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ABSTRACT

The discovery of stellar-mass black holes (BHs) in globular clusters (GCs) raises the possibility of long-term retention of
BHs within GCs. These BHs influence various astrophysical processes, including merger-driven gravitational waves and the
formation of X-ray binaries. They also impact cluster dynamics by heating and creating low-density cores. Previous N-body
models suggested that Palomar 5, a low-density GC with long tidal tails, may contain more than 100 BHs. To test this scenario,
we conduct N-body simulations of Palomar 5 with primordial binaries to explore the influence of BHs on binary populations
and the stellar mass function. Our results show that primordial binaries have minimal effect on the long-term evolution. In
dense clusters with BHs, the fraction of wide binaries with periods >10° d decreases, and the disruption rate is independent of
the initial period distribution. Multi-epoch spectroscopic observations of line-of-sight velocity changes can detect most bright
binaries with periods below 10* d, significantly improving velocity dispersion measurements. Four BH-MS binaries in the model
with BHs suggests their possible detection through the same observation method. Including primordial binaries leads to a flatter
inferred mass function because of spatially unresolved binaries, leading to a better match of the observations than models without
binaries, particularly in Palomar 5’s inner region. Future observations should focus on the cluster velocity dispersion and binaries
with periods of 10*~10° d in Palomar 5’s inner and tail regions to constrain BH existence.

Key words: methods: numerical —techniques: radial velocities —binaries: general —stars: black holes — globular clusters: indi-
vidual: Palomar 5.

Chatterjee, Rodriguez & Rasio 2017; Hénault-Brunet et al. 2020;

1 INTRODUCTION Baumgardt et al. 2023; Dickson et al. 2023). Breen & Heggie (2013)

Following several detections of stellar-mass black hole (BH) can-
didates through X-ray and radio observations (Strader et al. 2012;
Chomiuk et al. 2013; Miller-Jones et al. 2015; Bahramian et al.
2017) and via radial velocity measurements (Giesers et al. 2018,
2019) in globular clusters (GCs), the long-term dynamical impact of
BHs in GCs has been extensively studied (e.g. Breen & Heggie
2013; Morscher et al. 2013; Sippel & Hurley 2013; Heggie &
Giersz 2014; Morscher et al. 2015; Peuten et al. 2016; Rodriguez
et al. 2016; Sollima et al. 2016; Wang et al. 2016; Askar, Arca
Sedda & Giersz 2018; Wang 2020; Weatherford et al. 2020, 2021;
Wang, Fujii & Tanikawa 2021; Gieles & Gnedin 2023). Investigating
the BH population is also crucial for constraining the massive end
of the initial mass function (IMF; e.g. Shanahan & Gieles 2015;
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demonstrated that the presence of BH subsystems significantly
impacts the evolution of star clusters, with BHs forming binary
BHs (BBHs) and controlling the central energy flow. Wang (2020)
further showed that a large fraction of BHs would accelerate the
relaxation process and leads to faster tidal disruption of GCs. In
the case of a top-heavy IMF in GCs, a prominent core of bright
stars tends to emerge (Chatterjee, Rodriguez & Rasio 2017; Giersz
et al. 2019; Wang, Fujii & Tanikawa 2021; Weatherford et al. 2021).
Therefore, to constrain the massive end of the IMF, comparisons
between dynamical models and observations of GCs are required.
Palomar 5 (Pal 5) is among the Galactic GCs renowned for its long
tidal streams and unusually low central density (e.g. Odenkirchen
etal. 2001, 2002, 2009; Rockosi et al. 2002; Odenkirchen et al. 2003;
Koch et al. 2004; Carlberg, Grillmair & Hetherington 2012; Kuzma
et al. 2015; Ishigaki et al. 2016; Ibata et al. 2017; Bonaca et al. 2020;
Starkman, Bovy & Webb 2020), which suggests the possible presence
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of a substantial number of BHs in the cluster (Gieles et al. 2021,
hereafter G21). Understanding the properties of the BH population
in Pal 5 is also crucial for explaining the pronounced nature of its
stream. G21 employed self-consistent N-body models that resolve
individual stars to propose the existence of a large population of BHs
in the cluster core (20 percent of the total mass), enhancing tidal
disruption. However, the BH hypothesis needs further confirmation,
because the observed density profiles of the cluster and the stream
could also be reproduced by an N-body model of a BH-free cluster
with a low initial density.

The binary population of Pal 5 plays a crucial role in resolving this
degeneracy. According to the Heggie (1975)-Hills (1975) law, close
encounters with binaries can result in two opposing evolutionary
trends: wide/soft binaries become less bound and decay with a few
close encounters, while tight/hard binaries become tighter due to the
increased kinetic energy of the intruder and the centre-of-mass of
the binary. The boundary between these two types depends on the
local kinetic energy of particles where the binary resides. G21 argue
that the kinetic energy of BHs is higher than that of stars in a cluster
without BHs with similar half-light radius. It is therefore expected
that fewer soft binaries could survive in the case the cluster contains
BHs, which is a prediction that can be tested with observations.

Furthermore, due to the large distance of Pal 5, most binaries
cannot be resolved spatially by current state-of-art observational
instruments. Because unresolved binaries might influence the de-
termination of velocity dispersion and present-day mass functions,
it is worthwhile to investigate how primordial binaries and BHs
collectively affect the line-of-sight velocity measurement and mass
function and whether it can be used to indirectly constrain the
existence of BHs.

In this study, we perform N-body simulations of several Pal 5-like
clusters with and without BHs and incorporating a large number
of binaries, to examine the impact of BHs on binary disruption
and the long-term evolution of Pal 5 and its tidal tails. Section 2
describes the N-body simulation method, data analysis tools, and the
observational data of Pal 5 utilized in this study. Section 3 presents
the results of our N-body models, comparing the structural evolution,
surface number density, binary properties, and present-day mass
function with models from G21 and observational data. Section 4
discusses the limitations of our models and outlines prospects for
future observations. Finally, Section 5 concludes this work.

2 METHODS

2.1 N-body code

We conducted simulations of Pal 5-like clusters using the high-
performance N-body code PETAR (Wang et al. 2020b). To achieve
high parallel performance, the framework for developing parallel
particle simulation codes (FDPS) is implemented in PETAR (Iwasawa
et al. 2016, 2020). The code incorporates the particle-tree and
particle-particle method (P3T; Oshino, Funato & Makino 2011),
which enables the separate integration of long-range and short-
range interactions between particles. For accurate integration of the
weak long-range interactions, the code uses a Barnes & Hut (1986)
particle-tree method with a 2nd-order Leap-frog integrator, which has
a computational cost of O(Nlog (N)). To accurately follow orbital
motions of binaries, hyperbolic encounters, and the evolution of
hierarchical few-body systems, the 4th-order Hermite method along
with the slowdown-algorithmic regularization (SDAR) method is
used (Wang, Nitadori & Makino 2020a). One of the major advantages
of the PETAR code is its capability to include a large fraction of
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binaries, up to 100 percent, in the simulation of stellar systems
without significant performance loss. This feature enables us to carry
out the models presented in this work.

In our simulations, we included binaries with a wide period dis-
tribution (see Section 2.5), requiring the use of Leap-frog, Hermite,
and SDAR integrators for integrating binary orbits. While Leap-frog
and SDAR are symplectic methods that conserve energy and angular
momentum, the Hermite integrator does not. We employ sufficiently
small time steps for the Hermite integrator to ensure that the artificial
drift of semimajor axes and eccentricities remains insignificant
throughout the entire evolutionary time of all our models. The key
parameters for switching the integrator and controlling the accuracy
of one simulation in this work are provided below:

(i) Changeover inner radius: 0.0027 pc

(i1) Changeover outer radius: 0.027 pc

(iii) SDAR separation criterion: 0.000216 pc
(iv) Tree time step: 0.0009765625 Myr

(v) Hermite time step coefficient n: 0.1

See Wang et al. (2020b) for the details on the definition of these
parameters.

The population synthesis code for single and binary stellar evolu-
tion, SSE and BSE, are implemented in PETAR (Hurley, Pols & Tout
2000; Hurley, Tout & Pols 2002). Furthermore, the code utilizes an
updated version from Banerjee et al. (2020) that incorporates semi-
empirical stellar wind prescriptions from Belczynski et al. (2010);
Vink et al. (2011), a ‘rapid’ supernova model for remnant formation
and material fallback from Fryer et al. (2012), and the pulsation pair-
instability supernova (PPSN) model from Belczynski et al. (2016).
By including or excluding fallback we control the retention of BHs
in our simulations.

The fitting formula for stars with a mass greater than 50 Mg, is
less reliable within the SSE model, where it appears to overstate
the maximum radius, as indicated in Agrawal et al. (2020). This
could potentially pose a problem in the context of stellar mergers. In
our research, our primary emphasis lies in examining the dynamic
impact of BHs on stellar dynamics. Consequently, the inaccuracies
related to massive stars in the SSE model do not alter our principal
findings. None the less, we have the potential for future enhancements
by incorporating various state-of-the-art population synthesis codes,
such as METISSE (Agrawal et al. 2020), BSEEMP (Tanikawa et al.
2020), and SEVN (Iorio et al. 2023).

2.2 Milky Way potential

The Milky Way potential is modeled by combining the GALPY code
(Bovy 2015) with PETAR. We adopt the setup of a three-component
Milky Way model from G21. The parameters are as follows:

Bulge Hernquist (1990)
— scale radius: 0.5 kpc
—mass: 5 x 10° Mg

Disk Miyamoto & Nagai (1975)
—scale length: 3.0 kpc
— scale height: 280 pc
—mass: 6.8 x 10! Mg

Halo Navarro, Frenk & White (1996)
—scale radius: 16 kpc
— virial mass: 8.127 x 10" Mg
— concentration: 15.3
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The present position of Pal 5 obtained in G21 is [5.733, 0.2069,
14.34] kpc and [—41.33, —111.8, —16.85] kms~! in the cartesian
Galactocentric frame. The corresponding observational quantities of

Pal 5 are:

RA 229.0217 deg
Dec —0.1109 deg
Distance from Sun 19.98 kpc
Proper motion [RA cos (Dec)] —2.67 mas yr~!
Proper motion [Dec] —2.67 masyr~!
Radial velocity —57.5kms™!

G21 has derived the initial position and velocity of Pal 5
(~11.5 Gyr ago) by backward integrating the orbit. But due to the
different implementation of Galactic potentials in NBODY6 used in
G21 and in GALPY, we could not directly use it. Using GALPY, we
trace back the orbital motion of Pal 5 in a similar way and obtain
the initial position and velocity as [—5.339, —1.602, —14.27] kpc
and [—21.78, 111.9, —45.52] kms~!, respectively. The orbit of Pal
5 calculated by GALPY is shown in Fig. 1.

The Milky Way model employed in this study is simplified, ne-
glecting past potential evolution, including possible satellite galaxy
accretion, the evolution of the galactic bar (Pearson, Price-Whelan &
Johnston 2017), spiral arms, and the influence of potential dark
matter subhalos (Erkal, Koposov & Belokurov 2017), as well as
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Figure 1. The orbit of the Pal 5 in the Galactocentric frame. The upper
and lower panels show the projected trajectory in the xg—yg and Rg—zg
planes, respectively. Rg is the projected radial coordinate in the xg—yg plane.
The symbols ‘+’ and ‘x’ represent the zero-age and present-day positions,
respectively.
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potential encounters with molecular clouds (Banik & Bovy 2019).
It is also conceivable that Pal5 may have originated from outside
the Milky Way. As a result, the initial conditions in our models may
not precisely mirror reality. However, any additional perturbations
to the dynamical evolution of Pal5 are unlikely to overshadow the
differences introduced by the presence of BHs, especially for the
bound components. While the morphology of distant stellar streams
is notably affected by the Galactic tide, it is not the primary focus of
this study.

2.3 Mock photometry

To convert snapshots from the N-body models to photometric data for
different filters used in observations, we use the code GALEVNB (Pang
et al. 2016), which selects corresponding spectral templates from the
library of Lejeune, Cuisinier & Buser (1997, 1998) according to
the fundamental stellar properties, such as stellar mass, temperature,
luminosity, and metallicity from N-body simulations. By convolving
the spectra with the filter response curve from a given filter, we
obtain the observational magnitudes of specific filters of main-stream
telescopes, such as Hubble Space Telescope (HST) and the future
Chinese Survey Space Telescope (CSST) for individual stars in the N-
body models. In this way, we produce mock observations for N-body
models, which allows a direction comparison with observational data.
This is useful to compare the density or surface brightness profiles,
unresolved binaries and stellar mass functions between observations
and the models.

In this study, the line-of-sight velocity of unresolved binaries is cal-
culated using the Johnson I-band filter (as described in Section 3.2.4).
For creating the colour-magnitude diagram (CMD), we employ the
HST F555W and F814W filters, along with the CSST g and i filters.
To convert luminosity to mass for unresolved binaries, we utilize the
HST F555W filter. Further details can be found in Section 3.4.

2.4 Observational data

To validate our N-body model and ensure its accuracy in reproducing
the surface number density X(R) and mass function of Pal 5, we
compare it with observational data. We utilize the data from Ibata
et al. (2017) for the surface number density and the masses of stars
obtained from two HST observations with Program IDs 6788 (PI:
Smith; Grillmair & Smith 2001) and 14 535 (PI: Kuepper) as reported
in Baumgardt et al. (2023).

The observed surface number density X (R) encompasses stars with
g-band magnitudes ranging from 19 to 23, with photometry obtained
from the Canada—France—Hawaii Telescope. The corresponding
mass range of these stars is 0.625-0.815 Mg, determined using
the magnitude-mass conversion provided by G21.

Regarding the masses of stars derived from the HST data, Baum-
gardt et al. (2023) employed Dartmouth isochrones to fit the CMDs of
the clusters and employed them to convert magnitudes into masses.
Further details can be found in their work.

2.5 Star cluster models

To reproduce Pal 5’s observed surface density and present-day
position in the Galaxy, we generate the initial conditions of N-body
models by referring to the wBH-1 and noBH-1 models in G21, which
have the closest property to the observational data assuming Pal 5
contains a cluster of BHs and no BH, respectively.

For the wBH-1 model, natal kick velocities of BHs after super-
novae are affected by the material fallback from Fryer et al. (2012).
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Table 1. Initial conditions of the N-body models.

Models noBin-BH Bin-BH Bin-BH-Alt Bin-noBH  Bin-noBH-F
mh, 0 [pcl 5.85 5.85 5.85 13.2 14

No 210000 210000 210000 350000 350000
Binary fraction No 100 per cent 100 per cent 100 percent 100 per cent
Low-mass binary No Kroupa FlatLog Kroupa Kroupa
massive binary No Sana Sana Sana No
Retaining BH Fallback-scale Fallback-scale Fallback-scale No No

Tmat [Gyr] 11.8 12.0 11.0 12.0

All models include the Plummer (1911) profile, the Kroupa (2001) IMF with a mass range from 0.1 to 100 Mg,
a metallicity of z = 0.0006, and a simulation duration of 12 Gyr.

A large fraction of BHs are retained in the clusters and finally sink to
the centre via dynamical friction. The existence of a BH subsystem
can significantly affect the structure and evolution of star clusters. As
a result, the cluster has a loose core of luminous stars. The wBH-1
model has an initial half-mass radius, r, ¢ = 5.85 pc, and an initial
number of stars, Ny = 2.1 x 10°.

In contrast, the noBH-1 model assumes BHs have the same
high kick velocities as neutron stars (NS) and almost none are
retained after supernova explosions. Without BHs, the core collapse
of luminous stars result in a dense core. In order to reproduce the
observed surface brightness profile, G21 find that the cluster must
therefore have had a much lower density initially. Thus, for the
noBH-1 model, r, o = 14 pc, and Ny = 3.5 x 10°.

We conducted five N-body models with varying setups of primor-
dial binaries and the presence of BHs. The initial conditions for these
five models are summarized in Table 1. We assigned labels to the
models to indicate the existence of primordial binaries and BHs.

For BH treatment, models with the label ‘BH’ refer to the wBH-1
model from G21, where the mass fallback scaling for kick velocities
is applied so that a part of the BHs has low kick velocities and stays
in the clusters. They also have the same N, and ry, o as those of the
noBH-1 model.

Models with the label ‘noBH’ refer to the noBH-1 model from
G21. In these models, all BHs have high kick velocities similar to the
NS after asymmetric supernovae. The velocity distribution follows a
(1D) Maxwellian distribution with a dispersion of 265 kms~!. As a
result, we found no BHs are retained in our noBH models.

The prefix ‘noBin’ and ‘Bin’ represent without and with primordial
binaries, respectively. For ‘Bin’ models, all stars are in binaries
initially. For massive binaries with the component mass > 5Mg,
except the Bin-noBH-F model, all other ‘Bin” models have the period
and mass ratio distributions follow the observational constraints of
OB binaries from Sana et al. (2012).

For low-mass binaries, except the Bin-BH-Alt model, all other
‘Bin’ models assume the properties of primordial binaries following
the model from Kroupa (1995a, b) and Belloni et al. (2017; naming
as Kroupa binary model). The orbital parameters of this model are
derived from the inverse dynamical population synthesis of binaries
in the Galactic field. This model assumes an universal property of
primordial binaries and all stars forming in star clusters. In addition,
a correction of the period and eccentricity distributions from Belloni
et al. (2017) is included to better fit the observational data of GCs.

For the Bin-BH-Alt model, we assume a different setup of
low-mass primordial binaries (referred to as FlatLog model) as a
comparison with the Kroupa binary model. The semimajor axes
follow a flat distribution in the logarithmic scale where the minimum
and maximum value are 3 solar radius and 2 pc, respectively. The
eccentricity and mass ratio distributions are the same as those of the
Kroupa binary model.
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Figure 2. Initial periods (P) versus eccentricities (e) of primordial binaries
for the Kroupa binary model and the FlatLog model. The central plot of each
panel shows P-e of individual binaries. The upper and the right histograms
show the normalized distribution of P and e, respectively. The distribution of
massive binaries is shown by blue lines.

The period and eccentricity distributions are shown in Fig. 2. For
both binary models, the initial distribution of periods covers a wide
region with 9 orders of magnitudes. The initial eccentricities exhibit
a sharp peak at e = 0 and a broader peak at e = 0.8, respectively. All
binaries with peri-centre separation less than the sum of the stellar
radii of the two components are excluded. Thus, an empty region is
visible in the period-eccentricity distribution of Fig. 2. In addition,
the eccentricity distributions of the Kroupa and FlatLog are different
after adjustment.

These binary setups cover a wide range of binary orbital periods,
where a large fraction of binaries are unstable in the cluster environ-
ment. After a short time (about one crossing time), the binary fraction
significantly reduces. Referring to Pal 5, the binary fraction of our
setup may be overestimated. The suggested 100 percent fraction
from Kroupa (1995a, b) may appear high for low-mass binaries.
However, it does encompass a notable proportion of wide binaries
that rapidly dissipate within the initial 100 Myr. Observational
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constraints on the binary fraction in Pal 5 exhibit a significant
degree of uncertainty, with Odenkirchen et al. (2002) reporting
40 percent + 20 per cent, while Koch et al. (2004) found a notably
lower value of 9 percent + 8 percent. As of now, there exists no
definitive observational data on the primordial binary characteristics
of GCs. Consequently, we have employed an ‘extreme‘assumption
regarding the binary population to magnify the potential impact of
BHs and provide an upper limit for their influence. The benefit is that
we can investigate how long-term dynamical evolution of the clusters
with and without BHs affect both the tight and wide binaries.

The Bin-noBH-F model has the same Ny and r, o as those in the
noBH-1 model. However, after finishing the simulation, we found
that the Bin-noBH-F model cannot reproduce the final structure
of the noBH-1 model at 11.5 Gyr and it has sufferred complete
tidal disruption before 10 Gyr. The suffix ‘F’ in the name of the
model indicates that this is a failed model. Thus, we conducted
another model ‘Bin-noBH’ by reducing ry, ¢ to 13.2 pc. This small
modification results in a cluster similar to Pal 5 after 11.5 Gyr.

In addition, we excluded massive binaries in the Bin-noBH-F
model to prevent non-supernovae BH formation in a binary, but we
observed that such events did not occur. Therefore, in the Bin-noBH
model, we added the Sana distribution to massive binaries to ensure
consistency with the Bin-BH models.

The common setup for all models is also summarized in Table 1.
All models were evolved for a duration of 12.0 Gyr. At 11.5 Gyr, the
clusters are located at the same Galactic position as Pal 5. However,
since the model did not precisely reproduce the surface number
density of Pal5, we continue to evolve the cluster further to determine
the age (referred to as Ty,,) when the model matches the observation
more closely, as detailed in Section 3.1.5.

We assumed a spherically symmetric Plummer profile (Plummer
1911) with no primordial mass segregation. The IMF of stars
followed the two-component power-law shape described by Kroupa
(2001). We adopted the same mass range of 0.1 — 100 M, as used in
G21, and the power-law indices («) and mass ranges are described
as

_ {—1.3 0.1 <m <0.5Mp)

—23 (0.5 <m < 100Mg)’ M

In this study, we adopted a cluster metallicity of Z = 0.0006,
which is consistent with the value reported in Smith, Sneden &
Kraft (2002) of [Fe/H] &~ —1.4 dex for Pal 5. The initial star cluster
models were generated using the updated version (Wang, Kroupa &
Jerabkova 2019) of the MCLUSTER code (Kiipper et al. 2011). This
update includes the implementation of the Kroupa binary model
generator, as shown in Fig. 2.

2.6 Performance and energy error

For these simulations, we utilize a desktop workstation equipped
with an AMD Threadripper 3990X processor with 64 cores and an
NVIDIA RTX 2080 Ti GPU. For the Bin-BH model, which involves
simulations with both binaries and BHs, the wallclock time (t,,) for
the first 1 Gyr is approximately 400 s per Myr. However, there are
instances where #,, may significantly increase (up to around 1500
s per Myr) for a short period (Myr) due to the formation of high-
velocity objects like NS after supernovae or stable triple systems
with certain orbital parameters. A detailed explanation can be found
in the PeTar paper (Wang et al., 2020b). After 1 Gyr, ¢, stabilizes and
gradually decreases to 200 s per million yr by the time 12 Gyr are
reached. The total 7, for the 12 Gyr simulation is approximately 50 d.
In comparison, the Bin-noBH model, which has a larger radius than
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the Bin-BH model, takes about 42 d to complete. The fastest model
without binaries but with BHs, known as the noBin-BH model, takes
approximately 30 d.

Measuring the relative energy error becomes complex due to the
mass loss caused by stellar evolution. In the later stages, when the
mass loss due to stellar evolution is minimal, the relative energy error
typically ranges between 107> and 10~*. It is important to note that
the energy error is primarily influenced by the tightest binary in the
cluster, and may not accurately represent the error in global evolution
(Wang, Fujii & Tanikawa 2021).

3 RESULTS

3.1 Structural evolution

First, we present the evolution of the cluster structure and compare
our results to the models from G21 and the observational data.
Generally, although the existence of binaries does not significantly
affect the structural evolution, the small difference can be amplified
by the Galactic tidal field and result in early dissolution of the Bin-
noBH-F model. In addition, the existence of primordial binaries
reduces the BH populations and results in shorter relaxation times in
the early evolution. The stochastic formation of BBHs also affects
the expansion of the cluster and eventually influences the disruption
of the cluster. The surface number density of N-body models roughly
agree with observations with a larger central density.

3.1.1 Half-mass relaxation time

The two-body relaxation time is an important time-scale of stellar
dynamics, which reflects the speed of changes in the density and mass
segregation of a cluster and its tidal dissolution. The one-component
half-mass relaxation time (#,;) defined in Spitzer (1987) has the form
as
N! /2,3/2

th1 = 0]38m, 2)
where N is number of stars, ry, is the half-mass radius, m is the average
mass of stars, G is the gravitational constant, and In A is the Comlumb
logarithm. When BHs exist, the binary heating is dominated by
BBHs, 4 leads to an underestimation of the relaxation time-scale
of the system. Wang (2020) found that a proper two-component
relaxation time (#,;,) can be obtained by dividing a correction factor
Y, defined as

nlm%/crl + ngmg/oz

V= nm?/o ’ ©)
and
o = % @)

where the suffixes 1 and 2 represent the quantities for non-BH and
BH components, respectively.

Fig.3 illustrates the evolution of #;, and . The three BH models
exhibit significantly shorter #,;, compared to the noBH models. During
the first 100 Myr, the noBin-BH model displays a longer #,;, compared
to the Bin-BH and Bin-BH-Alt models because the Bin models treat
binaries as single objects when calculating #,;,. Consequently, the Bin-
BH and Bin-BH-Alt models experience relatively faster expansion
of r, and faster mass segregation of BHs (see Section 3.1.2).
Subsequently, the trend reverses, and the #; of the noBin-BH model
becomes shorter than that of the Bin-BH and Bin-BH-Alt models
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Figure 3. The evolution of two-component half-mass relaxation time for all
models (f4; upper two panels) and v factors (lower panel) for BH models.

due to the difference in the number of BHs (see Section 3.1.3). As a
result, the ry, of the noBin-BH model expands faster than that of the
other two models. After 8 Gyr, the 74, of all three BH models starts
to decrease due to mass loss via tidal evaporation.

The values of v for the BH models exceed 5, indicating that BHs
significantly impact the relaxation process of the clusters. Further
discussion of ry, is provided in Section 3.1.2.

In contrast, the two noBH models exhibit much longer #4. There
is a rapid increase in ty during the first 100 Myr, primarily due to
the strong stellar winds from massive stars and the escape of BHs.
Consequently, although the morphology appears similar at 11.5 Gyr
for models with and without BHs, the relaxation processes differ
significantly. These differences can lead to variations in the properties
of binaries. In Section 3.2, we analyse the impact of these differences
and discuss their implications for binary systems. It is important to
note that assuming ¥ = 1 for the noBH models is not accurate, as
there is still an order of magnitude difference between the minimum
and maximum masses of stars.

3.1.2 Half-mass radius

Fig. 4 illustrates the evolution of r, for all models, including the ones
from G21 for comparison. We observe that the presence of primordial
binaries has a weak impact on the evolution of r,, consistent with the
theoretical findings of Wang, Tanikawa & Fujii (2022). When BHs
exist, the long-term structural evolution of star clusters is primarily
controlled by binary heating driven by the dynamical interactions
between BBHs and the surrounding objects at the cluster centre. The
majority of primordial binaries have much smaller masses compared
to BBHs, and therefore have a negligible impact on the binary
heating until most BHs have escaped from the cluster. A small subset
of massive primordial binaries can eventually evolve into BBHs.
However, even in the absence of these massive binaries, a star cluster
can generate BBHs through chaotic three-body interactions when
the central density of the cluster reaches a threshold after the core
collapse of BHs (see Section 3.1.4). Consequently, we only observe
minor differences of r, between the Bin-BH, Bin-BH-Alt, and wBH-
1 models during the first 10 Gyr of evolution. This can be explained
by the differences in relaxation times (#,) discussed in Section 3.1.1.
The galactic potential also affects r,, but since all models share the
same orbit, the influence is similar.
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Figure 4. The evolution of half-mass radius of all objects (r,; dashed curves)
and the half-mass radius of BHs (r,, gx; solid curves). The wBH-1 and noBH-
1 models from Gieles et al. (2021) are shown as references.

However, after 10 Gyr, the Bin-BH-Alt model exhibits a similar
ry to that of the wBH-1 model, but its r, shows significant variations,
indicating an energy imbalance and the onset of a disruptive tidal
phase. In contrast, both the Bin-BH and wBH-1 models remain stable
until 12 Gyr. This differing behavior is attributed to stochastic BBH
heating, as explained in Section 3.1.4.

The BH models with binaries (Bin-BH) and without binaries
(noBin-BH) exhibit different time-scales for the mass segregation
of BHs, as indicated by the initial rapid contraction of ry gy. In the
Bin-BH model, r, gy undergoes faster contraction during the early
stages of evolution compared to the noBin-BH model. This disparity
can be attributed to the difference in ¢, as the time-scale for mass
segregation is proportional to zy,.

When comparing the noBH models with binaries (Bin-noBH-
F) and the model from G21 without binaries (noBH-1), significant
differences in the evolution of r, emerge after 8§ Gyr. The Bin-noBH-
F model experiences tidal disruption at around 9 Gyr, whereas the
noBH-1 model survives until 11.5 Gyr. G21 noted that the final
properties of the noBH models are more sensitive to changes in the
initial conditions, and in fact argued that this ‘fine tuning’ problem
disfavours the noBH scenario. An offset of rj, o needs to be introduced
in the Bin-noBH model to achieve consistent ry, at 11.5 Gyr.

Two factors may explain the need for this offset. First, in the
absence of BHs, binary heating is primarily generated by low-mass
binaries. Consequently, the influence of primordial binaries is more
pronounced compared to models with BHs. Secondly, due to the
larger ry o, the cluster becomes more sensitive to the galactic tide.
The presence of primordial binaries affects the relaxation time of the
system, as the dynamical effect of tight binaries is equivalent to that of
single objects, resulting in a shorter relaxation time for the system.
Consequently, the system dissolves faster, necessitating a denser
initial cluster to allow the cluster’s survival, as seen in the noBH-1
model. Additionally, the differences caused by the stochastic scatter
of r, resulting from the random seeds used to generate the initial
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Figure 5. The evolution of the bound mass (M), the BH mass fraction (fgy) and the bound mass of BHs (Mpp) for all models. The data of the wBH-1 and

noBH-1 models are shown for comparison.

conditions may also be amplified by the galactic tide, contributing to
the divergent evolution.

3.1.3 Mass loss

The upper panels of Fig. 5 show the evolution of the total mass (M(z))
of our models. Data of the wBH-1 and the noBH-1 from G21 are
also shown as references. The mass loss has two channels: wind mass
loss driven by stellar evolution and escapers via stellar dynamics of
star clusters. To have a consistent definition of M, all models use
the same criterion to select escapers. First, we calculate the bound
energy of stars and centre-of-the-mass of binaries without external
potential and then select escapers with energy >0.

Here we compare the three cases: For models with no primordial
binary and with BHs, M(#) of our noBin-BH model agrees with the
wBH-1 model from G21. The final mass of the noBin-BH model at
11.5 Gyr is slightly larger than that of the wBH-1 model.

For models with primordial binaries and with BHs, compared to
the wBH-1 model, the Bin-BH, and the Bin-BH-Alt models lose mass
faster during the first few hundred Myr, but mass loss of the Bin-BH
model becomes slower near the end of the simulation. Finally, the
Bin-BH and the wBH-1 models agree with each other, while the
Bin-BH-Alt model dissolves after about 11 Gyr.

For models with no BHs, the Bin-noBH-F model with primordial
binaries loses mass faster than the noBH-1 model with no binaries.

The Bin-noBH model, with a smaller ry , experiences a relatively
slower mass loss, and its M(f) remains slightly above that of the
noBH-1 model at 11.5 Gyr. In general, the evolution of M(¢) and r,
are similar for all three cases.

A few spikes can be observed in the evolution of M, fgy, and Mpy
for the Bin-BH-Alt model, as depicted in Fig. 5. We have identified
the source of these spikes as a limitation in the algorithm employed
for core member determination and escapee identification. During
the data analysis, the determination of a star’s energy relies on the
definition of the cluster centre, with the requirement to subtract the
centre’s velocity to obtain the accurate kinetic energy relative to the
cluster centre. In our study, we define the cluster centre as the core
centre. However, a situation arose in which three BBHs appeared
simultaneously in the central region of the cluster. Unfortunately, the
core radius estimated by the six-neighbour weighted method (Aarseth
2003; Wang et al. 2020b) failed to function correctly in this scenario,
resulting in a small core comprising only six BHs. Consequently, the
presence of these BHs significantly biased the velocity of the cluster
centre, leading to incorrect energy determinations for many stars and
causing them to be mistakenly classified as escapees.

3.1.4 BHs

BHs significantly affect the long-term dynamical evolution. We
investigate the mass fraction of BHs (fgy) and the bound mass of
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Figure 6. The evolution of the semimajor axes of BBHs within the core
radius (r.) of the three BH models. The colours of the lines indicate the
masses of the BBHs. We can observe a reduction of the semimajor axes of
individual BBHs, indicating their dynamical hardening over time (a > 10 au)
and inspiral by GW radiation (a < 1 au).

BHs (Mpp) in Fig. 5. The evolution of fzy in the noBin-BH and the
wBH-1 models agree with each other in the first 8 Gyr. Then, fzu
increases more slowly in the noBin-BH model and is half that in the
wBH-1 model at 11.5 Gyr. Mgy of the noBin-BH model is slightly
smaller than that of the wBH-1 model initially and such a difference
is inherited in the long-term evolution. Finally, as a large fraction of
stars escape, such initial differences lead to a large difference of fgy
at the end.

For the Bin-BH and the Bin-BH-Alt models, Mgy are significantly
smaller than that of the noBin-BH model during the early evolution.
This difference is due to the stellar evolution of massive binaries.
Based on the orbital parameters of binaries from Sana et al. (2012),
the progenitors of BHs (massive stars) are all in binaries. A fraction
of the tight binaries suffers mass transfer and mergers. The BHs
formed from these binaries can have different distribution of masses.
The maximum Mgy of the Bin-BH model is about 250 M, less than
that of the noBin-BH model. Then, after the mass segregation of
BHs (a few hundreds Myr), binary heating of BBHs start to kick out
BHs from the cluster, and result in larger difference of Mgy during
the long-term evolution. Although the Bin-BH (Bin-BH-Alt) and the
noBin-BH models show a large difference of Mgy, their evolution of
M and ry, is similar before 10 Gyr. This was also observed in Wang,
Tanikawa & Fujii (2022).

The evolution of the semimajor axes (a) of BBHs reflects both
binary heating and mergers driven by gravitational wave (GW)
radiation. Fig. 6 provides a comparison of this evolution for the
three BH models. Despite the absence of primordial binaries in the
noBin-BH model, we can still observe the formation of BBHs and
their orbital contraction. The frequency of BBH formation and the
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overall trend of a are similar for all three models, except that the two
models with primordial binaries exhibit a higher number of BBHs
formed from these binaries during the first 1000 Gyr. Some of these
BBHs with a < 1 au undergo orbital shrinking due to GW radiation,
ultimately merging to form more massive BHs. These newly formed
BHs lead to the creation of massive BBHs with masses exceeding
100 Mg . The presence of these massive BBHs can have a substantial
impact on the evolution of the star cluster, influencing its dynamical
and structural properties.

In particular, for the Bin-BH-Alt model, the formation of a massive
BBH around 8 Gyr coincides with a faster expansion of r, compared
to the Bin-BH model, ultimately leading to an earlier disruption of
the Bin-BH-Alt model. Hence, the divergent evolution of the Bin-
BH and Bin-BH-Alt models after 8 Gyr is attributed to the stochastic
formation of BBHs.

It is important to note that our models do not account for the high-
velocity kicks experienced by newly formed BHs due to asymmetric
GW radiation following mergers. Therefore, the formation of such
massive BBHs might not be as common as our models suggest
(Antonini, Gieles & Gualandris 2019). Consequently, the stochastic
effect of massive BBH heating could be overestimated in our cases.

We have conducted an analysis on the numbers of BBHs and
BBH mergers within r, for the three models containing BHs. The
noBin-BH model exhibits only one merger and 603 BBHs. The Bin-
BH model shows 23 mergers and 272 BBHs, while the Bin-BH-Alt
model displays 13 mergers and 182 BBHs. The ratio of mergers to
the total number of BBHs falls within the range of 7 percent to 8
per cent for the latter two models. Considering the inclusion of GW
kicks, it is anticipated that a significant portion of these BBH mergers
will escape from the cluster.

3.1.5 Surface number density profiles

The determination of r, and M relies on the selection criteria for
identifying cluster members. When comparing the N-body models
with observational data from Pal 5, it is challenging to use the exact
same selection criterion for both. A more appropriate approach is to
compare the surface number density (X(R)), where R represents the
angular distance from the cluster centre in the International Celestial
Reference System (ICRS).

Fig. 7 illustrates the X(R) profiles for our N-body models and
the observational data of Pal 5 obtained from Ibata et al. (2017). To
ensure consistency with the observations, only main-sequence stars
with masses ranging from 0.625 Mg, to 0.815 Mg, are considered in
the N-body data (see G21 for details).

No stars are removed during the simulation, allowing for the
tracking of the tidal tail evolution. The centre-of-mass position of
the star clusters in the Galaxy at exactly 11.5 Gyr does not perfectly
align with that of Pal 5. This is due to the long-term evolution of
star cluster, where the centre of the cluster drifts as a result of
asymmetric mass loss due to stellar winds, supernovae, and the
escape of stars. Therefore, we select snapshots from the simulations
that have the closest centre-of-mass distance to that of Pal 5 whenever
a comparison is required in the subsequent analysis. We then correct
the positions and velocities of the stars by applying the offset between
the centre-of-mass of the N-body models and the observational data.
The results of this correction are presented in the upper panel of
Fig. 7. Due to the complete disruption of the Bin-noBH-F model,
it is not possible to determine the centre-of-mass position for this
particular model. Therefore, it is excluded from some analysis and
comparisons.
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Figure 7. The surface number density (X(R)) profiles are presented for the
N-body models along with observational data from Ibata et al. (2017). The
upper panel displays snapshots of the N-body models at the present-day
Galactic position and at approximately 11.5 Gyr. The lower panel shows
N-body snapshots that match the observed X (R) profile. The ages of the
corresponding snapshots (7, ) are indicated in the legend. Vertical lines are
used to indicate the the ‘effective radius’ — the radius containing half the
number of stars in projection — (Ryy) of the clusters.

The vertical lines in Fig. 7, representing the half surface number
radii (Ry,), indicate that all models except the Bin-BH-Alt model are
more centrally concentrated than the observed Pal 5. In Fig. 5, it is
shown that these models retain more mass at 11.5 Gyr compared to
the models presented in G21.

The Bin-noBH and Bin-BH models exhibit similar X (R) profiles,
but this similarity is coincidental since they had different initial
density profiles and evolved in opposite ways, as demonstrated in
Fig. 4.

Given the time-consuming nature of the simulations, it is challeng-
ing to precisely reproduce the models of G21 and the observational
data. To enhance the comparison with the observational data, we
selected snapshots at different ages that match the observed X(R)
profile. These results are displayed in the bottom panel of Fig. 7.
Although the tidal streams differ substantially, we can still compare
the internal properties of binaries and mass functions using these
snapshots.

3.2 Binaries

3.2.1 Binding energy of binaries

While the BH and noBH models may exhibit a similar X (R) profile,
as demonstrated in Fig. 7, their relaxation processes differ. This
discrepancy can lead to different properties of binaries at 11.5 Gyr.

In star clusters, perturbations from incoming objects can signifi-
cantly alter the orbits of binaries. According to the Heggie (1975)—
Hills (1975) law, wide or soft binaries are prone to disruption
after experiencing a few close encounters with intruding objects.
Conversely, tight or hard binaries tend to become even tighter after
these encounters.

Binary populations of Pal 5 7503

The hard-soft boundary of binding energy (E}s) at the distance to
the cluster centre () is determined by the local velocity dispersion,

(mv?)
3

where 0.5(mv?) is the average kinetic energy of stars and binaries at
r, and v is the velocity.

The hard-soft boundary of binaries evolves as the structure of the
cluster changes over time. Initially, during the first 100 Myr of star
cluster evolution, there is a rapid reduction in the hard-soft boundary.
This is due to the expansion of r, caused by the strong stellar wind
mass loss from massive stars, as shown in Fig. 4.

After 100 Myr, the evolution of r, slows down, and the hard-soft
boundary, Ey, evolves more gradually. The Bin-BH and Bin-noBH
models have different initial Ens(7) curves as shown in Fig. 4, but
their final Ey,(r) curves at 11.5 Gyr converge to a similar shape. This
indicates that the distribution of binary binding energy at 11.5 Gyr
may reflect the different evolutionary histories of Ej.

To further analyse the distribution of binary binding energy,
Fig. 8 presents a comparison of the contour plot of Ey versus r
at approximately 11.5 Gyr for the Bin-BH and Bin-noBH models.
Across a wide range of r values, spanning from the centre of the
cluster to the distant tidal tail, two distinct peaks can be observed.
The first peak, located around 10-30 pc, represents the population
of binaries inside the cluster. The second peak, with » > 3000 pc,
corresponds to binaries that have escaped from the cluster and are
distributed along the tidal tail.

We focus on the discussion of binaries within the cluster and
examine the hard-soft boundaries, Eps(r), at three different ages:
0 Myr, 100 Myr, and 11.5 Gyr. These boundaries are plotted as
reference curves. To calculate Ey(r), we divide the cluster into 10
radial bins, ensuring an equal number of objects per bin. Binaries are
treated as unresolved objects in this analysis. The maximum value
of r is set to be at 90 per cent of the Lagrangian radius, providing a
radial range that reflects the cluster’s size at the three ages.

The results show that Ey (r) does not exhibit strong variations
along r. The two models, Bin-BH and Bin-noBH, have similar E}(r)
curves, except for an offset in the radial region at 0 and 100 Myr. The
peak of E, falls between the Ep (r) curves at 100 Myr and 11.5 Gyr.
This suggests that during the first 100 Myr, not all soft binaries with
Ey < Epg are immediately disrupted, and many of them can survive
and become hard binaries by 11.5 Gyr.

Therefore, the final distribution of E}, does not clearly reflect the
initial conditions of the two models, as anticipated by G21. However,
the Bin-noBH model has a relatively larger number of binaries
compared to the Bin-BH model. This difference suggests that the
overall rate of binary disruption depends on the evolutionary history
of the cluster density.

Ep = (&)

3.2.2 Period distribution

To analyse the binary disruption rate in relation to cluster dynamics,
we examine the period distributions normalized by the bound mass
of the cluster for three models: Bin-BH, Bin-noBH, and Bin-BH-Alt,
as depicted in Fig. 9. We define Ny, as the number of binaries within
ry, for each period bin, normalized by the bound mass of the cluster.
We compare the values of Ny at the initial phase (0 Gyr) and the
median age (5 Gyr).

In the Bin-BH and Bin-noBH models, the initial period distri-
butions are the same, but they exhibit different density profiles. At
5 Gyr, the Bin-noBH model retains more wide binaries compared to
the Bin-BH model. The hard-soft boundaries of periods, estimated
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Figure 9. The period distribution of binaries within r, at two different
stages: the initial phase (represented by steps) and at 5 Gyr (shown as
filled histograms). The upper panel displays the number of binaries within ry,
normalized by the bound mass of the cluster (Npp). The lower panel shows
the ratio between Ny at 5 Gyr and the initial Nyp. The vertical dashed and
solid lines represent the hard-soft boundary of period within r, at 0 and 5 Gyr,
respectively.

for stars within r,, do not exhibit significant differences between the
two models. However, the peak of the period distribution in the Bin-
BH model is closer to the hard-soft boundary at zero age, whereas
in the Bin-noBH model, it aligns with the boundary at 5 Gyr. This
disparity suggests that the disruption rate of binaries is not solely
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determined by the hard-soft boundary. During long-term evolution,
the Bin-BH model, which is denser and contains BH subsystems,
experiences a higher rate of disruption for wide binaries, resulting in
the peak of the period distribution being closer to the boundary. In
contrast, the Bin-noBH model preserves more wide binaries, and the
peak of the period distribution reflects the boundary at 5 Gyr for the
cluster.

Comparing the Bin-BH and Bin-BH-Alt models, they share a
similar density evolution but differ in the assumptions of their
primordial binaries. The ratio of Ny, at 5 Gyr to the initial phase,
Nip(5 Gyr)/Ny,(0), exhibits an identical trend for both models. This
finding implies that the binary disruption is not highly sensitive
to the assumption of the initial period distribution. Consequently,
it is possible to infer the initial binary properties through inverse
derivation if the evolution history of the cluster density is known
(see Kroupa 1995a; Marks, Kroupa & Oh 2011; Marks & Kroupa
2012). Moreover, by utilizing the derived ratio, we can extrapolate the
evolution of the period distribution of binaries for any arbitrary as-
sumption regarding the primordial binary populations. This provides
a valuable tool for understanding the long-term dynamical evolution
of binary systems within star clusters and can aid in studying the
impact of different initial binary properties on the binary disruption
rate and cluster dynamics.

We currently possess only two distinct binary models; therefore,
we cannot definitively assert that the binary disruption rate is the
same for all types of initial period distributions. To validate and
explore the dependency of binary disruption on cluster properties,
further N-body models are necessary.

3.2.3 Radial distribution

Fig. 10 compares the radial distribution of the binary fraction (fyin)
for the Bin-BH and Bin-noBH models at 11.5 Gyr.

In the upper panel, the real fi;, is plotted as a function of the 3D
radial distance from the cluster centre. Both models exhibit a similar
trend, with a systematic offset of fi,;, along r. The central region of the
cluster shows a higher f;, compared to the outer halo. At the distant
tail of the cluster, f;, experiences a significant increase. This can be
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Figure 10. Upper panel: Binary fractions of all objects along the 3D radial
direction for the Bin-BH and Bin-noBH models; the dashed vertical lines
and dash-dot vertical lines represent the half-mass radii and 90 percent
Lagrangian radii, respectively. Lower panel: Prediction for the observed
binary fractions with an I-band magnitude range of 20.5 and 23 mag
(corresponding to main sequence stars) and mass ratio >0.6. The dashed
vertical lines represent Ry, as shown in Fig. 7.

attributed to binaries that escaped from the cluster during the early
stages of evolution, as they suffer fewer dynamical perturbations and
have a higher chance of survival.

The lower panel of Fig. 10 presents the predicted observed binary
fraction as a function of projected distance. To identify binaries
from the CMD, we assume that unresolved binaries with B-band
magnitudes between 20.5 and 23 mag and a mass ratio above 0.6
can be detected. The B-band magnitudes for stars are generated by
using GALEVNB. Notably, fii, (obs) for both models is nearly identical
within a projected distance up to 30 arcmin, unlike the real fi;, for
all binaries. The observed binary fraction fi;, (obs) falls in the range
of 0.2-0.3.

3.2.4 Half-year evolution of line-of-sight velocities

With high-resolution multi-epoch spectroscopic observations, it is
possible to identify binaries by comparing the line-of-sight velocity
changes (| AvLps|) over a span of approximately six months.

The line-of-sight velocity vios of an unresolved binary is the
combination of two vy os of two components and is dominated by the
brighter component. Thus, the |Aviogs| values exhibit considerable
variation during the multiple epochs of observation. These variations
are determined by the periods, eccentricities, inclinations, and orbital
phases of the binaries. Notably, larger variations are observed for
short-period binaries, which could potentially aid in distinguishing
these binaries from other effects that cause changes in velocity. The
baseline of approximately half a year is sensitive to a maximum
period of ~ 10* d.
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Figure 11. The line-of-sight velocity difference of binaries (|Avros|) as a
function of period for multi epochs of observation. The initial snapshots of the
three models are chosen at 7' = Tpa. Each binary type, classified according to
the SSE (Single Stellar Evolution) code, is represented by a different colour.
The stellar types include: MS (Main Sequence), HG (Hertzsprung Gap), GB
(First Giant Branch), CHeB (Core Helium Burning), AGB (Asymptotic Giant
Branch), and WD (White Dwarf).

We estimate vy os of binaries by taking the I-band flux-weighted
average of the vy g of the two components. In Fig. 11, we present the
| Avpos| versus period plot for observable unresolved binaries with
|Avios| > 0.3 kms™! and R < 10 arcmin after multiple epochs,
respectively. We specifically select binaries with at least one bright
(post-main-sequence) star component, and some binaries include
white dwarfs. These bright stars have a luminosity in the HST F555W
filter brighter than 20 mag. The three models (Bin-noBH, Bin-BH,
and Bin-BH-Alt) exhibit observable binaries across a wide range
of period distributions, spanning from 1 to 10* d. The snapshots at
Tmat (see the bottom panel of Fig. 7) are chosen as the first epoch
of observation. The choices of time intervals between epochs were
chosen to be roughly equal space in half a year time interval, and
the exact values are defined by the time step algorithm of the PETAR
code.

The number of detectable binaries is similar for all three models,
with the Bin-noBH model exhibiting slightly more binaries with
periods above 3000 d. This trend aligns with the period distributions
shown in Fig. 9, although some stochastic scatter may be present.

To assess the completeness of detectable binaries via multi-epoch
observations of | Av os|, we compare the number counts of detectable
binaries and all bright binaries as a function of periods, as shown in
Fig. 12. For all models, periods up to 10* d are detectable and all
binaries with periods below 10* d can be detected with multiple
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Figure 12. The number counts of bright binaries with post-main-sequence
component for three models at. The legend ‘tot’ include all binaries and the
‘obs’ include only detectable binaries with |Avpos| > 0.3 km s7L

epochs. From Fig. 11, one binary in the Bin-BH model with a period
between 10° and 10* d has only one epoch that shows |Avios| >
0.3kms~'. A few binaries above 10° d in the Bin-noBH models have
epochs where |Avpos| < 0.3 km s~ indicating that they might be
missed if the observational epochs are limited to two.

The observed vips of unresolved binaries does not represent
the v ps of the centre-of-mass of the binaries, which complicates
the determination of the physically useful line-of-sight velocity
dispersion (oLos). A complete sample of detectable bright binaries
with periods below 10* d can mitigate this effect and significantly
improve the determination of (o1 0s). When binaries are detectable
from multi-epoch observations, we can exclude them from the
computation of o os. In our N-body model, we simulate the impact of
excluding binaries with |Avog| > 0.3 kms™! on the determination
of o LOS-

Fig. 13 displays the individual line-of-sight velocities of bright
stars (v os), undetectable bright binaries with |Avos| < 0.3 kms™!
(oLos,sB), and detectable binaries with |Avips| > 0.3 km s~!,
aligned with the projected distance. Most binaries with vios >
1 kms~' are detectable, and thus, we can remove them for the
calculation of oy os.

Table 2 demonstrates how removing detectable binaries improves
the determination of o os. To have a consistent comparison among
the three models, we scale the value of o g by the estimated 1D
velocity dispersion o jp within r,, assuming a virial equilibrium state
of the cluster,

|GM
opp = —_—. (6)
6}’h
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Figure 13. The line-of-sight velocities of individual bright stars and binaries
are plotted, and detectable binaries with |Avpos| > 0.3 km s~! are indicated
as green dots.

Table 2. The table displays the line-of-sight velocity dispersion (o1.0s)
estimated from bright stars and binaries.

Model OLOS,S,hn  OLOS,S OLOS,SB OLOS, SCB 01D
[o1p] [o1p] [o1p] loip]  [kms™']
Bin-BH 1.04 1.13 129 1.83 0.645
Bin-BH-Alt 1.01 1.05 229 1.33 0.528
Bin-noBH 1.02 0.815 8.81 1.27 0.729

The last column, o 1p, represents the estimation of o1 og based on equation
(6), which serves as the unit for the other four columns. In particular, the
column o0s, s, hn presents the o os value derived from single stars within
R < 3 arcmin (17 pc, approximately the Ry,). The remaining three columns
depict o1 0s within R < 10 arcmin (58 pc), where o10s,s, 0LOs, B, and
010s, scB represent the o1 os values from only single stars, both single stars
and binaries, and both single stars and undetectable binaries with |Avpog| <
0.3 kms~!, respectively.

This normalization allows us to account for any differences in
the overall dynamical state of the clusters and facilitates a more
meaningful comparison of the o ¢s.

The presence of BHs affects the oo in the cluster centre. To
illustrate the difference between models with and without BHs, we
calculate the o g of single stars within a projected distance of R
< 3 arcmin (0Los, s, nn), Which corresponds to the Ry, (17 pc). All
three models exhibit similar values of o1 os, s nn. Additionally, the
oLos values of single stars within a projected distance of R < 10
arcmin (58 pc), which includes stars outside the effective radius of
the cluster, are similar to oLos, s, m, €xcept the Bin-noBH model,
which has a lower value.

Since the normalization factor o |p is different for the three models,
and the observation cannot directly obtain M and ry, the difference
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Table 3. The parameters of BwBHs for the Bin-BH model at 11.5 Gyr.

7507

Type my [Mg] mz [Mp] Period [d] p [Rol Eccentricity ~ Ra/RRri2 r [pc]
BBH 39 27 59 41 0.26 8.1e-06  5.1e + 03
37 30 5.9¢ + 02 12 0.99 2.9e-05 9.1e + 03
7.5 74 3.8 13 0.49 6.5e-06 9e + 03
8.2 7.8 18 67 0.07 1.3e-06 54
7.6 7.6 24 61 0.29 1.4e-06 6.6
35 31 2.1e + 04 6.1e + 03 0.53 5.8e-08 8.7
BH-MS 21 0.66 1.8e + 05 2.1e + 04 0.45 0.00021 33
16 0.71 33e + 04 1.1e + 03 0.90 0.0041 8.1
13 0.68 4.8¢ 4+ 04 9e + 03 0.33 0.00044 34
15 0.21 1.1e 4+ 07 7.5e 4+ 04 0.86 2.7e-05 5.5
BH-WD 8.4 1.1 1.4e 4+ 02 2.4e 4+ 02 0.01 0.00014 9.2
7.5 1 2e + 02 2.7e + 02 0.06 0.00012 13
16 0.74 1.8e 4+ 05 7.7e 4+ 03 0.78 8.7e-06 4.7
15 1 5.4e 4 06 9.6e + 04 0.71 4.4e-07 6.4
8.2 0.52 2.5 2 0.87 0.039 4.5
15 0.69 3e + 06 le + 05 0.52 6.7e-07 7.7

my and m, denote the masses of the primary and secondary components, respectively; p represents the
peri-centre distance; R2/Rry2 indicates the secondary stellar radius relative to the Roche lobe overflow
radius; and r represents the distance of the binary from the cluster centre. The first three BBHs have already

escaped from the cluster.

in the observed estimates of o1 og for the three models may be larger
than what we found in our simulations. This should be taken into
consideration when interpreting the results and comparing them with
observations.

The sample that includes all bright singles and binaries exhibits
much larger dispersion values (o os, sg) than the values (oLos,s) of
the sample containing only singles. By excluding detectable binaries,
the values (o Los, scg) are significantly lower than o1 os, sg, roughly
1.5-2 times of o os, s. This procedure helps to obtain more accurate
estimates of o os.

3.2.5 Binaries with BHs

The Bin-BH model at 11.5 Gyr exhibits several binaries which
contain one or two BHs (BwBHs), as depicted in Fig. 8. Itis important
to investigate whether these BWBHs can be detected, serving as
evidence for the existence of BHs. Table 3 provides a summary of
the parameters for these binaries, which include three types: BBHs,
BH with MS (BH-MS), and BH with WD (BH-WD). Other types of
BH-star binaries are not detected.

The presence of BBHs has also been illustrated in Fig. 6, with the
possibility of some being detected by GW detectors. Three BBHs are
inside the clusters and the other three distribute in the tidal stream.

An interacting BwBH that contains an accreting BH primary and
a non-BH secondary star is particularly interesting as a potential X-
ray or radio source that could be detected, providing evidence for
the presence of BHs in Pal 5. Unfortunately, there is no BwBH that
contains a bright post-main sequence star at 11.5 Gyr, only a few
BH-MS and BH-WD exist.

We calculate the Roche lobe radius using equation (53) from
Eggleton (1983); Hurley, Tout & Pols (2002), with the semimajor
axis replaced by the peri-centre distance p,

RRLZ 049q 2/3 7

p  0.6¢23 +1In(l +4'/3) M
where g = my/m;. The original formula assumes a circular orbit,
which misses the eccentric binaries where the accretion may occur
at the peri-centre separation. To account for this, we use the peri-

centre distance p instead. When the stellar radius of the secondary
star (R;) is greater than or equal to the Roche lobe radius (Rgy,), the
secondary star fills its Roche lobe, and the accretion process might
result in observable radiation.

The R,/Rg1> values of BH-MS binaries in our models are below
1073, indicating that no accretion occurs in these cases. The BH-WD
binaries have the potential to become ultraluminous X-ray sources
(ULXs). Detailed studies of the dynamical formation scenarios for
these ULXSs in globular cluster environments have been conducted
by Ivanova et al. (2010). One BH-WD binary in our simulations has
aperiod of 2.5 d and a peri-centre distance (p) of 2Ry, located ~ 4.5
pc away from the cluster centre. The ratio R,/Rgy, is approximately
~0.04, which does not yet reach the criterion for accretion.

In our investigation of the BH-MS binaries, we have discovered
that their formation occurs through a similar dynamical channel. The
MS star originates from a primordial binary of two MS stars (MS—
MS). The BH originates from a primordial binary of two massive
stars, which forms a BBH. The formation process of the BH-MS
binaries in the Bin-BH model involves several steps:

(1) The BBH undergoes several interactions with other BHs in the
cluster.

(ii) After one of the BHs escapes from the cluster following a
strong interaction with an intruder, it becomes a single BH.

(iii) This single BH eventually encounters the MS—MS binary and
participates in a binary exchange event.

(iv) As a result of the binary exchange, the BH joins the MS-MS
binary, forming the BH-MS binary.

The described process is visually illustrated in Fig. 14. The dynam-
ical formation of BH-MS binaries in star clusters have been discussed
in several works (Kremer et al. 2018; Di Carlo, Rodriguez & Breivik
2023; Rastello et al. 2023; Tanikawa et al. 2024).

Although no observable events from interacting BWBH occur at
11.5 Gyr, we can estimate the frequency of such events by collecting
the interacting BwBHs recorded in the evolution of star clusters.
The criterion to select interacting BwBHs are R,/Rr;, > 1. Events
that occurred in the first 100 Myr are excluded, as they mostly
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Figure 14. Illustration of the BH-MS formation process the final case in the
Bin-BH model, as presented in Table 3. The black and grey circles represent
BHs, and the blue circles represent MS stars. It is important to note that this
illustration only showcases the key exchange processes, and does not depict
the intricate history of BH interactions with other objects.

involve primordial binaries that are not significantly affected by
stellar dynamics. The results are summarized in Table 4.

The Bin-BH and Bin-BH-Alt models have a dozen of such
interacting BwBHs, including both primordial and dynamically
formed BwBHs. The dynamically formed BwBHs contribute to
approximately half of the interacting BwBHs. The secondary stars
involved in these BwBHs include several types, with one being BH-
NS, which can trigger a GW merger.

The Bin-noBH model also includes five events, all of which
consist of primordial binaries. Among these events, four are BH-MS
binaries, and one is a BH-NS binary. Despite the high supernovae
kick velocities in the Bin-noBH model, these binaries were strongly
bound before the supernovae, and the random natal kick did not
disrupt the binaries. Instead, the binaries escaped from the cluster
after the kick.

The last BH-MS binary has a low-mass BH component of 2.5 M.
This unusually low mass has originated from an accreting NS. After
interacting with its companion star, the NS eventually evolved into a
low-mass BH. This binary is a primordial one, with zero-age main-
sequence masses of 17.3 Mg and 3.7 Mg,

In general, the formation rate of an interacting BwBH is estimated
to be about one per 2 Gyr. Therefore, the possibility of detecting an
interacting BWBH in the present-day Pal5 is practically zero.

The noBin-BH and Bin-noBH-F models do not exhibit any
interacting BWBH events, and thus, they are not included in the
table. One common feature of these two models is the absence
of massive primordial binaries, which is different from all other
models that have OB binary properties from Sana et al. (2012). As
a result, the possibility of dynamical formation of BwWBHs is also
low in these models. One important channel for the formation of
interacting BwBHSs is through the dynamical exchange of binary
components after a close encounter between a BH and a binary. The
lack of primordial binaries in these models suppresses this formation
channel.

Multi-epoch observations of |AvLps| can also be used to detect
non-interacting BwBHs. For instance, utilizing multi-epoch MUSE
spectroscopy, Giesers et al. (2018, 2019) discovered three BwBHs
in NGC3201. The stellar companions in these BwWBHs have mass
values of 0.6 — 0.8 M. The four BH-MS binaries in the Bin-BH
model at 11.5 Gyr have comparable companion masses. Therefore,
it is possible to detect BHs in Pal 5 via multi-epoch observations
of |AvLps|. However, due to the long periods of these binaries, a
long-term observation plan (several years) is needed to accurately
constrain the masses of the BHs. Despite the fact that these binaries
are not v pg variable over a short baseline of a few months, they may
still be found: they should appear as member stars according to their
position in the CMD, parallax, and propor motion, but they have a
large vy os offset. A solar-type star orbiting a 15 Mg BH with a 10*
d period has an orbital velocity of ~25 kms~'. This predicted signal
is worth looking for.

MNRAS 527, 7495-7514 (2024)

3.3 CMD

By utilizing the GALEVNB code, we can convert our simulation data
into mock photometry. As an example, we present the CMD of the
Bin-BH model at 11.5 Gyr, using HST F555W and F814W filters,
and CSST g and u—i filters (Fig. 15).

In the CSST filters, we observe binary stars distributed between
the MS and WD sequence. These binaries consist of a WD and a
low-mass main sequence star (LMS). Similar features in the CMD
have been seen in N-body simulations by Pang et al. (2022; see
fig. 5 in Pang et al. 2022)." In these binary systems, the luminosity is
mainly dominated by the WD, as both components have very similar
masses. They are considered as candidates for cataclysmic variable
(CV) stars.

The CSST g-band magnitudes of WD and CV are below 26 mag,
while the corresponding HST F555W magnitudes are above 26 mag.
Therefore, CSST has the advantage of potentially detecting many
WD and CV candidates in Pal 5.

We also highlight the BH-MS binaries shown in Table 3. Among
them, three have the HST F555W magnitude below 21 mag and
the CSST g-band magnitude below 16 mag. If the multi-epoch
spectroscopy observation can reach this magnitude limit, it is possible
to detect these binaries via the observation of |Avy os|.

3.4 Mass functions

The present-day mass function of a star cluster is influenced by
various factors, including the IMF, mass segregation, and tidal
evaporation. To investigate the impact of primordial binaries and
BHs on the mass function, we compare the mass functions of our N-
body models with the observed ones. In order to make a meaningful
comparison with the observed data, we select snapshots from our
models that closely match the observed surface number density
profile (X(R)), as shown in the lower panel of Fig. 7.

It is important to consider the resolution limitations when com-
paring with observations. The widest binary in our models has a
semimajor axis of approximately 1.8 x 10* au. Given the distance to
Pal 5, a spatial resolution of less than 1 arcsec is required to resolve
this binary. The best resolution achievable by HST is around 0.05
arcsec, which means that only a small fraction of wide binaries with
periods above 1.4 x 107 d can potentially be resolved. Therefore,
we assume that most binaries remain unresolved in observations
and calculate their magnitudes by summing the fluxes of their two
components. Fig. 15 shows the CMD of unresolved binaries, which
appear redder and brighter compared to the single stars.

To investigate this effect, we compare the (actual) total masses
(myo) of binaries with the masses converted from their F5S55W-band
magnitudes (7gps).

For main-sequence binaries, we calculate the absolute F555W-
band flux and then determine the mass of a single star that has the
closest flux value, which serves as the converted mass mi,,s. The
comparison between myy and mgy, is depicted in Fig. 16.

The difference between myy and mgps is highly sensitive to the
mass ratio g = m;/m, and luminosity ratio as well. Here, the mass

'In Pang et al. (2022), the CMD contained some horizontal strips of WD-
LMS binaries, which was caused by a bug in the PETAR code. In that version
of the code, some WDs had not evolved to the age of the snapshot, leading
to this issue. However, in the CMD generated for this work, we have fixed
this bug (in the commit on 2023 July 25 of the master branch of the PETAR
code on GitHub), resulting in a more accurate representation of the stellar
populations.
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Table 4. The accretion events of BwBHs after 100 Myr.
Bin-BH
Time [Myr] Primordial Type my [Mg] ma [Mg] Period [d] pIRo] Eccentricity R>/RR12
109 True BH-HeHG 6.7 0.92 1.1e + 02 1.9e + 02 2.560109¢-05 1.0
188 True BH-MS 7.5 33 0.84 8.3 1.692295e-05 1.0
268 True BH-AGB 20 23 2.7e + 03 2.3e + 03 3.729159¢-09 1.0
861 True BH-WD 6.3 0.0083 0.061 1.2 0.04394221 1.0
5997 False BH-MS 32 0.42 7e + 05 0.38 0.9999964 9.0
7141 False BH-MS 18 0.2 9.9¢e + 03 0.14 0.9999717 14.1
7474 True BH-NS 7.5 1.2 1.7e-08 5.8e-05 4.307228e-09 1.0
Bin-BH-Alt
132 True BH-HeHG 11 0.84 2e + 02 3.3e + 02 1.158092e-05 1.0
134 True BH-HG 6.8 4.1 3.6 14 0.3512435 1.5
138 True BH-AGB 20 1.6 8.6e + 03 4.4e + 03 0.09723035 1.1
190 True BH-HG 8.3 35 40 I.le + 02 0 1.0
4125 False BH-MS 17 0.34 1.1e + 07 0.22 0.9999996 11.2
Bin-noBH
116 True BH-MS 9.2 2.9 1.1 10 6.648911e-05 1.0
147 True BH-MS 10 2.8 1.1 10 6.142399¢-05 1.0
159 True BH-MS 8.2 2.7 1.1 9.7 0.0001996311 1.0
209 True BH-NS 7.5 1.5 1.7e-08 5.9e-05 2.710078e-08 1.0
1232 True BH-MS 2.5 0.99 0.48 39 3.125196e-05 1.1
The ‘Primordial’ column indicates whether the binary is primordial (formed during the initial star cluster formation) or dynamically
formed (formed through interactions within the star cluster after its formation). The ‘Type’ column indicates the combination of
binary companions. The secondary stellar types involved in the accretion events include: MS, HG, GB, CHeB, AGB, HeHG
(Hertzsprung Gap Naked Helium star), WD, and NS.
Bin-BH [11.5 Gyr]
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Figure 15. The CMD of the Bin-BH model at 11.5 Gyr. Red points are single stars. Other points are unresolved binaries where colours represent mass ratio (q).
The black crosses are BH-MS binaries shown in Table 3. The left panel corresponds to the HST FS55W-F814W and F555W filters, while the right two panels
correspond to the CSST g-i and g, and u-y and u filters, respectively. All unbound and bound stars are included in the CMD.

ratio g is defined as the minimum mass divided by the maximum
mass of the two components in a binary. A higher ¢ leads to a larger
difference between the my and mqps values. Consequently, the s
of equal-mass unresolved binaries can be significantly lower than
their true my,.

Furthermore, for binaries with the lowest g values, there is a
systematic offset between myy and mgps. As a result, if unresolved
main-sequence binaries cannot be distinguished from single stars,
the total masses of all these binaries would be underestimated.

The offset between m, and mqps is determined by the minimum g.
There is a nonlinear relation between stellar luminosity (L) and mass
(m). For MS stars in the mass range of 0.3-0.8 Mg, L m*, and
thus, we can roughly estimate the relation between the total binary
mass (1) and the binary mass used in the mass function estimation
(meps) as follows:

Mobs ~ 1+q4
Mot l+q°

(®)
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Figure 16. The total masses (mo) versus the FS55W-band flux-converted
masses (mops) for main-sequence binaries of the Bin-BH model at 12 Gyr.
The grey line shows the case of m = mops. Colours represent mass ratio (g).
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Figure 17. The 2D density map of the noBin-BH model at 11.8 Gyr. The
colour contours with solid lines represent the Smith and Kuepper fields, which
have available HST data. The boundaries of the three ring radial bins are
indicated by dashed grey circles. Two approaches are employed for selecting
samples to measure the mass functions: (1) using the intersection between
the Smith/Kuepper fields and the ring regions (referred to as ‘Field’ regions);
and (2) using only the ring regions themselves (referred to as ‘Ring’ regions)
to enhance statistical accuracy.

In our model, the minimum ¢ is about 0.12, which corresponds to a
maximum Mgps/Me; ~ 0.93.

To compute the mass functions, we collect stars within the same
observational fields used by the HST observation from the Smith
field (Grillmair & Smith 2001) and the Kuepper field (unpublished;
reported in Baumgardt et al. 2023), as shown in Fig. 17. The centre
position of the star cluster model is defined as the centre-of-mass of
stars located within the core of the star cluster. We adjust the centre
position to match the observed position of Pal 5.

The Smith field encompasses both the core and halo regions of
Pal 5, while the Kuepper field covers the outer region. To investigate
the radial dependence of the mass function in different regions of Pal
5, we divided the Smith and Kuepper fields into three radial bins.
These bins correspond to different distances from the cluster centre,
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Figure 18. The mass functions of the Bin-BH model at 12 Gyr are presented
in the Kuepper field, with the radial region indicated in the title. The
observational data is shown as a reference. We compare different treatments
of binaries in the mass function. ‘URB’ indicates the use of mqpg for mass
estimation, and ‘RB’ denotes the counting of masses for individual binary
components. The upper panel displays the normalized cumulative counts,
while the lower panel shows the normalized histograms.

allowing us to obtain mass functions as a function of radial distance.
The intersection between the two observational fields and the three
radial bins (referred to ‘Field’ regions) are used for selecting samples
of stars.

Itis important to note that due to the limited observational coverage
and stochastic scatter, the comparison between the observed and
modeled mass functions may be affected. To improve statistical
robustness, we also select stars for measuring the mass functions
using only the three radial bins of the N-body models (referred to
‘Ring’ regions).

By comparing the mass functions obtained from the N-body
models and from the observed data, we can investigate the effects of
primordial binaries and BHs on the mass function of Pal 5.

We conducted an analysis to assess the impact of unresolved
binaries on the determination of the mass function in the Kuepper
field, using the Bin-BH model. The results are depicted in Fig. 18.
We considered two scenarios for the treatment of binaries in the mass
function:

(1) RB (Resolved Binaries): All binaries are resolved, meaning
that individual masses of binary components are counted in the mass
function.

(ii)) URB (Unresolved Binaries): myy, is utilized for mass estima-
tion. This scenario represents a real observation where binaries are
unresolved.

The mass functions obtained from the RB and URB scenarios
display steeper slopes compared to the observational mass function.
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Figure 19. The mass functions of four N-body models in three radial bins, with the observational data shown as a reference. The upper panel displays the
number counts n(m), the middle panel shows the normalized cumulative distribution Ng(m) for the Field regions, and the lower panel shows the normalized

cumulative distribution N,(m) for the Ring regions.

In Fig. 19, we present a comparison between the mass functions
obtained from the N-body models using the URB method and the
observational data. The upper panel of Fig. 19 shows the number
counts n(m). The N-body models exhibit a comparable number of
stars within the three Field regions when compared to the observed
data. The Bin-noBH model shows a slightly higher number of stars,
indicating that a longer evolution time of more than 12 Gyr might be
necessary for a better match. However, this slight discrepancy does
not impact our comparison with the observed normalized counts.

The median and lower panels of Fig. 19 display the normalized
cumulative distributions, N¢(mn), for the Field regions and N,(m) for
the Ring regions. In the inner radial bin, no significant difference
is observed when comparing N;(m) and N,(m). However, for the
median and outer radial bins, a noticeable stochastic scatter is present
in N¢(m). This scatter is particularly evident in the ‘N¢(m) of the
Bin-BH model in the outer radial bin. These findings suggest that
the observational data may also exhibit similar scatter, and it is
important to consider this when comparing the N-body model with
the observational data.

The standard way to characterize a mass function is by using a
power-law form given by the equation,

n(im)=Cm™®, )

where C is a normalization constant and « is the power-law index
used for fitting. We employ the fitting method outlined in Khalaj &
Baumgardt (2013) to determine the statistical error accurately. The

formula for fitting « is

“ m; In X
E In —N——
M min 1- Xa71

i=1

a=1+n

, (10)

where n represents the total number of stars, m; is the mass of an
individual star, m,;, is the minimum mass of stars, and X is the ratio of
the maximum to the minimum masses of stars. Iterative calculations
are necessary to solve this fitting equation. The corresponding error
can be described as
Xotfl —-1/2
) 1)

o(a) = 1 (—D2=-In>X—
(1 _Xot—l)Z

Jn

The power-law indices of the mass functions («) obtained from
fitting are summarized in Table 5. In the inner radial bin, the «
values for the three Bin models are in rough agreement with the
observational data, while the noBin-BH model shows a significantly
higher «. This result remains consistent when comparing the mass
functions within the Field and the Ring regions.

In the middle and outer radial bins, all of the N-body models exhibit
higher o values compared to the observational data. This discrepancy
is more pronounced when considering the normalized cumulative
distribution in the Ring regions (N,(m)). These differences suggest
that the N-body models exhibit more pronounced mass segregation
than what is indicated by the observational data, although we need
to take into account the potential stochastic scatter inherent in the
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Table S. Fitting result of the power-law indices (o) of the mass functions in different radial bins.

R[arcmin] region Observation noBin-BH Bin-BH Bin-noBH Bin-BH-Alt
0.000-1.250 Field 0.390 £0.131 0.835+0.119 0.490 +0.129 0.198 £ 0.107 0.600 £ 0.129
Ring 0.882 £0.104 0.545+0.114 0.300 +0.093 0.607 £+ 0.117
1.250-3.667 Field 0.188 £0.138 0987 £0.135 0.602+0.141 0.637 £0.115 0.759 £ 0.141
Ring 0.997 £0.052 0.526 £0.053 0.508 + 0.044 0.678 £ 0.056
2.833-8.333 Field 0.280 £0.221 1.174 £0.226 0.525 +0.187 1.140 £ 0.154 1.222 £0.198
Ring 1.127 £ 0.061  0.819 £0.052 0.840 +0.046  0.920 + 0.062

The column labeled ‘region’ distinguishes between the Smith and Kuepper fields (referred to ‘Field’) and the ring

regions (referred to ‘Ring’).

observational data. The presence of BHs does not appear to have
a clear impact on the mass functions. The models incorporating
primordial binaries exhibit better agreement with the observed data,
particularly in the inner radial bin.

4 LIMITATIONS AND FUTURE DIRECTIONS

4.1 Uncertainty of initial condition

Due to the computational expense, we are unable to explore the entire
parameter space of the initial condition of Pal 5, resulting in several
aspects not being addressed in this study. These include assumptions
regarding the properties of primordial binaries, the evolution of
the Galaxy, the uncertainty associated with stellar evolution, the
gravitational wave kicks following mergers of BBHs, and the realistic
formation environment of the cluster.

In our study, we have adopted two extreme assumptions for the
primordial binaries (Kroupa and FlatLog) with a 100 per cent initial
binary fraction. However, these assumptions may not accurately
reflect the true properties of primordial binaries in Pal 5. None
the less, Fig, 9 suggests that the initial period distribution has no
significant impact on the survival fraction of binaries as a function
of period, as long as the cluster possesses a similar initial density
profile and orbit in the Galaxy. Furthermore, the evolution of the
binary fraction (Ny,) can be utilized to derive the period evolution
for different assumptions regarding the initial binary populations.
By using a 100 per cent initial binary fraction, we also explore the
maximum potential dynamical impact of primordial binaries. The
wide range of periods considered allows us to investigate the behavior
of hard and soft binaries with and without BHs.

Our model assumes a static Galactic environment, which is consis-
tent with the setup employed in G21 to facilitate proper comparison.
Incorporating a realistic time-dependent Galactic potential, which
may be important to understand the density profile of the stream
(Pearson, Price-Whelan & Johnston 2017), is challenging due to
the limited observational constraints on Galactic evolution. It is
plausible that Pal 5 was formed in a significantly different Galactic
environment, potentially leading to variations in mass loss and
density evolution compared to our models. However, we believe that
the overall trend driven by the presence of BHs should be similar.
Thus, our results offer a general perspective on how the existence of
BHs impacts the binary populations.

The retention of BHs in clusters after supernovae remains an
open question based on stellar evolution models. Our models do not
consider gravitational wave kicks following BBH mergers, which
could lead to an overprediction of massive BBHs with masses
exceeding 100 M. Although such BBHs can influence the time-
scale of cluster disruption as shown in Figs 4 and 6, their impact
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on the period distribution of binaries is limited since the hard-soft
boundary is not determined by a single specific BBH.

The initial conditions of the clusters assume spherically symmetric
Plummer models, similar to previous N-body simulations of GCs.
However, the initial complexity of GC formation, including irregular
cluster structures prior to achieving virial equilibrium and the
presence of gas, may affect the binary populations during the gas-
embedded phase.

4.2 Observation of binaries

In Section 3.2.4, we conducted an analysis to assess the feasibility
of detecting binaries by measuring the radial velocity difference
(JAvLos|) through multiple half-year observations. The maximum
time-interval reaches half a year. The results indicate that approxi-
mately 40 binaries could be identified, covering a period distribution
ranging from a few to 10* d. The model without BHs tends to exhibit a
higher fraction of long-period binaries. While this observation cannot
directly constrain the existence of BHs, it can provide insights into
the presence of wide (long-period) binaries. Such information may
be valuable in constraining the initial period distribution by utilizing
the Ny, values depicted in Fig. 9.

To obtain a stronger constraint on the existence of BHs, it is
crucial to obtain additional observations of binaries in the period
range around 10° d, which has proven to be challenging thus
far. Furthermore, it is necessary to observe binaries in different
regions of Pal 5, including the inner region and the distant tail.
Given the uncertainties associated with the properties of primordial
binaries, assuming an initial period distribution becomes essential
for constraining the density evolution based on the observed pe-
riod distribution of present-day binaries. Notably, wide binaries
disrupted within the dense cluster can survive along the low-
density tidal tail. Therefore, the difference in the fraction of wide
binaries inside the cluster and in the distant tail can help constrain
both the initial period distribution of binaries and the density
evolution of clusters, ultimately shedding light on the existence
of BHs.

Another approach to constrain the BH population is by detecting
BH-star binaries. We find four BH-MS binaries with relatively high
MS masses, as shown in Tables 3 and 4 and also illustrated in Fig. 8.
Fig. 15 suggests that the CSST has the potential to detect CVs,
thereby providing additional constraints on binaries with WDs.

Multi-epoch spectroscopic observations for | Avy og| offer another
possibility to detect non-interacting BH-star binaries. By utilizing
this data, we can obtain better constraints on ops, providing an
indirect constraint on the dynamical impact from BHs in the cluster
centre.
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5 CONCLUSIONS

In this study, we performed N-body simulations of the Galactic halo
globular cluster Pal 5 with and without the inclusion of BHs, while
considering a significant fraction of primordial binaries. Our main
objectives were to investigate the influence of binaries and BHs on
the cluster’s dynamical evolution and to understand how the presence
of BHs affects the binary populations within Pal 5. Additionally,
we aimed to determine whether the observations of binary popu-
lations could provide indirect evidence for the existence of BHs
in Pal 5.

Our findings indicate that the presence of primordial binaries has a
noticeable but not drastic effect on the cluster’s dynamical evolution,
consistent with previous work Wang, Tanikawa & Fujii (2022). In
models with BHs, the existence of primordial binaries alters the
half-mass relaxation time (#,,) and reduces the number of BBHs that
contribute to binary heating. However, the influence on mass loss and
radial evolution is more complex. Models with primordial binaries
(Bin-BH and Bin-BH-Alt) exhibit shorter initial #, compared to
models without primordial binaries (noBin-BH model). After 1 Gyr,
the situation reverses due to larger half-mass radius (r,) and lower
total BH mass (Mpy) in the Bin models. This trend changes again
after 8 Gyr when a massive BBH forms in Bin-BH-Alt, accelerating
the cluster’s dissolution (see Fig. 6). Thus, the tidal dissolution time
does not exhibit a simple dependence on the presence of primordial
binaries.

In models without BHs and a low initial density (Bin-noBH and
Bin-noBH-F), the evolution is more sensitive to the presence of
primordial binaries compared to the BH models. Achieving a similar
cluster at 11.5 Gyr requires a higher initial density in these cases.

Conversely, the assumption of BH existence significantly affects
the population of wide binaries. Over long-term evolution, hard
binaries are less affected by dynamical disruption. The fraction of
hard binaries remains independent of the initial period distribution
(Fig. 9). The remaining fraction of wide binaries depends on the
evolution of the hard-soft boundary. The period distribution of
models with BHs peaks at a shorter period compared to models
without BHs, consistent with the hard-soft boundary. However, we
find that not all wide binaries outside the hard-soft boundary are
immediately disrupted. Many wide binaries outside this boundary
can persist in the cluster for a long time. This suggests that the
observation of wide binaries may not readily constrain the actual
hard-soft boundary and be used to determine the cluster’s density
evolution history.

We have found that multi-epoch spectroscopic observations can
detect most binaries with bright stars and periods below 10* d. By
excluding these binaries, the measurement of o1 og of bright stars
can be significantly improved, providing better indirect constraints
on the BH population through dynamical analysis.

Additionally, we have identified four BH-MS binaries in the Bin-
BH model at 11.5 Gyr, which could potentially be detected using the
same method, offering an additional possibility to provide evidence
for the existence of BHs.

We also investigated how binaries and BHs influence the present-
day mass function of Pal 5. Our results suggest that models with
primordial binaries have mass function more consistent with the
observational data, while the impact of BHs on the mass function is
weak. All N-body models exhibit mass segregation features that are
not observed in the outer region of Pal 5. However, it is important
to consider the potential impact of stochastic scatter, which may
influence the conclusions drawn from the comparison. This indicates
the need for alternative IMFs or additional observations of mass
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functions, with improved statistical precision, to better understand
the underlying reasons for this discrepancy.
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