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ABSTRACT

It has been argued that heavy binaries composed of neutron stars (NSs) and millisecond pulsars (MSPs) can end up in the
outskirts of star clusters via an interaction with a massive black hole (BH) binary expelling them from the core. We argue here,
however, that this mechanism will rarely account for such observed objects. Only for primary masses <100 M and a narrow
range of orbital separations should a BH-BH binary be both dynamically hard and produce a sufficiently low recoil velocity
to retain the NS binary in the cluster. Hence, BH binaries are in general likely to eject NSs from clusters. We explore several
alternative mechanisms that would cause NS/MSP binaries to be observed in the outskirts of their host clusters after a Hubble
time. The most likely mechanism is a three-body interaction involving the NS/MSP binary and a normal star. We compare to
Monte Carlo simulations of cluster evolution for the globular clusters NGC 6752 and 47 Tuc, and show that the models not only
confirm that normal three-body interactions involving all stellar-mass objects are the dominant mechanism for putting NS/MSP
binaries into the cluster outskirts, but also reproduce the observed NS/MSP binary radial distributions without needing to invoke
the presence of a massive BH binary. Higher central densities and an episode of core collapse can broaden the radial distributions
of NSs/MSPs and NS/MSP binaries due to three-body interactions, making these clusters more likely to host NSs in the cluster
outskirts.
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et al. 2003) of mass 0.20 M, (Bassa et al. 2006; Cocozza et al. 2006;

1 INTRODUCTION Corongiu et al. 2023). The binary has a circular orbit and an orbital

Neutron star (NS) binaries located in the outskirts of star clusters
have puzzled astronomers for many decades. The reason is that these
objects are much heavier than the mean stellar mass in most old
star clusters, in particular globular clusters (GCs), such that they
are expected to segregate into the core on short time-scales due to
dynamical friction. And yet, such NS binaries have indeed been
observed outside of the cluster core in many Galactic GCs (see
Tables 1 and 2 for a full list).

For example, the core-collapsed GC NGC 6752 is known to have
two millisecond pulsars (MSPs) located beyond the cluster’s half-
light radius. The first, dubbed PSR J1911—-5958A or NGC 6752 A,
is located about 3.3 half-light radii from the cluster centre and is
the farthest MSP to have ever been observed from the cluster centre
(D’Amico et al. 2002). It contains a canonical MSP in a compact
binary with helium white dwarf (WD; Bassa et al. 2003; Ferraro
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period of 0.86 d. Ferraro et al. (2003) suggest that the MSP must have
been the result of a dynamical interaction, but the MSP was recycled
before the putative interaction occurred, based on the cooling age of
the WD (e.g. Sigurdsson 2003). The second, PSR J1911—-6000C or
NGC 6752 C, is located at about 1.4 half-light radii from the cluster
centre and is an MSP similar to NGC 6752 A, but lacks a companion
(e.g. D’ Amico et al. 2002).

Other examples of MSPs located at or beyond the half-light radius
in their host star cluster include', a full catalogue of cluster pulsars.
J0024—7201X in NGC 104 (1.03 half-light radii), J1748—2446J in
Terzan 5 (~1.3 half-light radii), J1748—2021C and J1748—-2021D
in NGC 6440 (~1.0 and 1.2 half-light radii), J1801—0857D in
NGC 6517 (~2.4 half-light radii), and M28 F, M13 B, M15 C,
and B1718—19A in NGC 6342, NGC 6624 K, M30 B, and XTE

ISee http://www.naic.edu/ pfreire/GCpsr.html, a full catalogue of cluster
pulsars.
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Table 1. GCs with pulsars located around and beyond the half-light radius (i.e. in the cluster outskirts). All data are taken from the pulsars in the GC catalogue
at http://www.naic.edu/ pfreire/GCpsr.html, except the cluster mass, which is taken from https://people.smp.uq.edu.au/HolgerBaumgardt/globular/.

Cluster ID Mass Coreradius  Half-lightradius ~ Distance  No. of pulsars No. of pulsars PCC? No. of pulsars beyond the
(10° M) (arcmin) (arcmin) (kpc) in binary half-light radius
NGC 104 8.53 0.36 3.17 4.5 29 19 No 1
NGC 6205 4.84 0.62 1.69 7.1 6 4 No 1
NGC 6342 0.377 0.05 0.73 8.5 2 1 Yes 1
Terzan 5 11 0.16 0.72 6.9 43 24 No 1
NGC 6440 5.7 0.14 0.48 8.5 8 4 No 2
NGC 6517 22 0.06 0.5 10.6 17 >2 No 1
NGC 6624 1.03 0.06 0.82 7.9 11 2 Yes 1
NGC 6626 2.7 0.24 1.97 55 14 10 No 1
NGC 6752 2.61 0.17 1.91 4 9 1 Yes 2
NGC 7078 5.18 0.14 1.00 104 9 1 Yes 1
NGC 7099 1.21 0.06 1.03 8.1 2 2 Yes 1

Table 2. Properties of pulsars located around and beyond the half-light radius (i.e. in the
cluster outskirts). All data are taken from the pulsars in the GC catalogue at http://www.naic.

edu/ pfreire/GCpsr.html.
Pulsar name Offset Companion mass Eccentricity Spin period
(arcmin) Mp) (ms)
NGC 104 X 3.83 0.42 0.000 0005 477152
NGC 6205 B 1.626 0.186 0.000 002 3.528 07
NGC 6342 A 2.3 0.13 <0.005 1004.04
Terzan 5 J 0.948 0.39 0.35 80.3379
NGC 6440 C 0.48 - - 6.22693
NGC 6440 D 0.57 0.14 0.0 13.4958
NGC 6517 D 1.202 - - 422653
NGC 6624 K 1.43 - - 2.768
NGC 6626 F 2.794 - - 245115
NGC 6752 A 6.39 0.22 0.000 000 82 3.266 19
NGC 6752 C 2.70 - - 5.27733
NGC 7078 C 0.944 1.13 0.681386 30.5293
NGC 7099 B 1.2 1.31 0.87938 12.98983

J1709—-267, respectively, which may be associated with NGC 6293
(see Jonker et al. 2004). For a more detailed summary, please refer
to Tables 1 and 2. For the purposes of this paper, we will consider
any object at or beyond the cluster’s half-light radius as being in the
‘outskirts’.

A popular mechanism often invoked in the literature to explain
the presence of heavy NS binaries at large cluster-centric radii is
interactions with massive black hole-black hole (BH-BH) binaries.
For example, Colpi, Possenti & Gualandris (2002) and Colpi,
Mapelli & Possenti (2003) proposed that the presence of NGC 6752
A in the cluster’s outskirts is most likely explained by an interaction
with a massive BH-BH binary in the cluster core. The authors use
this observation to argue for the presence of an intermediate-mass
BH (IMBH)-stellar-mass BH binary in the core, with a primary
mass S100 Mg and a low-mass secondary closer to 5 Mg. Colpi et
al. (2003) confirm that ejection velocities capable of delivering the
NS binary to its currently observed location could be reached. NGC
6752 C could also be explained by such an interaction, but Colpi
et al. (2002) speculate that it might have been ejected to its current
position due to an ionization event with a rare high-speed star.

In Section 2, we challenge the idea that massive BH-BH binaries
are the likely cause of NS binaries observed in the haloes of their host
star clusters. In Section 3, we explore several alternative mechanisms
that could allow the retention of NS binaries that are not typically
invoked in the literature. We also show that indeed more probable
mechanisms exist, most notably a three-body interaction involving
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the NS binary and a normal cluster star. Finally, in Section 4,
we compare our analysis to the results of Monte Carlo N-body
simulations for star cluster evolution performed using the state-of-
the-art CLUSTER MONTE CARLO (CMC) code. We discuss our results
and conclude in Section 5.

2 AN INTERACTION WITH A BH-BH BINARY?

In this section, we explore the possibility that a massive BH-BH
binary or IMBH-BH binary is responsible for ejecting a given
observed NS binary into the outskirts of its host star cluster. This
mechanism has been adopted as the preferred mechanism to explain
NGC 6752 A’s location in the outskirts of NGC 6752 (Colpi et al.
2002, 2003).

Consider an interaction in which two 3-100 My BHs interact with
a compact NS binary, ejecting it into the cluster halo (e.g. Colpi et al.
2002, 2003). First, we assume that the BH-BH binary is very close
to the cluster centre (as expected from dynamical friction), such that
the NS binary is ejected on a roughly radial orbit. This means that the
NS binary stalls at a distance of R = 8 pc from the cluster centre, as
observed for NGC 6752 A (for example). We assume a total mass M
for the cluster of 10® My, and that its density profile can be described
by a Plummer sphere with a core radius a = 1 pc. The NS binary
has a total mass of 2.1 Mg, since we adopt an NS mass of 1.5 Mg
from an approximate mean of the distribution in Capano et al. (2020)
and a WD or companion mass of 0.6 My, (see Tremblay et al. 2016
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for more information about the observed WD mass distribution), and
is sufficiently compact that the time-scale for it to interact directly
with other stars at its current location exceeds several Gyr. We note
that there is some freedom in the choice of masses for the particles
involved in the interaction, depending on the precise formation
mechanism considered. For example, consider a scenario in which a
WD companion to the NS formed after the hypothetical dynamical
interaction. Then, the other star involved in the interaction, apart
from the NS, would most likely be a typical main-sequence (MS)
star (with a mass that exceeds the present-day turn-off mass). After
the interaction, the MS star could evolve, leading to mass transfer
or a common envelope (CE) event that eventually formed the final
NS-WD binary. Throughout this paper, our choices for the particle
masses reflect the observed mass distributions wherever possible.

Then, for an isotropic non-rotating cluster, the time-scale for the
binary to return to the cluster centre on a roughly radial orbit can be
estimated approximately from the fallback time (Webb et al. 2018).
To order of magnitude, this is equivalent to the crossing time, or

R

Teross = (1 )
Ve

where v, is the circular velocity at radius R. Since v, =
VGM(< r)/r, we have
3

1Gp' (@3]

Teross =

and p = M(< R)/(4mw R?/3) is the mean density inside R. For our
Plummer sphere,

3Ma? 1

r= 4 (P2 4+ a2)5?’ )
and

3
M(< r):Mi(r2+a2)3/2’ “)
hence
B 3M
p= (5)

47 (R? 4 a2)3/2’

Plugging in the required numbers into equation (2), we find a
crossing time of ~11000 yr. For comparison, we can consider a
more average cluster and adopt a cluster mass of 10° Mg, but this
calculation yields a very similar crossing time of ~34 000 yr. For very
radial orbits, the NS binary will most likely be disrupted on its return
to the cluster centre by another interaction with the central massive
BH-BH binary, since both objects should return approximately to
their point of ejection (e.g. Leigh & Wegsman 2018). It is unlikely
that the NS binary would be observed before returning to the cluster
centre. Thus, the probability of observing such a system is low, if
the NS binary is ejected by the BH-BH binary when close to the
cluster centre. If the lifetime of the binary is of the order of the
cluster age, the probability of actually observing it at any given time
in this scenario is only ~10%/10' ~ 1076 assuming that it takes a
crossing time for the NS binary to return to the core. We note that
this assumes that the BH-BH binary gets a recoil decided by linear
momentum conservation such that the NS binary re-encounters the
BH-BH binary close to r = 0 upon its first pass through the core, on
a time-scale much shorter than the time-scale for mass segregation
to operate.

But what will happen when the recoiled NS binary is ejected by
the BH-BH when it is away from r = 0? Indeed, Fig. 1 shows
that the wandering radius for a BH-BH binary tends to be of the
order of 10* au, and this depends only weakly on the binary mass.
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Figure 1. We show as a function of the primary BH mass the critical orbital
separation agw where the time for coalescence of the BH-BH binary due to
gravitational wave radiation is equal to 10 Gyr, the critical orbital separation
ascat Where the recoil velocity due to an interaction with the hypothetical
NS binary is roughly equal to the escape speed from the core, the tidal
disruption radius r;q of the BH-BH binary (taken from Colpi et al. 2002),
and the wandering radius rywang of the BH-BH binary due to Brownian motion
(taken from equation 5.145b in Merritt 2013 assuming a central density of
10° Mg pc—3 and a central velocity dispersion of 5 kms™'). We further
show the hard—soft boundary of the BH-BH binary, or hardening radius, ays,
calculated using equation (1) in Leigh et al. (2016a). Note that all cluster and
mass values are chosen to replicate the assumptions in Colpi et al. (2002) for
the GC NGC 6752, except we adopt component masses of 0.6 and 1.5 Mg
for the NS binary while assuming a secondary BH mass of 3 M. Only for
BH masses <100 Mg will the NS binary be retained in the cluster from a
strong interaction, as indicated by the shaded area. Here, the BH-BH binary
orbital separation is most likely to be less than the hard—soft boundary ans
but greater than the orbital separation corresponding to a recoil velocity equal
to the core escape speed of 35 km s Ggear (Colpi et al. 2003), otherwise a
higher ejection velocity is more likely.

If originally radial, then, without cluster rotation, we do not expect
the NS binary’s orbit throughout the cluster to deviate much from
being radial (Webb et al. 2019). However, it is possible that the
NS binary has some finite orbital eccentricity less than unity (as
is the case for a radial orbit) throughout the cluster, causing its
return pass through the core to have an impact parameter that spares
it from a direct interaction with the central BH-BH binary. This
could be the case either if the cluster has some rotation (since
Webb et al. 2019 showed that a kicked object will gain angular
momentum from the cluster due to dynamical friction, giving rise
to an eccentric orbit) or if the NS binary is kicked while off-centre
from r = 0.

As estimated by Colpi et al. (2002), the time-scale for the
binary to return to the core due to two-body relaxation is 74 ~
7 x 10%(1.6Mg/m) yr, which is again a small fraction of the total
cluster lifetime but much longer than a crossing time. For m =
2.1 Mg, the time-scale is a little longer than 100 Myr at the half-
mass radius, yielding a probability of observing the system in the
cluster outskirts at any given time of 103/10'° ~ 0.01. This is a lower
limit, since we expect the time-scale for dynamical friction to be even
longer in the cluster outskirts relative to that at the half-mass radius.
Once returned to the core, the NS binary should undergo a strong
interaction with the central BH-BH binary on a time-scale given by
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equation (7) in Leigh et al. (2016a), or

po_ Ve
si ﬁaBHE’

where Vpy is the volume within which all stellar-mass BHs in the
cluster are confined after mass segregation, oy is the BH velocity
dispersion, and X is the collisional cross-section. This contributes of
the order of <1 Gyr to the total time-scale for a typical GC. Hence,
we estimate that, even if some eccentricity is imparted to the orbit of
the NS binary, it should still most likely be destroyed by the central
BH-BH binary well within the lifetime of the cluster. This will occur
on roughly a crossing time for interactions that occur very near the
cluster centre of mass (i.e. without much wandering of the BH-BH
binary) or some fraction of a core relaxation time near unity for off-
centre interactions. This is because if the BH-BH binary is at r =
0, then the NS binary will hit it upon returning to the core on its
first pass through (due to conservation of linear momentum causing
a recoil kick for the BH-BH binary in the opposite direction as the
ejected NS binary), whereas off-centre collisions avoid this scenario,
greatly prolonging the inspiral time of the NS binary. We caution that
the exact transition between these two scenarios is quite complicated
and would require detailed N-body simulations to properly quantity,
but for most of the relevant parameter space we expect the two-body
relaxation time to be a better approximation since the NS binary is
most likely to interact with the BH-BH binary away from the cluster
centre.

We can quantify the above in another way. Fig. 1 shows various
critical distances pertinent to this problem as a function of the primary
BH mass. Specifically, we show as a function of the primary BH mass
the wandering radius of the BH-BH binary, the hard—soft boundary
for the BH-BH binary, the orbital separation corresponding to an
inspiral time of 10 Gyr due to gravitational wave radiation, the orbital
separation yielding a recoil kick equal (from an interaction with
the putative NS binary) to the cluster escape speed, and the tidal
disruption radius of the NS binary (see Colpi et al. 2002 and the
figure inset for more details). The orbital separation yielding a most
probable recoil kick equal to the cluster escape speed is calculated
using equation (7.19) in Valtonen & Karttunen (2006) by equating
the cluster escape speed to the peak velocity of the centre of mass of
the binary, or

2 Mt — Mte
2w —me) ™

Sme M

Q]

Upeak =

where M, is the total mass (i.e. the sum of the masses of all interacting
particles), m, is the mass of the ejected NS/MSP binary, and Ej is
the total interaction energy.

The key point is that the BH-BH binary orbital separation is most
likely to be less than the wandering radius and, more importantly,
the hard—soft boundary, but greater than the orbital separation
corresponding to a recoil velocity equal to the core escape speed of
35 kms~! (Colpi et al. 2003); otherwise, a higher ejection velocity
for the NS/MSP binary is more probable. The BH-BH binary is
dynamically hard and most likely to eject the NS binary to the
outskirts (and not from the cluster) at less than the escape speed
for primary BH masses <100 Mg and only a narrow range of orbital
separations, as shown in Fig. 1.

Is the secondary mass in this scenario at all constrained? In
short, yes. First, the secondary must be relatively massive such that
an object heavier than the ejected binary should be left in orbit
about the primary BH, otherwise the compact NS binary would
be more likely to end up bound to it, ejecting the BH instead.

MNRAS 527, 6913-6925 (2024)

The mass of NGC 6752 A, for example, is sufficiently low that
the secondary in the BH-BH binary need not be a BH. A heavy
NS could also get the job done roughly as easily, or perhaps even
easier if NSs are more abundant in GCs than are stellar-mass BHs.
Secondly, in order for the NS binary to remain intact, Wang et al.
(2019) showed that mass ratios near unity are preferred, and the
dependence of the survival probability on the mass ratio is rather
steep.

Given the arguments presented in this section, we conclude that a
relatively improbable interaction with a BH-BH binary is needed to
delicately place an NS binary into the outskirts of a star cluster and
have it remain there for longer than a crossing time. This is because
only for primary masses S100 Mg and a narrow range of orbital
separations should the BH-BH binary be both dynamically hard and
produce a sufficiently low recoil velocity to avoid completely ejecting
the NS binary from the cluster.

Provided other mechanisms to put NS binaries into the cluster
outskirts could also be operating with a non-negligible probability,
our results are consistent with a scenario in which clusters with
high NS binary, and especially MSP, frequencies should most likely
host the lowest mass BHs and the fewest BH binaries, as found
in Leigh et al. (2016a) and Ye et al. (2019), roughly independent
of their observed radial distribution. This is due to two reasons.
First, interactions with BH-BH binaries, especially more massive
ones, are more likely to entirely eject NSs and MSPs from clusters
than simply launch them into the cluster outskirts. Secondly, in
clusters with lots of BHs, the BHs act as a heat source for the
NSs, preventing them from mass segregating into the centre (Ye
et al. 2019). The second reason should be the case in all but the
most massive clusters (5106 M) with the longest relaxation times,
since here (especially in the outskirts) the relaxation times can
exceed a Hubble time such that observing NS/MSP in the cluster
outskirts should be independent of any dynamics happening in
the core.

3 ALTERNATIVE FORMATION PATHWAYS

Although the BH-BH ejection scenario alone has been extensively
discussed in the literature, other mechanisms also exist. We will
argue that some of these are more likely to explain the origins of
PSR A and other NS binaries floating beyond the half-mass radius of
their host cluster. In this section, we begin by listing the alternative
possibilities to explain the presence of an NS binary in the outskirts
of a dense star cluster, before exploring each in more quantitative
detail.

The possible formation mechanisms for an NS binary in the cluster
outskirts include the following:

(i) A primordial binary system born in the cluster outskirts.

(ii) A three-body interaction with a normal cluster star (i.e. a WD
or MS star).

(iii) A four-body interaction involving a binary composed of
normal cluster stars.

(iv) The disruption of a stable hierarchical triple due to the
accretion-induced implosion of the tertiary companion.

(v) A natal kick partially imparted to the binary centre of mass
due to accretion-induced collapse. Here, the natal NS gets a kick due
to asymmetric mass-loss in the detonating progenitor at the time of
supernova explosion, which also imparts momentum to the binary
centre of mass motion due to asymmetric mass-loss from the binary
system itself.

Let us now consider each of the listed mechanisms in more detail.
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3.1 A primordial binary

Following Colpi et al. (2002), the simplest possibility is that the
binary is a primordial system born in the cluster outskirts. This
scenario is unlikely, however, given that the time-scale for the binary
to segregate back into the cluster core due to two-body relaxation
is shorter than the cluster age in all but the most massive Milky
Way (MW) GCs. This is because the binary is more massive than a
typical single star, such that it will segregate back into the core on a
relaxation time, or

Te(m) = @tr((m»v (®)
m

where (m) ~ 0.5 Mg is the mean stellar mass for an old stellar
population and

((m)) = 1.7 x 105M1/2(r—“)3/2(1 MO) yr, )
1pc (m)

where ry, is the half-light radius. Taking r, = 5 pc for a typical Milky
Way GC (Harris 1996, 2010 update) and setting 7,({(m)) = 10 Gyr, we
find that only clusters with M > 7 x 10°® Mg will have sufficiently
long relaxation times for a primordial binary born in the cluster
outskirts to still be located there today, having avoided segregating
into the core due to two-body relaxation. Hence, in massive clusters
like 47 Tuc, it would take the longest for NS binaries to segregate
back into the core due to its larger mass and hence longer relaxation
time, but the time-scale is still much less than a Hubble time.

Importantly, for NGC 6752 A, the preceding argument suggests
that a primordial origin is unlikely to be at the root of its unusual
location far out in the outskirts of its host cluster. The cluster is
less massive than 7 x 10® M, suggesting that the NS binary would
have had sufficient time to segregate into the core if it were born in
the cluster outskirts. Importantly, however, this estimate is obtained
using the two-body relaxation time at the half-mass radius, whereas
NGC 6752 A is located over 3 half-light radii from the cluster centre,
where the relaxation time can be roughly an order of magnitude
longer due to the much lower density. Hence, NGC 6752 A is
somewhat of an unusual case due to its very large distance from the
cluster centre, and a primordial origin cannot be entirely ruled out
for this system given a purely two-body relaxation-based argument.

An independent argument against many NS/MSP binaries located
in the cluster outskirts having a primordial origin is as follows. It is
highly unlikely for MSPs to be formed in the outskirts of clusters,
due to the low encounter rate in those outskirts. We know that MSPs
are ~100 times more frequent in GCs than in the Galactic field, as
are low-mass X-ray binaries (Clark 1975). For a simple estimate,
take the mass of the Galaxy as 6 x 10'© M, and the mass of all GCs
as 3.8 x 107 My, (Baumgardt & Hilker 2018). We use the estimate
of 30 000 MSPs in the Galaxy from Lorimer (2013), and estimate the
number of MSPs in Galactic GCs by extrapolating the MSP numbers
estimated by Zhao & Heinke (2022) in 36 GCs (600-1500) to the
remaining Galactic clusters by stellar encounter rate (Bahramian
et al. 2013), giving 1000-2500 MSPs in all GCs. Thus, we confirm
that GCs produce 50-130 times more MSPs per unit mass than the
Galaxy.

If we assume that these halo MSPs are formed primordially, then
their frequency should be similar to the field (actually, it should be
substantially less, considering that the cluster escape velocity is small
in the outskirts, so NSs would escape even more easily than from
clusters; Pfahl, Rappaport & Podsiadlowski 2002.) Let us assume
that the mass of the cluster outside the half-mass radius produces
MSPs primordially, while the cluster inside the half-mass radius
produces MSPs through dynamics. Then, we should find (at least)

NS binaries in the outskirts of star clusters 6917
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Figure 2. We show the most probable ejection velocity as a function of the
initial orbital separation of the ejected binary using equation (7). The solid
line shows the case where a BH-BH binary (composed of 100 and 5 M BHs)
ejects a compact NS binary (composed of a 1.5 Mg NS and a 0.6 Mg WD),
whereas the dashed line shows the same thing but for a three-body interaction
involving the same NS binary and a 0.5 M, interloping single star.

100-1000 times more MSPs inside the half-mass radius than outside
the half-mass radius. (This assumes that no MSPs originally located
outside the half-mass radius dynamically segregate inside the half-
mass radius over time.) Thus, we should find «1 per cent as many
MSPs in the cluster outskirts as in their cores. But of the MSPs in
the Freire catalogue, we see 11 outside the cluster half-mass radius,
and 130 within the half-mass radius; of the order of 10 percent lie
in the outskirts. This is far more than can be explained by primordial
formation.

3.2 A three-body interaction with a normal cluster star

3.2.1 Most likely ejection velocities

Fig. 2 shows via the dashed line the most likely ejection velocity for
a three-body interaction involving an NS (1.5 Mg), a WD (0.6 Mg;
see Tremblay et al. 2016), and a normal MS star (0.5 Mg), leaving
the NS and WD bound in a compact binary, as a function of the initial
orbital separation (in this case, we assume that the NS and WD were
initially bound in a binary as well). This is done using equation (7)
for the peak or most likely ejection velocity. Note that we have
corrected the final velocity for linear momentum conservation. For
comparison, the solid line shows the same thing but for a BH-BH
ejector.” As is clear, a more compact NS—WD binary is needed to
achieve a higher ejection velocity than a BH-BH binary: the BH-BH
binary can achieve one order of magnitude higher velocities for the
same initial orbital separation. More importantly, a compact NS-WD
binary can easily reach the cluster escape speed at an initial orbital
separation of only 1 au (and higher velocities are attainable for even
more compact binaries).

2We note that this is technically a four-body interaction, but it can be viewed
as a three-body interaction if the NS binary is considered to be a single object
due to its very compact orbit.
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3.2.2 Ejection velocity distributions

To better compare the three-body interaction with a normal cluster
star scenario to the historical scenario of an NS-WD binary in-
teraction with a BH-BH binary, we make use of the CORESPRAY
particle spray code (Grondin et al. 2023). Based on the theoretical
three-body encounter framework presented in Valtonen & Karttunen
(2006), CORESPRAY samples the outcomes of three-body interactions
within the cores of star clusters. Combining a cluster’s orbital and
structural parameters with a set of initial encounter configurations
(e.g. system masses, orbital separations, binary binding energies,
etc.), CORESPRAY ultimately produces statistical representations of
the kinematics and positions of objects that have undergone three-
body interactions in cluster cores.? Using the previously discussed
system in NGC 6752 as a template, we use orbital and structural
conditions for NGC 6752 from Baumgardt & Hilker (2018) and
the same aforementioned encounter mass configurations. We then
use CORESPRAY to sample 50000 three-body interactions for both
cases over one azimuthal orbital period of NGC 6752 (Pyp =
132.162 Myr), where the initial separations between interacting
objects are randomly sampled between the semimajor axis of the
binary and twice the mean separation of objects in the core (0.25 pc).

For the semimajor axis of the binary in Case 1, where three-body
interactions are between an NS—WD binary and a normal MS star, we
first randomly sample the binary’s separation between the hard—soft
boundary (Leigh et al. 2022) and the contact boundary. The contact
boundary is defined by assuming the same NS and WD masses as
above, corresponding to an NS radius of 11 km as approximated by
Capano et al. (2020), and a WD radius of 0.01 Ry approximated
from Provencal et al. (1998). We then identify the range of initial
separations that lead to the NS—WD binary hardening and having a
final separation that is comparable to the observed separation of a =
0.025 au (D’Amico et al. 2002) to within 10 per cent. This range
corresponds to separations between 0.02 and 0.05 au, which are
randomly sampled to generate our final distribution of encounters.

For Case 2, the NS-WD binary is treated as a single object and
it is the separation of the BH-BH binary that contributes most to
the energy of the three-body system. When generating three-body
interactions, we consider two scenarios: (i) the BH-BH separation
is equal to the hard—soft boundary, and (ii) the BH-BH separation is
equal to half of the hard—soft boundary of the cluster. The hard—soft
boundary for a BH-BH binary in a star cluster is given by equation (1)
in Leigh et al. (2016a) and calculated to be a = 18.289 au, assuming
masses of 100 and 5 Mg,

Fig. 3 illustrates the NS binary ejection velocities from the
CORESPRAY simulation for the two cases. For the case of an NS-
WD binary interacting with a normal cluster star, only ~21 per cent
of NS—WD binaries are given strong enough kicks that lead to them
escaping the cluster. The probability of cluster escape for the case of
an NS-WD binary interacting with a BH-BH binary is higher, where
approximately 74 and 86 per cent of all NS—WD binaries escape the
cluster when the BH-BH binary’s separation equals the hard—soft
boundary and half of the hard—soft boundary, respectively. Hence,
we conclude that interactions with a BH-BH binary have higher
chances of ejecting an NS—WD binary from a cluster than retaining
it, for almost all ranges of BH-BH binary masses. Conversely,
interactions with normal stars are more likely to result in an NS—
WD binary remaining bound to the cluster, providing a possible

3To learn more about the capabilities and installation of CORESPRAY, refer to
Grondin et al. (2023) or visit https://github.com/webbjj/corespray.
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Figure 3. We show the ejection velocity distributions for a three-body
encounter composed of (1) an NS—-WD binary interacting with a normal
MS star (dashed line) and (2) a BH-BH binary interacting with a compact
NS-WD binary (solid lines, with the NS—WD binary being treated as a single
compact object). In Case 2, we consider two additional sub-cases, where the
binding energy is equal to the binding energy at (a) the hard—soft boundary
and (b) half the hard—soft boundary in Leigh et al. (2022). Both sets of
N = 50000 three-body encounters are simulated using CORESPRAY (Grondin
et al. 2023), where the Baumgardt & Hilker (2018) escape velocity of vese ~
31 kms~! for NGC 6752 is indicated with a red line. It is clear that NS—WD
binaries are more likely to be ejected from NGC 6752 when interacting with
both soft and hard BH-BH binaries than with normal MS stars, providing
evidence that off-centre NSs are more likely produced by the latter type of
interaction.

explanation for the location of an NS binary in the outskirts of a
GC. In addition, using equation (A10) in Leigh & Sills (2011), such
a single-binary interaction should occur roughly once every Myr,
assuming a binary fraction of 10 percent, a core radius of 1 pc,
a core number density of 10° Mg pc™3, and a mean binary orbital
separation of 0.05 au (i.e. close to our assumed initial separation for
the calculation corresponding to Case 1 above). For comparison, the
analogous scenario involving a BH-BH binary should occur on a
time-scale closer to a Gyr, as given by equation (6).

3.2.3 Post-interaction behaviour

After the interaction, the NS—WD binary will most likely sink back
into the core on a relaxation time. This is the case even if the WD
forms after the interaction (i.e. the secondary expands to become a
giant and then a WD post-interaction), since for an initially compact
binary, we do not expect the subsequent binary evolution to cause the
final binary to widen significantly if at all (e.g. if a CE phase occurs,
this should most likely tighten the binary further).

3.3 A four-body interaction involving normal cluster stars

In this scenario, an NS in a binary with a normal star (i.e. either
an MS star or WD) undergoes an interaction with two other normal
cluster stars of typical mass in a binary. This scenario is unlikely to
end in the production of two binaries (Leigh et al. 2016a) when four
objects (i.e. two binaries) of similar mass and size interact. Instead,
the most likely scenario is that the two least massive objects are
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ejected sequentially as single stars, leaving the two most massive
objects remaining bound in a binary (Leigh et al. 2016b). Hence,
since the direction of ejection should be more or less random and the
velocity distribution for each single is the same as for a simple three-
body disruption (Leigh et al. 2016b), this mechanism is roughly as
likely to eject an NS binary as the analogous three-body interaction
scenario with normal stars already considered in the previous section.
For reference, using equation (A8) in Leigh & Sills (2011), such a
binary-binary interaction should occur roughly every few tens of
thousand years, assuming cluster parameters typical of massive GCs
(such as NGC 6752 and especially 47 Tuc), namely a binary fraction
of 10 percent, a core radius of 1 pc, a core number density of 10°
Mg pc>, and a binary with a separation of 1 au. We expect the
rate of single-binary interactions to dominate over binary—binary
interactions in clusters with high central densities, however, since
here the binary fraction tends to be <10 percent (Sollima et al.
2008; Leigh & Sills 2011; Leigh et al. 2022). Hence, the analogous
three-body interaction scenario is more likely.

With that said, however, Leigh et al. (2016b) showed that binary—
binary interactions involving one wide binary and one compact
binary tend to act as single-binary exchange interactions, with the
heavy compact binary being exchanged into the wide binary, and
ejecting one of its original binary companions in the process. Leigh
et al. (2016b) showed that, for reasonable initial assumptions, the
recoil from the ejected single will often impart a kick of the order of a
few tens of km s ™! to the inner binary, perhaps enough for it to escape
from the cluster core and into the outskirts. Hence, this mechanism
is likely to produce a velocity close to the required velocity to put
the putative triple into the outskirts. This scenario predicts that the
compact NS binary should have a stable tertiary companion, though
this seems to be ruled out in the case of NGC 6752 A by current
pulsar timing (Corongiu et al. 2023).

3.4 The implosion of the tertiary of a hierarchical triple

Consider a stable hierarchical triple star system containing an NS in
the inner binary. Hence, the system is composed of an NS binary in a
compact orbit, with a third object orbiting it on a wide, stable orbit.
Let us assume that the outer tertiary is a WD, and that the secondary
in the inner binary is overflowing its Roche lobe, transferring mass to
not only its NS companion but also the outer tertiary (this could occur
if, for example, there is a CE event in the inner binary; see below).
If the tertiary is able to accrete, it could detonate as a supernova
leaving behind no remnant (see Leigh et al. 2020 for more details). If
this happens, the remaining compact NS binary, formerly the inner
binary of the triple, will be launched at the instantaneous orbital
velocity. Provided vo, S vese, Which should be the case for most
stable triples given the need for a wide outer orbit in order to maintain
dynamical stability, this could deliver a compact NS binary to the
cluster outskirts.

In Fig. 4, we show the critical tertiary orbital period (i.e. the orbital
period needed to achieve the indicated ejection/orbital velocities) for
several different values of the ejection (i.e. orbital) velocity. For
this exercise, we assume a mass of 2.1 My for the NS binary (as
before) and a final mass of 1.4 Mg, for the outer tertiary just prior
to detonation. Assuming ejection velocities of 1, 10, and 100 km s~!
gives critical tertiary orbital periods of ~2.0 x 107, 2.0 x 10*, and
20 yr, respectively. For comparison, assuming an average stellar mass
of 0.5 Mg, and a velocity dispersion of 10 kms™!, the critical orbital
period is ~5.9 x 10* yr, which will be even longer in lower velocity
dispersion environments. Hence, dynamically ‘hard’ triples can exist
in clusters and still yield kick velocities with Vo S Vege, SINCE Vese
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Figure 4. We show with the black vertical lines in the Pj,—Poy plane the
critical outer orbital period needed to achieve the indicated ejection velocity
of the NS binary in the context of the disrupted triple scenario for getting
NS binaries into the outskirts. The red line shows the critical period for
reaching the escape velocity; any objects falling to the left of this line will be
ejected from the cluster. We assume component masses of 1.5 and 0.5 Mg
for the inner binary and a mass of 1.4 Mg, for the outer tertiary. We further
assume circular orbits. Finally, the diagonal black line shows the boundary
for dynamical stability (i.e. tertiaries are stable if they fall below the line)
using the criteria from Tokovinin (2018).

~ 10-50 kms~! for the densest and most massive Milky Way GCs.
Such wide triples should also be dynamically stable for any inner
binary with an orbital period of hours or days (e.g. Tokovinin 2018).

Next, we wish to know how compact the outer orbit needs to be in
order for the inner binary to undergo a CE event and transfer mass
to the outer tertiary. To answer this, we compute the orbital velocity
for the tertiary of our chosen triple. Assuming an outer separation of
5 au, the ejection velocity of the NS binary would be ~31 kms™!,
or 22 kms™! for an outer separation of 10 au. Thus, if the tertiary
accretes and detonates as a supernova explosion, leaving behind no
remnant or causing it to disrupt dynamically, the compact NS binary
could indeed be imparted with a kick of sufficient magnitude to
deliver it to the cluster outskirts with v, < vese, provided the outer
tertiary separation is in the range ~5-10 au. This is evident from
Fig. 4, which shows that having a constraint on the period of the
putative NS binary immediately constrains the period of the outer
orbit of the hypothetical triple.

With the above said, however, we caution that it is unlikely that the
hypothetical inner binary will overfill its Roche lobe with a separation
of the order of 10 au, given that the turn-off mass in a typical GC
is ~0.8 Mg or so. This is likely the case even independent of any
CE event, but detailed simulations would need to be performed to
address just how much mass the putative tertiary might accrete. We
conclude that this mechanism is indeed a viable, but unlikely, option
to put NS binaries into the outskirts of star clusters.

A perhaps more likely albeit similar scenario could be invoked
early on in the cluster lifetime if, instead of a WD, the outer tertiary
is a massive star that ends its life as a supernova, causing the triple
system to disrupt. This does not leave much time, however, for the
NS to be exchanged into the hypothetical triple system due to a
dynamical channel and, as previously argued, the cluster dynamics

MNRAS 527, 6913-6925 (2024)

202 Joquieydas £z uo 1sanb Aq 02861 1./€ L 69/E/LZS/I0IME/SEIUW /W00 dNo"ojWapede/:sdy woly papeojumoq



6920 N. W. C. Leigh et al.

must somehow be involved in the formation of NS/MSP binaries in
order to explain their increased frequency in GCs relative to the field.

3.5 A natal kick partially imparted to the binary centre of mass

Consider a compact binary in a star cluster containing a primary WD
and a secondary main-sequence star. As the secondary evolves, it will
expand and transfer mass to the WD. We assume that the primary
ultimately explodes as a supernova, receiving a natal kick in the range
of a few to several hundred km s~! due to asymmetric mass-loss, and
leaving behind an NS remnant. If the kick direction opposes that
of the orbital motion, then the binary can survive, and end up on
a very compact eccentric orbit that should be rapidly circularized
due to either tidal interactions or gravitational wave inspiral. This
scenario could also work in younger star clusters if a normal star is
in a relatively compact binary with a massive star that explodes to
produce an NS.

We imagine that some fraction f of the expelled mass acceler-
ates/decelerates the detonator directly, whereas the remaining mass
fraction (1 — f) acts to accelerate the binary centre of mass. In order
to properly distinguish between the two extremes (i.e. f ~ 1 or f
~ (), we would need to perform detailed hydrodynamic simulations
and follow the mass-loaded expelled gas in detail. To the best of our
knowledge, such a study has yet to be done in the literature.

For now, let us take the simplest assumption, and set f = 1.0. Then,
if the mass is ejected in a direction that opposes the orbital motion,
and a total mass M,; is ejected, we can use conservation of linear
momentum to compute the final velocity of not only the NS in its
orbit but also the binary centre of mass motion. Let us assume that
the binary centre of mass is initially moving at 10 km s~ and expels
in total 0.01 M, of gas at a speed of 100 km s~! in the exact opposite
direction. Then by linear momentum conservation we have

(M — Mej)vin — Mejvej = Mvini, (10)

where M = m; + my is the initial NS binary mass with m; = 1.4 Mg
and m, = 0.8 M. This gives for the final ejection velocity of the NS
binary:

Vin = (MUinic + Mejve)) /(M — Mgj) ~ 10 kms™", 11)

which is of sufficiently small magnitude to launch it into the cluster
outskirts without ejecting it from the cluster.

We conclude that the accretion-induced collapse of a WD primary
in a binary could produce a sufficient recoil velocity to account
for a compact NS binary observed in the outskirts of a star cluster.
How likely this mechanism is depends on the details of the supernova
explosion and the probability of having a suitable progenitor binary in
the cluster, both of which require further study to properly quantify.
The question of whether or not such an explosion can provide a
sufficient kick to the binary centre of mass without unbinding it will
be central moving forward. We further caution that this mechanism
also suffers from the same issue as discussed in the previous sections,
namely that the cluster dynamics must be involved in the production
of NS/MSP binaries in order to explain their much higher frequency
in GCs relative to the field. If this mechanism were operating with
a substantial rate in GCs, then it should also do so in the field,
overproducing the frequency of NS/MSP binaries in the field relative
to what is observed.

4 SIMULATIONS

In this section, we present the results of Monte Carlo N-body
simulations for GC evolution using the CMC code (Rodriguez et al.
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2022, and references therein), which we use to assess whether or not
GCs can eject NS binaries into the cluster outskirts. We further use the
models to assess the relative frequencies of the various mechanisms
for putting NS/MSP binaries into the cluster outskirts discussed in
the previous section.

4.1 The code and initial conditions

CMC is based on the Hénon-style orbit-averaged Monte Carlo method
(Hénon 1971a, b). It incorporates various relevant physics for
cluster evolution, including two-body relaxation, strong dynamical
interactions of singles and binaries, and tidal mass-loss. Binary and
stellar evolution is fully coupled to the dynamical evolution of the
clusters and is calculated by the publicly available software COSMIC
(Breivik et al. 2020), which is based on SSE (Hurley, Pols & Tout
2000) and BSE (Hurley, Tout & Pols 2002). Strong three- and four-
body gravitational encounters are directly integrated by the FEWBODY
package (Fregeau et al. 2004; Fregeau & Rasio 2007), which includes
post-Newtonian effects for BHs (Antognini et al. 2014; Amaro-
Seoane & Chen 2016; Rodriguez et al. 2018a, b).

In particular, cMC simulates NSs and MSPs self-consistently
following the treatments in Ye et al. (2019, and references therein),
which showed good agreements with the spin periods and magnetic
fields of observed pulsars. NSs are born in core-collapse super-
novae (CCSNe), electron-capture supernovae (ECSNe), or accretion-
induced collapses of WDs. cMC assumes that NSs born in CCSNe
receive large natal kicks drawn from a Maxwellian distribution with
a standard deviation occsy = 265 kms~! (Hobbs et al. 2005) due to
asymmetries in the supernova explosion. On the other hand, NSs born
in ECSNe or accretion-induced collapses receive small natal kicks
drawn from a Maxwellian distribution with a standard deviation
oecsny = 20kms~! (Kiel et al. 2008). All NSs are formed with spin
periods and magnetic fields similar to the observed young radio
pulsars. After their formation, NSs in binaries can be spun up to
millisecond periods by angular momentum transfer during Roche
lobe overflow (Hurley et al. 2000, equation 54), and their magnetic
fields decay according to the ‘magnetic field burying’ scenario (e.g.
Bhattacharya & van den Heuvel 1991) where the magnetic fields
decrease inversely proportional to the amount of mass accreted
(1 + M, /1076 M) ™! (Kiel et al. 2008). At the same time, isolated
pulsars slow down through magnetic dipole radiation (Kiel et al.
2008). For more details about the treatments of MSPs, see Ye et al.
(2019).

As an example, we search for halo MSPs in CMC models of two
clusters listed in Table 1, NGC 6752 (Ye et al. 2023, their model
l1a), which is a typical core-collapsed cluster (Harris 1996, 2010
update), and 47 Tuc, which is a massive non-core-collapsed cluster
(Harris 1996, 2010 update; Ye et al. 2022). These models closely
match the respective clusters’ observed surface brightness profiles
and velocity dispersion profiles. The NGC 6752 simulation has an
initial number of stars N = 8 x 10°, virial radius R, = 0.5 pc,
metallicity Z = 0.0002, and Galactocentric distance R, = 8 kpc.
Its stellar distribution follows a King profile with a concentration
parameter Wy = 5 (King 1966). A standard Kroupa broken power
law (Kroupa 2001) between 0.08 and 150 Mg, is assumed for the
initial mass function, and the model has an initial binary fraction
of 5 per cent. The 47 Tuc simulation has an initial number of stars
N =3 x 109, virial radius R, = 4 pc, metallicity Z = 0.0038, and
Galactocentric distance R, = 7.4 kpc. It initially follows an Elson
profile (Elson, Fall & Freeman 1987) for stellar distribution with
y = 2.1, where y is a free parameter of the Elson power-law slope
(Ye et al. 2022, equation 8). The simulation adopts a two-component
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Figure 5. Radial distributions of NSs (blue), NS binaries (orange), and MSPs
(grey) from the NGC 6752 simulation. We combine the projected radial offsets
from multiple time-steps between 11 and 13.8 Gyr of the simulation for better
statistics. The vertical green lines mark the offsets of the observed MSPs
in NGC 6752 from http://www.naic.edu/~pfreire/GCpsr.html. The vertical
yellow line shows the observed half-light radius of the cluster (Harris 1996,
2010 update).
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Figure 6. Similar to Fig. 5 but for radial distributions of NSs (blue), NS
binaries (orange), and MSPs (grey) from the 47 Tuc simulation. We combine
the projected radial offsets from multiple time-steps between 9 and 12 Gyr of
the simulation for better statistics. The vertical green lines mark the offsets
of the observed MSPs in 47 Tuc from http://www.naic.edu/~pfreire/GCpsr.
html, and the vertical yellow line shows the observed half-light radius of the
cluster (Harris 1996, 2010 update).

power-law initial mass function with power-law slopes oy = 0.4 and
a, = 2.8 for the lower and higher mass parts, respectively. Masses
are sampled between 0.08 and 150 M, with a break mass at 0.8 M.
The simulation assumes an initial 2.2 per cent binary fraction.

4.2 General results

In this section, we present the results of our CMC simulations for clus-
ter evolution. In particular, after discussing the radial distributions
of NS/MSP binaries, we assess which of the mechanisms discussed
in Section 3 are operating in the models and with what relative
frequencies.

We show the projected radial offsets of NSs and MSPs from the
NGC 6752 and 47 Tuc models in Figs 5 and 6, respectively. Fig. 5
includes all NSs and MSPs from 13 model snapshots (time-steps)
between 11 and 13.8 Gyr of the simulation for better statistics. The
times roughly span the age observed for NGC 6752 (Buonanno et al.
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1986; Gratton et al. 1997, 2003; Correnti et al. 2016; Souza et al.
2020; Bedin et al. 2023). Overall, about six MSPs locate outside
of the half-light radius of the cluster between 11 and 13.8 Gyr.
At each of the 13 snapshots, we find between 0 and 3 MSPs (all
except 1 snapshot have at least 1 MSP), consistent with the observed
number. These MSPs are ejected to the cluster halo directly through
strong exchange encounters with WD binaries (either double WDs
or WD main-sequence star binaries), through natal kicks from the
accretion-induced collapse of one of the components triggered by
dynamical interactions with WD binaries (in this case, it is an NS—
WD binary), or through interactions with stellar-mass BH binaries
or single stars such as main-sequence stars and WDs. Four halo
MSPs are in binaries, where three binaries are in tight and circular
orbits with very low-mass, WD-like companions (~0.01-0.03 M),
and one is in an eccentric binary with a massive WD companion.
In addition, most non-MSP NS binaries in Fig. 5 are ejected to the
outskirts by interactions with single WDs or main-sequence stars,
with a few ejected by WD binaries.

These ejection mechanisms are consistent with those discussed
in Section 3. There is no IMBH in the NGC 6752 simulation, and
there are ~5 stellar-mass BHs retained at the present day. It is also
not surprising that MSPs can be relocated to the cluster halo through
dynamical encounters with WD binaries. It has been shown that WDs
dominate the cores of core-collapsed clusters (Kremer et al. 2021,
and references therein), while most of the BHs formed in the clusters
have been ejected through dynamical interactions.

Similarly, Fig. 6 shows all NSs and MSPs from 17 snapshots
between 9 and 12 Gyr of the 47 Tuc simulation, which is the age
span predicted in Ye et al. (2022). A total of about six MSPs locate
outside of the half-light radius of the cluster over this time-scale,
and at each snapshot, there are about three to five MSPs, consistent
(within small-number statistics) with the one MSP seen outside the
half-light radius. Different from NGC 6752, all of these MSPs are
in tight and circular binaries with companion masses of ~0.01 Mg.
Note that the binary properties of the halo MSPs in the simulations
are affected by the binary evolution prescriptions we adopt and may
not match the observed properties exactly. Three of the six binaries
are primordial and born far away from the cluster centre (=4 pc).
The other three are formed through collisions with giant stars where
the core of a giant star becomes a component star in the binary. The
NSs in the latter binaries are formed in accretion-induced collapses
(where a WD companion accretes from the core of the original giant
star), and the natal kicks contribute to dislocating two of them from
the cluster core (the third NS binary only appears very briefly at the
outskirts, probably on an eccentric orbit in the cluster). On average
over ~3 Gyr, the fraction of MSPs from primordial binaries in the
cluster outskirts is <5 per cent, somewhat larger than calculated in
Section 3.1. We also note that since 47 Tuc is more massive than most
other GCs in the Milky Way (Harris 1996, 2010 update; Baumgardt
& Hilker 2018), the number of halo MSPs formed in primordial
binaries in other non-core-collapsed clusters will likely be closer to
ZEero.

These binaries are not ejected to the cluster halo through recoil
kicks from dynamical encounters as in NGC 6752, but rather because
they are born in the outskirts (where the density is low and the
relaxation time is long) and in part because the stellar-mass BHs
retained in the cluster prevent the NSs from mass segregating to
the cluster centre. Unlike NGC 6752, which is core-collapsed and
does not have many BHs retained, there are ~200 stellar-mass BHs
retained in 47 Tuc at the present day, and there are no IMBHs (Ye
et al. 2022). Because of mass segregation, these BHs dominate the
cluster core and act as energy sources through ‘BH binary burning’,
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Figure 7. The observed offset distributions in the unit of the host clusters’
half-light radii of pulsars in GCs for both core-collapsed clusters (blue) and
non-core-collapsed clusters (orange). Data are taken from http://www.naic.
edu/~pfreire/GCpsr.html. We also estimate the offsets of pulsars in Omega
Centauri (Chen et al. 2023) using the coordinates of the cluster centre from
Harris (1996, 2010 update) and include them in the figure.

which supports the cluster from core-collapsing (e.g. Kremer et al.
2020a). At the same time, the lighter NSs are located further out and
do not have many dynamical encounters (Ye et al. 2019). Hence, in
effect, the NSs and NS binaries are in the outskirts in the 47 Tuc
model because (1) they are located far out in the outskirts where the
stellar density is low and the relaxation time is long; and (2) the BHs
heat the core, and this heat source in turn is transferred to the rest
of the cluster, including the NSs, in part helping them to stay farther
out in the cluster potential well for longer. This effect is not included
in the simple analytical estimates of the two-body relaxation time
used in the previous sections. This is different from what occurs in
the NGC 6752 simulation, in which the NSs and NS binaries do
segregate back into the core once the BHs have been ejected, but
some of them can be ejected back out into the halo predominantly
through three- or four-body interactions with normal stars and WDs.
In this case, the absence of the BHs allows for core collapse to occur,
which accelerates the rate at which NSs and NS binaries are ejected
back into the cluster outskirts via single-binary interactions.

The aforementioned redistribution of NSs and NS binaries makes a
prediction: the radial distribution of MSPs should be more extended
in core-collapsed GCs relative to non-core-collapsed clusters. We
can test this using the observed distributions of MSPs (see http:
/Iwww.naic.edu/~pfreire/GCpsr.html), and this is shown in Fig. 7.
The radial distribution is slightly more extended for core-collapsed
clusters (see also e.g. Verbunt & Freire 2014, their fig. 2); however,
this result is not statistically significant. A KS test suggests that
the two distributions may be drawn from the same underlying
distribution, with a KS statistic of 0.16 and an associated p-value
of 0.43. For comparison, an Anderson—Darling test suggests that
the hypothesis that the two distributions are drawn from the same
underlying distribution may be rejected at the 10 per cent level. With
that said, this comparison should be regarded carefully, since the
prediction considered here does not account for other factors such as
completeness, NS retention in clusters, etc. These additional effects
could be important and significantly affect our naive comparison.

4.3 The dominant mechanism(s)

Finally, we address which of the mechanisms discussed in Section 3
operate with the largest frequencies in our simulations, using the
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NGC 6752 simulation as an example. In general, single-binary
interactions with MS stars and WDs tend to most commonly eject
MSP binaries into the cluster outskirts, but binary—binary interactions
also contribute (especially, WD binaries). This is no surprise since
the time-scale for single-binary interactions is shorter than that
for binary-binary interactions for binary fractions <10 percent
(Leigh & Sills 2011), and the binary fractions in our simulations
are ~5 per cent for NGC 6752 and ~2 per cent for 47 Tuc. We also
find that natal kicks from the accretion-induced collapse of WDs
contribute. For example, of the six MSPs ejected to the outskirts
in the NGC 6752 model, three of them are ejected by exchange
encounters in binary—single interactions (one has a natal kick from
accretion-induced collapse, which may help get it further out), two
of them experience a single—binary interaction as their last strong
encounter, and the last MSP is kicked to the outskirts via a natal kick
from accretion-induced collapse and has a binary—binary interaction
as its last strong encounter.

5 DISCUSSION AND SUMMARY

It has been argued in the literature that NS and MSP binaries can
be ejected into the outskirts of star clusters via an interaction with
a massive BH binary that expels them from the core. We challenge
this idea in this paper and argue that this mechanism will only rarely
account for such binaries. Only for primary masses <100 Mg and
a narrow range of orbital separations should a BH-BH binary be
both dynamically hard and produce a sufficiently low kick velocity
to retain the NS binary in the cluster. We explore several alternative
mechanisms that would cause NS binaries to be retained in clusters,
the most likely of which is a three-body interaction involving the
NS/MSP binary and a normal star. We expect normal stars (MS and
WD) to be more common than BH-BH binaries, reducing the time-
scale for binary—single interactions with normal stars relative to that
for interactions with BH-BH binaries. We caution, however, that
the precise answer will depend on the distributions of binary orbital
properties (i.e. the orbital separation and mass ratio distributions),
the frequency of BH-BH binaries and their mass distribution, and so
on.

We argue in this paper that the NS binary NGC 6752 A, which
lies far beyond the half-mass radius of its host cluster NGC 6752,
was most likely placed there via a binary—single interaction with a
normal MS or WD star. This scenario is opposed to the system having
been put there via an interaction with a massive BH-BH binary, as
previously argued in the literature. We naively expect for an old
GC such as NGC 6752 that has experienced core collapse that few
BH-BH binaries should be left, with most having been ejected due
to dynamical interactions with other BHs. As argued previously, it
follows that the time-scale for binary—single interactions with normal
MS or WD stars should be shorter than that for interactions with BH—
BH binaries, even an IMBH-BH binary (see, for example, Leigh
et al. 2014). All of these arguments indirectly suggest an inverse
relationship between the frequency of BHs in clusters and that of
NS/MSP binaries (also see Ye et al. 2019). This is for two reasons.
First, when lots of BHs are present, they provide a heat source to
the cluster, delaying the NSs from mass segregating into the centre
where they are more likely to undergo a dynamical interaction that
exchanges them into binaries on a short time-scale. Secondly, if
an interaction involving a BH and the NS/MSP or NS/MSP binary
occurs, it is most likely to either exchange the BH into the binary or
eject the NS/MSP binary from the cluster entirely.

The binary NGC 6752 A’s overall properties match those expected
from mass transfer from a subgiant, leaving a helium WD with the
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mass predicted by the Tauris & Savonije (1999) relation (Corongiu
etal. 2012, 2023). The low eccentricity suggests that the mass transfer
occurred after the dynamical ejection event, although pulsar timing
indicates that the WD spin is misaligned with the orbit, suggesting
that the ejection happened after the mass transfer (Corongiu et al.
2023).

We have utilized benchmark Monte Carlo N-body simulations of
the clusters NGC 6752 and NGC 104 using the CMC code to test
our results. In NGC 6752, at about 12 Gyr, there are three simulated
MSPs with offsets larger than the half-light radius, roughly matching
the observed numbers. Two of these MSPs are single and one is in
a circular binary with a very low mass WD-like companion (about
0.02 Mg,). The binary MSP is ejected to the halo from binary—single
interactions with WD-WD binaries. We caution that, although the
agreement between our simulated data and the observations is good
for NGC 6752 at 12 Gyr, the number of MSPs in the outskirts is a
sporadic function of time. However, for almost all time-steps between
~11 and 13.8 Gyr, we find at least one halo MSP, suggesting that
observing only a single MSP or NS/MSP binary is not altogether
rare.

In the 47 Tuc simulation, we find that the NSs and NS binaries
are in the outskirts at late times because the relaxation time can be
long in the outskirts where the density is low and the BHs remain
in the core where they act as a heat source. This source of energy
is ultimately transferred to the outer cluster regions, delaying a non-
negligible fraction of NSs and NS binaries from segregating into the
core. Itis important for the NSs to end up in the higher density core so
that the time-scale for them to be exchanged into binaries (and/or be
dynamically hardened to a compact state) is sufficiently short. This
is different from what occurs in the NGC 6752 simulation. Here, the
NSs/MSPs and NS/MSP binaries have time to segregate into the core
once the BHs have been ejected. After this, some are ejected back
out into the halo predominantly through three-body interactions with
normal stars and WDs. In the NGC 6752 case, the late-time absence
of the BHs allows for core collapse to occur, which accelerates the
rate at which NSs/MSPs and NS/MSP binaries are ejected back into
the halo.

Our simulations suggest that clusters that undergo core collapse
should experience a spike in the rate of single-binary interactions
due to the increased central density (see also e.g. Ye et al. 2019).
This in turn increases the rate at which NSs/MSPs and NS/MSP
binaries are ejected from the core due to dynamical interactions.
This implies that, for a given relaxation time (and hence total cluster
mass and size), post-core-collapse (PCC) GCs should be more likely
to host MSPs and MSP binaries in the cluster outskirts. This makes a
prediction that can be tested observationally using the observed radial
distributions of PCC and non-PCC clusters, namely that PCC clusters
should show a broader radial distribution of NSs/MSPs during and
after core collapse. However, we find that MSPs in PCC clusters are
observed to be only mildly more extended radially than are MSPs in
non-PCC clusters.

Another possible means of relating the mechanism of ejection
for NS/MSP binaries to observational data could come from the
expected velocity distributions. In particular, we would naively
expect NS/MSP binaries ejected from the core (and especially near
the centre of mass of the cluster) to be on very radial and hence
eccentric orbits within the host cluster potential. To address this,
Fig. 8 compares the velocity of the MSP binary NGC 6752 A
to the rest of the cluster as a function of the projected distance
from the cluster centre. Specifically, we show a comparison to the
3D velocities and the ratio between the proper motion and radial
velocities for all stars in the cluster obtained from our Monte Carlo

NS binaries in the outskirts of star clusters 6923

10!

10° .

vap [kms™!]

107!

104
103
10?

10!

Vproper/ Vradial

100 3

1071

102
100 101
rp [arcmin]

Figure 8. The top panel shows a comparison between the 3D velocity of the
MSP binary NGC 6752 A and the distribution of 3D velocities for all stars in
the cluster obtained from the Monte Carlo simulation, as a function of their
projected distance from the cluster centre. The bottom panel shows the same
thing but for the ratio of proper motion to radial velocity. The grey dots show
the background stars in the model cluster for one snapshot at 12 Gyr (this
distribution does not change from 11 to 14 Gyr). Only 1 every 50 stars in the
snapshot is plotted to avoid overcrowding the figure. The red dots show all
NS binaries between 11 and 14 Gyr. The open red triangles are MSP binaries.
The blue star with error bars is the observed velocity of NGC 6752 A, taken
from Corongiu et al. (2023). The green vertical line is the observed half-light
radius of the cluster.

simulation. This figure shows that, for at least NGC 6752 A, a
preliminary check in this direction does not reveal anything unique
about its orbit, nor those of other NS/MSP binaries in our simulations.
Nevertheless, a more detailed analysis in this direction should be
considered in future studies.

We find from our simulations that the most common mechanisms
to put NS/MSP binaries into the outskirts of GCs are single—binary
interactions involving MS stars and WDs. Binary—binary interactions
also contribute but not as frequently as single—binary interactions
since the time-scale for single-binary interactions is shorter than
that for binary—binary interactions for binary fractions <10 per cent
(Leigh & Sills 2011), and the binary fractions in our simulations
are less than this. We also find that natal kicks from the accretion-
induced collapse of WDs contribute to putting NS/MSP binaries into
the cluster outskirts. For example, of the six MSPs ejected to the
outskirts in the NGC 6752 model, five of them experience a single—
binary interaction as their last strong encounter and the last MSP
is kicked to the outskirts via a natal kick from accretion-induced
collapse and its last strong encounter is a binary—binary interaction.
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We can summarize our main conclusions as follows:

(i) In those clusters where the relaxation time is shorter than
a Hubble time even in the outskirts, single-binary interactions
involving MS stars or WDs are the dominant mechanism for putting
NS/MSP binaries into the cluster outskirts. This is supported both
by the interaction time-scale and energetics. The latter can give a
sufficient recoil velocity to the NS/MSP binary centre of mass to put
into the outskirts, while also producing a sufficiently compact binary
that mass transfer can occur (i.e., with an orbital period of the order
of days or less, as is the case for NGC 6752 A for example).

(i1) Interactions with BH-BH binaries are more likely to eject
NS/MSP binaries from the cluster altogether based on energy-based
arguments. They can also operate on a much longer time-scale than
do normal single-binary interactions (i.e. involving only an NS and
MS stars and/or WDs).

(iii) Natal kicks post-NS formation due to the accretion-induced
collapse of a WD in a compact binary can also eject NS/MSP binaries
from the core into the cluster outskirts, as found here both analytically
and via CMC code simulations.

(iv) We find two reasons as to why some clusters might still be
harbouring NS/MSP binaries in their outskirts after a Hubble time: (1)
Clusters with relaxation times in their outskirts that exceed a Hubble
time could still host today NS/MSP binaries in their outskirts. As
argued in Section 3.1, however, this primordial mechanism could
only realistically explain a handful of NS/MSP binaries in the
outskirts out of the total observed sample considered here (i.e. the
Freire catalogue). (2) In clusters with lots of BHs, the BHs can act
as a heat source in the core that feeds kinetic energy to the other
stars, hence in part prolonging the NSs from mass segregating into
the centre.
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