explained
by mass segregation and more frequent close encounters of
massive WDs in the cluster cores (see also Figure 6).
Furthermore, the critical mass ratio for unstable mass transfer
in double WD binaries (0.628 in all simulations) limits the
mergers to a narrower mass ratio range than the collisions.

Lastly, almost all WD–WD collisions and about 60% of
WD–WD mergers occur at late times (6 Gyr) of the host
clusters’ evolution. At early times, BHs dominated the cluster
cores because of mass segregation, while many WDs have yet
to form. Frequent dynamical interactions eject many BHs from
the clusters in a few billion years (e.g., Kremer et al. 2020a)
and the most abundant WDs come to dominate the cluster cores
and engage in dynamical encounters at late times (see also
Figure 6). Almost all WD–WD binaries that merged at late
times are dynamically assembled. In contrast, more than 90%
of the mergers at early times are from primordial binaries.

By assuming that all these WD–WD collisions and mergers
produce MSPs directly (for alternatives, see Section 5), these
two channels can also significantly increase the number of
single MSPs in GCs (Table 2). The number of single MSPs
formed in these channels is about half of those formed in TDEs
(e.g., model 3a) or roughly comparable if WD–WD tidal
capture is included or if masses are conserved during
dynamical mass transfer in double WD binaries and merger-
induced collapse of heavy WDs (e.g., models 6a and 3b). Thus
the WD channels alone can also boost the number of single
MSPs by a factor of ∼5–10.

4. Neutron Star Masses and Offsets

The masses of the NSs in all models at about 12 Gyr are
shown in Figure 9. The mass distributions peak at ∼1.2 Me,
which is the mass of NSs formed in accretion-induced collapses
of WDs (see also Section 2.1). Most of the massive NSs
(∼70% when 1.5 Me) in model set a (default mass
prescription) come from collisions after the initial NSs were
formed, where the initial NSs gain mass by merging with WDs
or the dense cores of giant stars (Hurley et al. 2002). The rest
were born massive in CCSNe or became massive through
accretion. As is expected, model set b (updated mass
prescription) has many more massive NSs than model set a
from merger-induced collapses and dynamical mass transfer.
The black stars in the figure show the observationally
constrained cluster pulsar masses. The NS masses from both
model sets are consistent with the observations. Future
observations of pulsar masses would probably put better
constraints on the formation of massive NSs.
In addition, model set b also produces more low-mass BHs.

The masses of these low-mass BHs are within the “lower mass
gap” between ∼2.5 and ∼5 Me inferred from observations of
low-mass X-ray binaries (Bailyn et al. 1998; Özel et al. 2010;
Farr et al. 2011). If merger-induced collapses of WDs could
lead to the formation of low-mass BHs (or very massive NSs),
they may potentially contribute to the observed “mass-gap”
objects (Thompson et al. 2019; Abbott et al. 2020; Lam et al.
2022).
Mass differences may affect how concentrated the NSs are in

the clusters because of mass segregation. Figure 10 compares
the offsets of the observed MSPs in NGC 6752 to those from
model sets a (default mass prescription) and b (updated mass
prescription). All the observed pulsars are single except for the
outermost one. As expected, there are more massive MSPs in
model set b than in model set a, so the MSP offsets peak at

Figure 7. Masses of component WDs in all super-Chandrasekhar WD–WD collisions or mergers in the simulations. Collisions refer to dynamically mediated
coalescences following tidal capture and gravitational-wave inspiral or direct coalescences when the pair of WDs physically collides. Mergers occur following
unstable mass transfer in double WD binaries. The left panel shows the masses from models 1–9a (which use the default mass prescription for dynamical mass transfer
and merger-induced collapse of heavy WDs), and the right panel shows models 1–9b (which use the updated mass prescription that conserves mass during the
dynamical mass transfer and collapse of heavy WDs). The yellow lines mark 1.1 Me, which is about the maximum mass of CO WDs at metallicity Z = 0.0002. The
blue dashed lines show where the total mass of the two interacting WDs equals 1.38 Me.
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slightly smaller distances toward the cluster centers in model
set b. Despite this minor difference, the peaks of the single
MSPs for both model sets overlap with where most of the
observed MSPs are. The distributions of the binary MSPs from
the models also agree with the observed binary at the cluster
outskirt, which may be ejected to the cluster halo through
binary–single strong encounters (e.g., see Leigh et al. 2024).

Figure 8. Properties of all super-Chandrasekhar WD–WD mergers/collisions
in the simulations. Upper panel: mass distributions of the primary and
secondary WD masses. Middle panel: mass ratios of the WDs in the mergers
and collisions. Bottom panel: distribution of the times at which mergers/
collisions occur. The peak at 1 Gyr is from the mergers of primordial double
WD binaries, and the later peaks at ∼9 Gyr are from the mergers of
dynamically assembled double WD binaries or direct collisions during close
encounters.

Figure 9. Distributions of NS masses at about 12 Gyr for model sets a (default
mass prescription; blue histograms) and b (updated mass prescription; orange
histograms), as in Table 2, are shown in the upper panel. The black dots in the
lower panel show the known masses of pulsars from the GC Pulsar Catalog vs.
their spin periods (e.g., Thorsett & Chakrabarty 1999; Ransom et al. 2005;
Bégin 2006; Bassa et al. 2006; Jacoby et al. 2006; Freire et al. 2008a, 2008b;
Lynch et al. 2012; Freire et al. 2017; Andersen & Ransom 2018; Ridolfi
et al. 2019, 2021). The observed masses without error bars are the median
pulsar masses assuming a flat icos distribution where i is the inclination angle
of the pulsar binary. The mass and error bars of the most massive observed
pulsar is the median assuming a flat icos distribution and its 1σ uncertainty,
respectively.

Figure 10. Projected offset distributions of the MSPs for all models in Table 2
at about 12 Gyr. The green vertical lines show the offsets of the observed
pulsars in NGC 6752, assuming the cluster is 4.125 kpc from Earth (Baumgardt
& Vasiliev 2021). “bMSP” is MSPs in binaries, and “sMSP” is single MSPs.
Models set a (solid histograms) and b (dashed histograms) are shown
separately. The differences in the offset distributions of the two sets of models
are small.
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The NGC 6752 models reach core collapse at ∼8–9 Gyr
(Figure 11), so naively we might expect that the single MSPs
formed from the various dynamical channels would have enough
time to experience exchange interactions and acquire binary
companions by ∼12 Gyr (the binary–single encounter timescale in
a typical GC is104 yr). However, we still see many single MSPs
observationally and in the models (Figure 10 and Table 2) at the
present day. This is because in the thermally balanced evolution of
GCs (e.g., during core collapse), the binary formation rate is equal
to the binary ejection rate (e.g., Antonini & Gieles 2020), and the
binary fractions of the heat source (WD and NS binaries in core-
collapsed GCs) tend to a constant (e.g., Kremer et al. 2021b, their
Figure 12). We also observe this balance in the constant binary
fractions in our models at late times (8 Gyr), where the binary
fraction of MSPs is ∼10% (and the binary fraction of all NSs is
∼3%). The former is shown in the unvaried gaps between the
number of “All” and “Single” systems in Figure 11 (bottom
panels). In addition, among all the MSPs formed in TDEs and WD
coalescences in the simulations, ∼30%–40% escaped the host
clusters, and ∼30% of the escapers are in binary.

5. Discussion

We have shown that either efficient accretion during NS–
main-sequence star TDEs or direct formation of MSPs through
merger-induced collapses of heavy WDs can boost the number
of single MSPs in GCs. These dynamical processes allow the
ratio of single-to-binary MSPs to match better with the
observed ratio (eight for NGC 6752). Among the models in
Table 2, models 6a and 6b have the largest rib, and thus are the
most efficient at forming single MSPs compared to binary
MSPs. Both models have ∼150 MSPs at the present day. This
number is much larger than the current number of observed
MSPs in NGC 6752. However, the detected number of MSPs in
a cluster is affected by various selection biases from radio
observations, and the true underlying population is unknown.
X-ray observations may provide further constraints on the
number of MSPs in a GC. A recent deep search using Chandra
has found ∼50 sources in NGC 6752, the origins of many
already identified (Cohn et al. 2021). This suggests that the
number of MSPs in the cluster may be 50 (Cohn et al. 2021;
private communication with Craig Heinke). Therefore, many of

Figure 11. The evolution as a function of time (in gigayears) of the core number density (upper panels), Lagrangian radius (middle panels), and the number of MSPs
and the number of NS remnants from heavy WD coalescences (bottom panels) for two models (model 6a on the left and model 6b on the right). The darker blue curves
in the upper panels show the smoothed core number densities of the original densities in lighter blue. The Lagrangian radii from bottom to top correspond to radii
containing 0.5%, 1%, 3%, 5%, 10%, 30%, and 50% of the total mass.
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the models listed would be overproducing MSPs if we assume
very efficient mass transport onto the NSs during main-
sequence star TDEs and all merger-induced collapses directly
lead to MSPs.

It is possible that not all main-sequence TDEs efficiently spin up
the participating NSs, as the detailed accretion mechanism is
uncertain (e.g., Kremer et al. 2022); or the NSs may rapidly spin
down after the TDEs and power fast radio bursts (FRBs) instead
(Li & Pen 2023). It is also possible that not all super-
Chandrasehkar WD–WD coalescences produce standard MSPs,
especially if large magnetic fields can be generated during the
merger and the subsequent collapse. Alternative outcomes include
magnetars (e.g., Usov 1992; Levan et al. 2006), Crab-like pulsars
(e.g., Kremer et al. 2023a), or, in the case of detonation, Type Ia
SNe (e.g., Iben & Tutukov 1984; Webbink 1984; Maoz &
Mannucci 2012; Pakmor et al. 2012; Maoz et al. 2014). For
example, single WDs in the Milky Way expected to have formed
from WD mergers have observed magnetic fields of ∼108 G (e.g.,
Ferrario et al. 2015; Caiazzo et al. 2021), possibly created via
dynamo processes in the hot, differentially rotating merger
remnants (e.g., García-Berro et al. 2012). Flux conversion during
the subsequent collapse to an NS would lead to an increase of
order ( )R RWD NS

2, suggesting field strengths∼1012 G for the final
NS (e.g., Levan et al. 2006). The relatively short spin-down
timescales (108 yr) of these NSs are inconsistent with standard
MSPs with B 109 G, but may be consistent with the four
apparently young pulsars observed in several Milky Way GCs
(Boyles et al. 2011; Kremer et al. 2023a). Such NSs formed via
WD mergers may also power FRBs (e.g., Margalit et al. 2019;
Kremer et al. 2021a; Lu et al. 2022), potentially connected with the
repeating FRB observed in a GC in M81 (Bhardwaj et al. 2021;
Kirsten et al. 2022).

Furthermore, the bottom right panel of Figure 11 and the
bottom panel of Figure 8 show that ∼30 fast-spinning NSs can
be formed at very early times from primordial double WD
binaries. If these NSs were born directly as MSPs, even non–
core-collapsed clusters could have a large number and,
potentially fraction, of single MSPs. This indicates that either
dynamical mass transfer between two heavy WDs does not
conserve mass as is discussed in Section 3.3, or many heavy
WD collapse products are Type Ia SNe or highly magnetized,
fast-spinning NSs that are FRB sources and will spin down
quickly, becoming unobservable at the present day.

The volumetric rates of these super-Chandrasehkar WD–WD
coalescences for typical core-collapsed GCs in the local
Universe (z 0.5) are ∼50 Gpc−3 yr−1 (Table 4; implicitly
assuming that all GCs in the local Universe are similar to
NGC 6752). These rates may potentially be consistent with the
production of M81-like FRB sources if we assume that all
WD–WD collisions and mergers lead to an FRB source with a
lifetime ∼105 yr as proposed in Kremer et al. (2021a, Equation
(1)). At the same time, NS accretion during TDEs would need
to be efficient (Table 2) in order to explain the observed single
MSPs. However, if all collisions or mergers involving two CO
WDs lead to central carbon ignition and Type Ia SNe, the rate
for forming FRB sources through the WD coalescence channel
would be halved (Table 4). This would make it harder to
explain FRB sources in GCs from this channel alone.

6. Conclusions

In this study, we have explored different formation channels for
single MSPs in GCs using state-of-the-art Monte Carlo N-body

simulations, focusing on a representative core-collapsed cluster,
NGC 6752. We ran 18 simulations whose present-day properties
agree with the observed surface brightness profile and velocity
dispersion profile of NGC 6752, and varied the dynamical
processes for single MSP formation. In the dense stellar
environments, single MSPs can form through binary-mediated
close encounters which disrupt the original MSP binaries, spinning
up of NSs through main-sequence star TDEs, direct formation of
MSPs through merger-induced collapses of heavy WDs, or
evaporation of the very low-mass, unstable MSP companion star.
We have shown that binary disruption and evaporation of the
companion stars alone are inadequate in explaining the observed
single-to-binary MSP ratio. Instead, we have demonstrated that
both main-sequence star TDEs and merger-induced collapses can
significantly boost the number of single MSPs in GCs, and either
one is necessary for better agreement with observations, especially
the ratio of single-to-binary MSPs.
However, allowing both a high mass transport efficiency

during TDEs and all super-Chandrasehkar WD–WD coales-
cences directly collapse to MSPs may produce an over-
abundance of MSPs in core-collapsed clusters. Specifically, the
collapses of heavy WD coalescence products to MSPs from
primordial double WD binaries may also produce an over-
abundance of single MSPs in non–core-collapsed clusters. This
overproduction can be alleviated if not all merger-induced
collapses form MSPs. In particular, WD–WD collisions and
mergers may produce fast-spinning NSs with moderate
magnetic fields instead, which can emit FRBs similar to the
one observed in the M81 GC (Kremer et al. 2021a). Future
detections of additional FRBs in the GCs of other nearby
galaxies may provide further constraints on the potential
connection between FRBs and NSs formed via WD coales-
cences in clusters (e.g., Kremer et al. 2023b).
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Appendix
Uncertainties of White Dwarf Tidal Capture Interactions

Low-mass WDs are represented by n= 1.5 polytropes, while
WDs with masses close to the Chandrasekhar limit can be
modeled as n= 3 polytropes (Shapiro & Teukolsky 1983).
Although most WDs interacting in a core-collapsed GC have
masses in between (e.g., Kremer et al. 2021b), we assume the
WDs in our models are all n= 1.5 polytropes for simplicity.
Varying the polytropic index does not significantly affect the
maximum pericenter distance for WD–WD tidal captures.

Following Ye et al. (2022, their Section 2.1, and references
therein), we define the maximum tidal capture radius to be the
pericenter distance during the first passage where the oscillation
energy deposited into both WDs exceeds that of their initial
total kinetic energy at infinity. We show the maximum tidal
capture radius for different WD masses (0.2–1.4 Me) and mass
ratios with a constant velocity dispersion of 10 km s−1 in
Figure A1. For mass ratios close to unity, the maximum tidal
capture radius is about twice the sum of the WD radii. Thus we
simply use 2(R1+ R2), where R1 and R2 are the radii of the
WDs, as the maximum tidal capture radius in our simulations
since most interactions in GCs are between objects with similar
masses due to mass segregation.
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