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A B S T R A C T 

The disco v ery 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 

5 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 

4 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 

4 –10 

5 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. 
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 I N T RO D U C T I O N  

ollo wing se veral detections of stellar-mass black hole (BH) can- 
idates through X-ray and radio observations (Strader et al. 2012 ; 
homiuk et al. 2013 ; Miller-Jones et al. 2015 ; Bahramian et al.
017 ) and via radial velocity measurements (Giesers et al. 2018 ,
019 ) in globular clusters (GCs), the long-term dynamical impact of
Hs in GCs has been e xtensiv ely studied (e.g. Breen & Heggie
013 ; Morscher et al. 2013 ; Sippel & Hurley 2013 ; Heggie &
iersz 2014 ; Morscher et al. 2015 ; Peuten et al. 2016 ; Rodriguez

t al. 2016 ; Sollima et al. 2016 ; Wang et al. 2016 ; Askar, Arca
edda & Giersz 2018 ; Wang 2020 ; Weatherford et al. 2020 , 2021 ;
 ang, Fujii & T anika wa 2021 ; Gieles & Gnedin 2023 ). Inv estigating

he BH population is also crucial for constraining the massive end 
f the initial mass function (IMF; e.g. Shanahan & Gieles 2015 ;
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hatterjee, Rodriguez & Rasio 2017 ; H ́enault-Brunet et al. 2020 ;
aumgardt et al. 2023 ; Dickson et al. 2023 ). Breen & Heggie ( 2013 )
emonstrated that the presence of BH subsystems significantly 
mpacts the evolution of star clusters, with BHs forming binary 
Hs (BBHs) and controlling the central energy flow. Wang ( 2020 )

urther showed that a large fraction of BHs would accelerate the
elaxation process and leads to faster tidal disruption of GCs. In
he case of a top-heavy IMF in GCs, a prominent core of bright
tars tends to emerge (Chatterjee, Rodriguez & Rasio 2017 ; Giersz
t al. 2019 ; Wang, Fujii & Tanikawa 2021 ; Weatherford et al. 2021 ).
herefore, to constrain the massive end of the IMF, comparisons 
etween dynamical models and observations of GCs are required. 

Palomar 5 (Pal 5) is among the Galactic GCs renowned for its long
idal streams and unusually low central density (e.g. Odenkirchen 
t al. 2001 , 2002 , 2009 ; Rockosi et al. 2002 ; Odenkirchen et al. 2003 ;
och et al. 2004 ; Carlberg, Grillmair & Hetherington 2012 ; Kuzma
t al. 2015 ; Ishigaki et al. 2016 ; Ibata et al. 2017 ; Bonaca et al. 2020 ;
tarkman, Bovy & Webb 2020 ), which suggests the possible presence 
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f a substantial number of BHs in the cluster (Gieles et al. 2021 ,
ereafter G21 ). Understanding the properties of the BH population
n Pal 5 is also crucial for explaining the pronounced nature of its
tream. G21 employed self-consistent N -body models that resolve
ndividual stars to propose the existence of a large population of BHs
n the cluster core (20 per cent of the total mass), enhancing tidal
isruption. Ho we ver, the BH hypothesis needs further confirmation,
ecause the observed density profiles of the cluster and the stream
ould also be reproduced by an N -body model of a BH-free cluster
ith a low initial density. 
The binary population of Pal 5 plays a crucial role in resolving this

e generac y. According to the Heggie ( 1975 )–Hills ( 1975 ) law, close
ncounters with binaries can result in two opposing evolutionary
rends: wide/soft binaries become less bound and decay with a few
lose encounters, while tight/hard binaries become tighter due to the
ncreased kinetic energy of the intruder and the centre-of-mass of
he binary. The boundary between these two types depends on the
ocal kinetic energy of particles where the binary resides. G21 argue
hat the kinetic energy of BHs is higher than that of stars in a cluster
ithout BHs with similar half-light radius. It is therefore expected

hat fewer soft binaries could survive in the case the cluster contains
Hs, which is a prediction that can be tested with observations. 
Furthermore, due to the large distance of Pal 5, most binaries

annot be resolved spatially by current state-of-art observational
nstruments. Because unresolved binaries might influence the de-
ermination of velocity dispersion and present-day mass functions,
t is worthwhile to investigate how primordial binaries and BHs
ollecti vely af fect the line-of-sight velocity measurement and mass
unction and whether it can be used to indirectly constrain the
xistence of BHs. 

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

 M E T H O D S  

.1 N -body code 

e conducted simulations of Pal 5-like clusters using the high-
erformance N -body code PETAR (Wang et al. 2020b ). To achieve
igh parallel performance, the framework for developing parallel
article simulation codes ( FDPS ) is implemented in PETAR (Iw asaw a
t al. 2016 , 2020 ). The code incorporates the particle-tree and
article-particle method (P 

3 T; Oshino, Funato & Makino 2011 ),
hich enables the separate integration of long-range and short-

ange interactions between particles. For accurate integration of the
eak long-range interactions, the code uses a Barnes & Hut ( 1986 )
article-tree method with a 2nd-order Leap-frog integrator, which has
 computational cost of O ( N log ( N )). To accurately follow orbital
otions of binaries, hyperbolic encounters, and the evolution of

ierarchical few-body systems, the 4th-order Hermite method along
ith the slo wdo wn-algorithmic regularization (SDAR) method is
sed (Wang, Nitadori & Makino 2020a ). One of the major advantages
f the PETAR code is its capability to include a large fraction of
NRAS 527, 7495–7514 (2024) 
inaries, up to 100 per cent, in the simulation of stellar systems
ithout significant performance loss. This feature enables us to carry
ut the models presented in this work. 
In our simulations, we included binaries with a wide period dis-

ribution (see Section 2.5 ), requiring the use of Leap-frog, Hermite,
nd SDAR integrators for integrating binary orbits. While Leap-frog
nd SDAR are symplectic methods that conserve energy and angular
omentum, the Hermite integrator does not. We employ sufficiently

mall time steps for the Hermite integrator to ensure that the artificial
rift of semimajor axes and eccentricities remains insignificant
hroughout the entire evolutionary time of all our models. The key
arameters for switching the integrator and controlling the accuracy
f one simulation in this work are provided below: 

(i) Changeo v er inner radius: 0.0027 pc 
(ii) Changeo v er outer radius: 0.027 pc 
(iii) SDAR separation criterion: 0.000216 pc 
(iv) Tree time step: 0.0009765625 Myr 
(v) Hermite time step coefficient η: 0.1 

See Wang et al. ( 2020b ) for the details on the definition of these
arameters. 
The population synthesis code for single and binary stellar evolu-

ion, SSE and BSE , are implemented in PETAR (Hurley, Pols & Tout
000 ; Hurley, Tout & Pols 2002 ). Furthermore, the code utilizes an
pdated version from Banerjee et al. ( 2020 ) that incorporates semi-
mpirical stellar wind prescriptions from Belczynski et al. ( 2010 );
ink et al. ( 2011 ), a ‘rapid’ supernova model for remnant formation
nd material fallback from Fryer et al. ( 2012 ), and the pulsation pair-
nstability supernova (PPSN) model from Belczynski et al. ( 2016 ).
y including or excluding fallback we control the retention of BHs

n our simulations. 
The fitting formula for stars with a mass greater than 50 M � is

ess reliable within the SSE model, where it appears to o v erstate
he maximum radius, as indicated in Agrawal et al. ( 2020 ). This
ould potentially pose a problem in the context of stellar mergers. In
ur research, our primary emphasis lies in examining the dynamic
mpact of BHs on stellar dynamics. Consequently, the inaccuracies
elated to massive stars in the SSE model do not alter our principal
ndings. None the less, we have the potential for future enhancements
y incorporating various state-of-the-art population synthesis codes,
uch as METISSE (Agrawal et al. 2020 ), BSEEMP (Tanikawa et al.
020 ), and SEVN (Iorio et al. 2023 ). 

.2 Milky Way potential 

he Milky Way potential is modeled by combining the GALPY code
Bovy 2015 ) with PETAR . We adopt the setup of a three-component

ilky Way model from G21 . The parameters are as follows: 

ulge Hernquist ( 1990 ) 
– scale radius: 0.5 kpc 
– mass: 5 × 10 9 M �

isk Miyamoto & Nagai ( 1975 ) 
– scale length: 3.0 kpc 
– scale height: 280 pc 
– mass: 6 . 8 × 10 10 M �

alo Navarro, Frenk & White ( 1996 ) 
– scale radius: 16 kpc 
– virial mass: 8 . 127 × 10 11 M �
– concentration: 15.3 
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The present position of Pal 5 obtained in G21 is [5.733, 0.2069,
4.34] kpc and [ −41.33, −111.8, −16.85] km s −1 in the cartesian
alactocentric frame. The corresponding observational quantities of 
al 5 are: 

A 229.0217 deg 
ec −0.1109 deg 
istance from Sun 19.98 kpc 
roper motion [RA cos (Dec)] −2.67 mas yr −1 

roper motion [Dec] −2.67 mas yr −1 

adial velocity −57.5 km s −1 

G21 has derived the initial position and velocity of Pal 5 
 ∼11.5 Gyr ago) by backward integrating the orbit. But due to the
ifferent implementation of Galactic potentials in NBODY6 used in 
21 and in GALPY , we could not directly use it. Using GALPY , we

race back the orbital motion of Pal 5 in a similar way and obtain
he initial position and velocity as [ −5.339, −1.602, −14.27] kpc 
nd [ −21.78, 111.9, −45.52] km s −1 , respectiv ely. The orbit of P al
 calculated by GALPY is shown in Fig. 1 . 
The Milky Way model employed in this study is simplified, ne- 

lecting past potential evolution, including possible satellite galaxy 
ccretion, the evolution of the galactic bar (Pearson, Price-Whelan & 

ohnston 2017 ), spiral arms, and the influence of potential dark 
atter subhalos (Erkal, Koposov & Belokurov 2017 ), as well as
igure 1. The orbit of the Pal 5 in the Galactocentric frame. The upper 
nd lower panels show the projected trajectory in the x G –y G and R G –z G 
lanes, respectively. R G is the projected radial coordinate in the x G –y G plane. 
he symbols ‘ + ’ and ‘x’ represent the zero-age and present-day positions, 

espectively. 
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otential encounters with molecular clouds (Banik & Bovy 2019 ). 
t is also concei v able that Pal5 may have originated from outside
he Milky Way. As a result, the initial conditions in our models may
ot precisely mirror reality. Ho we v er, an y additional perturbations
o the dynamical evolution of Pal5 are unlikely to overshadow the
ifferences introduced by the presence of BHs, especially for the 
ound components. While the morphology of distant stellar streams 
s notably affected by the Galactic tide, it is not the primary focus of
his study. 

.3 Mock photometry 

o convert snapshots from the N -body models to photometric data for
ifferent filters used in observations, we use the code GALEVNB (Pang
t al. 2016 ), which selects corresponding spectral templates from the
ibrary of Lejeune, Cuisinier & Buser ( 1997 , 1998 ) according to
he fundamental stellar properties, such as stellar mass, temperature, 
uminosity, and metallicity from N -body simulations. By convolving 
he spectra with the filter response curve from a given filter, we
btain the observational magnitudes of specific filters of main-stream 

elescopes, such as Hubble Space Telescope ( HST ) and the future
hinese Survey Space Telescope ( CSST ) for individual stars in the N -
ody models. In this way, we produce mock observations for N -body
odels, which allows a direction comparison with observational data. 
his is useful to compare the density or surface brightness profiles,
nresolved binaries and stellar mass functions between observations 
nd the models. 

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

.4 Obser v ational data 

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

n Baumgardt et al. ( 2023 ). 
The observed surface number density �( R ) encompasses stars with

-band magnitudes ranging from 19 to 23, with photometry obtained 
rom the Canada–France–Hawaii Telescope . The corresponding 
ass range of these stars is 0.625–0.815 M �, determined using

he magnitude-mass conversion provided by G21 . 
Regarding the masses of stars derived from the HST data, Baum-

ardt et al. ( 2023 ) employed Dartmouth isochrones to fit the CMDs of
he clusters and employed them to convert magnitudes into masses. 
urther details can be found in their work. 

.5 Star cluster models 

o reproduce Pal 5’s observed surface density and present-day 
osition in the Galaxy, we generate the initial conditions of N -body
odels by referring to the wBH-1 and noBH-1 models in G21 , which

ave the closest property to the observational data assuming Pal 5
ontains a cluster of BHs and no BH, respectively. 

For the wBH-1 model, natal kick velocities of BHs after super-
ovae are affected by the material fallback from Fryer et al. ( 2012 ).
MNRAS 527, 7495–7514 (2024) 
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M

Table 1. Initial conditions of the N -body models. 

Models noBin-BH Bin-BH Bin-BH-Alt Bin-noBH Bin-noBH-F 

r h, 0 [pc] 5.85 5.85 5.85 13.2 14 
N 0 210 000 210 000 210 000 350 000 350 000 
Binary fraction No 100 per cent 100 per cent 100 per cent 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 
T mat [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 M �, 
a metallicity of z = 0.0006, and a simulation duration of 12 Gyr. 
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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. 
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 large fraction of BHs are retained in the clusters and finally sink to
he centre via dynamical friction. The existence of a BH subsystem
an significantly affect the structure and evolution of star clusters. As
 result, the cluster has a loose core of luminous stars. The wBH-1
odel has an initial half-mass radius, r h, 0 = 5.85 pc, and an initial

umber of stars, N 0 = 2.1 × 10 5 . 
In contrast, the noBH-1 model assumes BHs have the same

igh kick velocities as neutron stars (NS) and almost none are
etained after superno va e xplosions. Without BHs, the core collapse
f luminous stars result in a dense core. In order to reproduce the
bserved surface brightness profile, G21 find that the cluster must
herefore have had a much lower density initially. Thus, for the
oBH-1 model, r h, 0 = 14 pc, and N 0 = 3.5 × 10 5 . 
We conducted five N -body models with varying setups of primor-

ial binaries and the presence of BHs. The initial conditions for these
ve models are summarized in Table 1 . We assigned labels to the
odels to indicate the existence of primordial binaries and BHs. 
For BH treatment, models with the label ‘BH’ refer to the wBH-1
odel from G21 , where the mass fallback scaling for kick velocities

s applied so that a part of the BHs has low kick velocities and stays
n the clusters. They also have the same N 0 and r h, 0 as those of the
oBH-1 model. 
Models with the label ‘noBH’ refer to the noBH-1 model from

21 . In these models, all BHs have high kick velocities similar to the
S after asymmetric supernovae. The velocity distribution follows a

1D) Maxwellian distribution with a dispersion of 265 km s −1 . As a
esult, we found no BHs are retained in our noBH models. 

The prefix ‘noBin’ and ‘Bin’ represent without and with primordial
inaries, respectiv ely. F or ‘Bin’ models, all stars are in binaries
nitially. F or massiv e binaries with the component mass > 5 M �,
xcept the Bin-noBH-F model, all other ‘Bin’ models have the period
nd mass ratio distributions follow the observational constraints of
B 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
he model from Kroupa ( 1995a , b ) and Belloni et al. ( 2017 ; naming
s Kroupa binary model). The orbital parameters of this model are
erived from the inverse dynamical population synthesis of binaries
n the Galactic field. This model assumes an universal property of
rimordial binaries and all stars forming in star clusters. In addition,
 correction of the period and eccentricity distributions from Belloni
t al. ( 2017 ) is included to better fit the observational data of GCs. 

For the Bin-BH-Alt model, we assume a different setup of
ow-mass primordial binaries (referred to as FlatLog model) as a
omparison with the Kroupa binary model. The semimajor axes
ollow a flat distribution in the logarithmic scale where the minimum
nd maximum value are 3 solar radius and 2 pc, respectively. The
ccentricity and mass ratio distributions are the same as those of the
roupa binary model. 
NRAS 527, 7495–7514 (2024) 
The period and eccentricity distributions are shown in Fig. 2 . For
oth binary models, the initial distribution of periods co v ers a wide
egion with 9 orders of magnitudes. The initial eccentricities exhibit
 sharp peak at e = 0 and a broader peak at e = 0.8, respectively. All
inaries with peri-centre separation less than the sum of the stellar
adii of the two components are excluded. Thus, an empty region is
isible in the period-eccentricity distribution of Fig. 2 . In addition,
he eccentricity distributions of the Kroupa and FlatLog are different
fter adjustment. 

These binary setups co v er a wide range of binary orbital periods,
here a large fraction of binaries are unstable in the cluster environ-
ent. After a short time (about one crossing time), the binary fraction

ignificantly reduces. Referring to Pal 5, the binary fraction of our
etup may be o v erestimated. The suggested 100 per cent fraction
rom Kroupa ( 1995a , b ) may appear high for low-mass binaries.
o we ver, it does encompass a notable proportion of wide binaries

hat rapidly dissipate within the initial 100 Myr. Observational
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onstraints on the binary fraction in Pal 5 exhibit a significant 
egree of uncertainty, with Odenkirchen et al. ( 2002 ) reporting 
0 per cent ± 20 per cent , while Koch et al. ( 2004 ) found a notably
o wer v alue of 9 per cent ± 8 per cent . As of no w, there exists no
efiniti ve observ ational data on the primordial binary characteristics 
f GCs. Consequently, we have employed an ‘extreme‘assumption 
egarding the binary population to magnify the potential impact of 
Hs and provide an upper limit for their influence. The benefit is that
e can investigate how long-term dynamical evolution of the clusters 
ith and without BHs affect both the tight and wide binaries. 
The Bin-noBH-F model has the same N 0 and r h, 0 as those in the

oBH-1 model. Ho we ver, after finishing the simulation, we found 
hat the Bin-noBH-F model cannot reproduce the final structure 
f the noBH-1 model at 11.5 Gyr and it has sufferred complete
idal disruption before 10 Gyr. The suffix ‘F’ in the name of the

odel indicates that this is a failed model. Thus, we conducted 
nother model ‘Bin-noBH’ by reducing r h, 0 to 13.2 pc. This small
odification results in a cluster similar to Pal 5 after 11.5 Gyr. 
In addition, we excluded massive binaries in the Bin-noBH-F 

odel to prevent non-supernovae BH formation in a binary, but we 
bserved that such events did not occur. Therefore, in the Bin-noBH
odel, we added the Sana distribution to massive binaries to ensure 

onsistency with the Bin-BH models. 
The common setup for all models is also summarized in Table 1 .

ll models were evolved for a duration of 12.0 Gyr. At 11.5 Gyr, the
lusters are located at the same Galactic position as Pal 5. Ho we ver,
ince the model did not precisely reproduce the surface number 
ensity of Pal5, we continue to evolve the cluster further to determine
he age (referred to as T mat ) when the model matches the observation

ore closely, as detailed in Section 3.1.5 . 
We assumed a spherically symmetric Plummer profile (Plummer 

911 ) with no primordial mass se gre gation. The IMF of stars
ollowed the two-component power-law shape described by Kroupa 
 2001 ). We adopted the same mass range of 0 . 1 − 100 M � as used in
21 , and the power-law indices ( α) and mass ranges are described

s 

= 

{ −1 . 3 (0 . 1 < m < 0 . 5 M �) 
−2 . 3 (0 . 5 < m < 100 M �) 

. (1) 

In this study, we adopted a cluster metallicity of Z = 0.0006,
hich is consistent with the value reported in Smith, Sneden & 

raft ( 2002 ) of [Fe/H] ≈ −1.4 dex for Pal 5. The initial star cluster
odels were generated using the updated version (Wang, Kroupa & 

erabkova 2019 ) of the MCLUSTER code (K ̈upper et al. 2011 ). This
pdate includes the implementation of the Kroupa binary model 
enerator, as shown in Fig. 2 . 

.6 Performance and energy error 

or these simulations, we utilize a desktop workstation equipped 
ith an AMD Threadripper 3990X processor with 64 cores and an 
VIDIA RTX 2080 Ti GPU. For the Bin-BH model, which involves 

imulations with both binaries and BHs, the wallclock time ( t w ) for
he first 1 Gyr is approximately 400 s per Myr. Ho we ver, there are
nstances where t w may significantly increase (up to around 1500 
 per Myr) for a short period (Myr) due to the formation of high-
elocity objects like NS after supernovae or stable triple systems 
ith certain orbital parameters. A detailed explanation can be found 

n the PeTar paper (Wang et al., 2020b ). After 1 Gyr, t w stabilizes and
radually decreases to 200 s per million yr by the time 12 Gyr are
eached. The total t w for the 12 Gyr simulation is approximately 50 d.
n comparison, the Bin-noBH model, which has a larger radius than 
he Bin-BH model, takes about 42 d to complete. The fastest model
ithout binaries but with BHs, known as the noBin-BH model, takes

pproximately 30 d. 
Measuring the relative energy error becomes complex due to the 
ass loss caused by stellar evolution. In the later stages, when the
ass loss due to stellar evolution is minimal, the relative energy error

ypically ranges between 10 −5 and 10 −4 . It is important to note that
he energy error is primarily influenced by the tightest binary in the
luster, and may not accurately represent the error in global evolution
Wang, Fujii & Tanikawa 2021 ). 

 RESULTS  

.1 Structural evolution 

irst, we present the evolution of the cluster structure and compare
ur results to the models from G21 and the observational data.
enerally, although the existence of binaries does not significantly 

ffect the structural evolution, the small difference can be amplified 
y the Galactic tidal field and result in early dissolution of the Bin-
oBH-F model. In addition, the existence of primordial binaries 
educes the BH populations and results in shorter relaxation times in
he early evolution. The stochastic formation of BBHs also affects 
he expansion of the cluster and eventually influences the disruption 
f the cluster. The surface number density of N -body models roughly
gree with observations with a larger central density. 

.1.1 Half-mass relaxation time 

he two-body relaxation time is an important time-scale of stellar 
ynamics, which reflects the speed of changes in the density and mass
e gre gation of a cluster and its tidal dissolution. The one-component
alf-mass relaxation time ( t rh1 ) defined in Spitzer ( 1987 ) has the form
s 

 rh1 = 0 . 138 
N 

1 / 2 r 
3 / 2 
h 

m 

1 / 2 G 

1 / 2 ln � 

, (2) 

here N is number of stars, r h is the half-mass radius, m is the average
ass of stars, G is the gravitational constant, and ln � is the Comlumb

ogarithm. When BHs exist, the binary heating is dominated by 
BHs, t rh1 leads to an underestimation of the relaxation time-scale 
f the system. Wang ( 2020 ) found that a proper two-component
elaxation time ( t rh ) can be obtained by dividing a correction factor
, defined as 

 = 

n 1 m 

2 
1 /σ1 + n 2 m 

2 
2 /σ2 

nm 

2 /σ
, (3) 

nd 

 rh = 

t rh1 

ψ 

(4) 

here the suffixes 1 and 2 represent the quantities for non-BH and
H components, respectively. 
Fig. 3 illustrates the evolution of t rh and ψ . The three BH models

xhibit significantly shorter t rh compared to the noBH models. During 
he first 100 Myr, the noBin-BH model displays a longer t rh compared
o the Bin-BH and Bin-BH-Alt models because the Bin models treat
inaries as single objects when calculating t rh . Consequently, the Bin-
H and Bin-BH-Alt models experience relatively faster expansion 
f r h and faster mass se gre gation of BHs (see Section 3.1.2 ).
ubsequently, the trend reverses, and the t rh of the noBin-BH model
ecomes shorter than that of the Bin-BH and Bin-BH-Alt models 
MNRAS 527, 7495–7514 (2024) 
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Figure 3. The evolution of two-component half-mass relaxation time for all 
models ( t rh ; upper two panels) and ψ factors (lower panel) for BH models. 
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ue to the difference in the number of BHs (see Section 3.1.3 ). As a
esult, the r h of the noBin-BH model expands faster than that of the
ther two models. After 8 Gyr, the t rh of all three BH models starts
o decrease due to mass loss via tidal e v aporation. 

The values of ψ for the BH models exceed 5, indicating that BHs
ignificantly impact the relaxation process of the clusters. Further
iscussion of r h is provided in Section 3.1.2 . 
In contrast, the two noBH models exhibit much longer t rh . There

s a rapid increase in t rh during the first 100 Myr, primarily due to
he strong stellar winds from massive stars and the escape of BHs.
onsequently, although the morphology appears similar at 11.5 Gyr

or models with and without BHs, the relaxation processes differ
ignificantly. These differences can lead to variations in the properties
f binaries. In Section 3.2 , we analyse the impact of these differences
nd discuss their implications for binary systems. It is important to
ote that assuming ψ = 1 for the noBH models is not accurate, as
here is still an order of magnitude difference between the minimum
nd maximum masses of stars. 

.1.2 Half-mass radius 

ig. 4 illustrates the evolution of r h for all models, including the ones
rom G21 for comparison. We observe that the presence of primordial
inaries has a weak impact on the evolution of r h , consistent with the
heoretical findings of W ang, T anikawa & Fujii ( 2022 ). When BHs
xist, the long-term structural evolution of star clusters is primarily
ontrolled by binary heating driven by the dynamical interactions
etween BBHs and the surrounding objects at the cluster centre. The
ajority of primordial binaries have much smaller masses compared

o BBHs, and therefore have a negligible impact on the binary
eating until most BHs have escaped from the cluster. A small subset
f massive primordial binaries can e ventually e volve into BBHs.
o we ver, e ven in the absence of these massive binaries, a star cluster

an generate BBHs through chaotic three-body interactions when
he central density of the cluster reaches a threshold after the core
ollapse of BHs (see Section 3.1.4 ). Consequently, we only observe
inor differences of r h between the Bin-BH, Bin-BH-Alt, and wBH-
 models during the first 10 Gyr of evolution. This can be explained
y the differences in relaxation times ( t rh ) discussed in Section 3.1.1 .
he galactic potential also affects r h , but since all models share the
ame orbit, the influence is similar. 
NRAS 527, 7495–7514 (2024) 
Ho we ver , after 10 Gyr , the Bin-BH-Alt model exhibits a similar
 h to that of the wBH-1 model, but its r h shows significant variations,
ndicating an energy imbalance and the onset of a disruptive tidal
hase. In contrast, both the Bin-BH and wBH-1 models remain stable
ntil 12 Gyr. This differing behavior is attributed to stochastic BBH
eating, 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
f BHs, as indicated by the initial rapid contraction of r h, BH . In the
in-BH model, r h, BH undergoes faster contraction during the early

tages of evolution compared to the noBin-BH model. This disparity
an be attributed to the difference in t rh , as the time-scale for mass
e gre gation is proportional to t rh . 

When comparing the noBH models with binaries (Bin-noBH-
) and the model from G21 without binaries (noBH-1), significant
ifferences in the evolution of r h emerge after 8 Gyr. The Bin-noBH-
 model experiences tidal disruption at around 9 Gyr, whereas the
oBH-1 model survives until 11.5 Gyr. G21 noted that the final
roperties of the noBH models are more sensitive to changes in the
nitial conditions, and in fact argued that this ‘fine tuning’ problem
isfa v ours the noBH scenario. An offset of r h, 0 needs to be introduced
n the Bin-noBH model to achieve consistent r h at 11.5 Gyr. 

Tw o f actors may explain the need for this offset. First, in the
bsence of BHs, binary heating is primarily generated by low-mass
inaries. Consequently, the influence of primordial binaries is more
ronounced compared to models with BHs. Secondly, due to the
arger r h, 0 , the cluster becomes more sensitive to the galactic tide.
he presence of primordial binaries affects the relaxation time of the
ystem, as the dynamical effect of tight binaries is equi v alent to that of
ingle objects, resulting in a shorter relaxation time for the system.
onsequently, the system dissolves faster, necessitating a denser

nitial cluster to allow the cluster’s survival, as seen in the noBH-1
odel. Additionally, the differences caused by the stochastic scatter

f r h 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 ( f BH ) and the bound mass of BHs ( M BH ) for all models. The data of the wBH-1 and 
noBH-1 models are shown for comparison. 
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onditions may also be amplified by the galactic tide, contributing to 
he divergent evolution. 

.1.3 Mass loss 

he upper panels of Fig. 5 show the evolution of the total mass ( M ( t ))
f our models. Data of the wBH-1 and the noBH-1 from G21 are
lso shown as references. The mass loss has two channels: wind mass
oss driven by stellar evolution and escapers via stellar dynamics of
tar clusters. To have a consistent definition of M , all models use
he same criterion to select escapers. First, we calculate the bound 
nergy of stars and centre-of-the-mass of binaries without external 
otential and then select escapers with energy > 0. 
Here we compare the three cases: For models with no primordial 

inary and with BHs, M ( t ) of our noBin-BH model agrees with the
BH-1 model from G21 . The final mass of the noBin-BH model at
1.5 Gyr is slightly larger than that of the wBH-1 model. 
For models with primordial binaries and with BHs, compared to 

he wBH-1 model, the Bin-BH, and the Bin-BH-Alt models lose mass
aster during the first few hundred Myr, but mass loss of the Bin-BH
odel becomes slower near the end of the simulation. Finally, the 
in-BH and the wBH-1 models agree with each other, while the 
in-BH-Alt model dissolves after about 11 Gyr. 
For models with no BHs, the Bin-noBH-F model with primordial 

inaries loses mass faster than the noBH-1 model with no binaries. 
he Bin-noBH model, with a smaller r h, 0 , experiences a relatively
lower mass loss, and its M ( t ) remains slightly abo v e that of the
oBH-1 model at 11.5 Gyr. In general, the evolution of M ( t ) and r h 
re similar for all three cases. 

A few spikes can be observed in the evolution of M , f BH , and M BH 

or the Bin-BH-Alt model, as depicted in Fig. 5 . We have identified
he source of these spikes as a limitation in the algorithm employed
or core member determination and escapee identification. During 
he data analysis, the determination of a star’s energy relies on the
efinition of the cluster centre, with the requirement to subtract the
entre’s velocity to obtain the accurate kinetic energy relative to the
luster centre. In our study, we define the cluster centre as the core
entre. Ho we ver, a situation arose in which three BBHs appeared
imultaneously in the central region of the cluster. Unfortunately, the 
ore radius estimated by the six-neighbour weighted method (Aarseth 
003 ; Wang et al. 2020b ) failed to function correctly in this scenario,
esulting in a small core comprising only six BHs. Consequently, the
resence of these BHs significantly biased the velocity of the cluster
entre, leading to incorrect energy determinations for many stars and 
ausing them to be mistakenly classified as escapees. 

.1.4 BHs 

Hs significantly affect the long-term dynamical evolution. We 
nvestigate the mass fraction of BHs ( f BH ) and the bound mass of
MNRAS 527, 7495–7514 (2024) 
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Figure 6. The evolution of the semimajor axes of BBHs within the core 
radius ( r c ) 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 o v er time ( a > 10 au) 
and inspiral by GW radiation ( a < 1 au). 
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Hs ( M BH ) in Fig. 5 . The evolution of f BH in the noBin-BH and the
BH-1 models agree with each other in the first 8 Gyr. Then, f BH 

ncreases more slowly in the noBin-BH model and is half that in the
BH-1 model at 11.5 Gyr. M BH of the noBin-BH model is slightly

maller than that of the wBH-1 model initially and such a difference
s inherited in the long-term evolution. Finally, as a large fraction of
tars escape, such initial differences lead to a large difference of f BH 

t the end. 
For the Bin-BH and the Bin-BH-Alt models, M BH are significantly

maller than that of the noBin-BH model during the early evolution.
his difference is due to the stellar evolution of massive binaries.
ased on the orbital parameters of binaries from Sana et al. ( 2012 ),

he progenitors of BHs (massive stars) are all in binaries. A fraction
f the tight binaries suffers mass transfer and mergers. The BHs
ormed from these binaries can have different distribution of masses.
he maximum M BH of the Bin-BH model is about 250 M � less than

hat of the noBin-BH model. Then, after the mass se gre gation of
Hs (a few hundreds Myr), binary heating of BBHs start to kick out
Hs from the cluster, and result in larger difference of M BH during

he long-term evolution. Although the Bin-BH (Bin-BH-Alt) and the
oBin-BH models show a large difference of M BH , their evolution of
 and r h is similar before 10 Gyr. This was also observed in Wang,

anikawa & Fujii ( 2022 ). 
The evolution of the semimajor axes ( a ) of BBHs reflects both

inary heating and mergers driven by gravitational wave (GW)
adiation. Fig. 6 provides a comparison of this evolution for the
hree BH models. Despite the absence of primordial binaries in the
oBin-BH model, we can still observe the formation of BBHs and
heir orbital contraction. The frequency of BBH formation and the
NRAS 527, 7495–7514 (2024) 
 v erall trend of a are similar for all three models, except that the two
odels with primordial binaries exhibit a higher number of BBHs

ormed from these binaries during the first 1000 Gyr. Some of these
BHs with a < 1 au undergo orbital shrinking due to GW radiation,
ltimately merging to form more massive BHs. These newly formed
Hs lead to the creation of massive BBHs with masses exceeding
00 M �. The presence of these massive BBHs can have a substantial
mpact on the evolution of the star cluster, influencing its dynamical
nd structural properties. 

In particular, for the Bin-BH-Alt model, the formation of a massive
BH around 8 Gyr coincides with a faster expansion of r h compared

o the Bin-BH model, ultimately leading to an earlier disruption of
he Bin-BH-Alt model. Hence, the divergent evolution of the Bin-
H and Bin-BH-Alt models after 8 Gyr is attributed to the stochastic

ormation of BBHs. 
It is important to note that our models do not account for the high-

elocity kicks experienced by newly formed BHs due to asymmetric
W radiation following mergers. Therefore, the formation of such
assive BBHs might not be as common as our models suggest

Antonini, Gieles & Gualandris 2019 ). Consequently, the stochastic
ffect of massive BBH heating could be overestimated in our cases. 

We have conducted an analysis on the numbers of BBHs and
BH mergers within r h for the three models containing BHs. The
oBin-BH model exhibits only one merger and 603 BBHs. The Bin-
H model shows 23 mergers and 272 BBHs, while the Bin-BH-Alt
odel displays 13 mergers and 182 BBHs. The ratio of mergers to

he total number of BBHs falls within the range of 7 per cent to 8
er cent for the latter two models. Considering the inclusion of GW
icks, it is anticipated that a significant portion of these BBH mergers
ill escape from the cluster. 

.1.5 Surface number density profiles 

he determination of r h and M relies on the selection criteria for
dentifying cluster members. When comparing the N -body models
ith observational data from Pal 5, it is challenging to use the exact

ame selection criterion for both. A more appropriate approach is to
ompare the surface number density ( �( R )), where R represents the
ngular distance from the cluster centre in the International Celestial
eference System (ICRS). 
Fig. 7 illustrates the �( R ) profiles for our N -body models and

he observational data of Pal 5 obtained from Ibata et al. ( 2017 ). To
nsure consistency with the observations, only main-sequence stars
ith masses ranging from 0 . 625 M � to 0 . 815 M � are considered in

he N -body data (see G21 for details). 
No stars are remo v ed during the simulation, allowing for the

racking of the tidal tail evolution. The centre-of-mass position of
he star clusters in the Galaxy at exactly 11.5 Gyr does not perfectly
lign with that of Pal 5. This is due to the long-term evolution of
tar cluster, where the centre of the cluster drifts as a result of
symmetric mass loss due to stellar winds, supernovae, and the
scape of stars. Therefore, we select snapshots from the simulations
hat have the closest centre-of-mass distance to that of Pal 5 whenever
 comparison is required in the subsequent analysis. We then correct
he positions and velocities of the stars by applying the offset between
he centre-of-mass of the N -body models and the observational data.
he results of this correction are presented in the upper panel of
ig. 7 . Due to the complete disruption of the Bin-noBH-F model,

t is not possible to determine the centre-of-mass position for this
articular model. Therefore, it is excluded from some analysis and
omparisons. 
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Figure 7. The surface number density ( �( 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 �( R ) profile. The ages of the 
corresponding snapshots ( T mat ) are indicated in the legend. Vertical lines are 
used to indicate the the ‘ef fecti ve radius’ – the radius containing half the 
number of stars in projection – ( R hn ) of the clusters. 
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The vertical lines in Fig. 7 , representing the half surface number
adii ( R hn ), indicate that all models except the Bin-BH-Alt model are
ore centrally concentrated than the observed Pal 5. In Fig. 5 , it is

hown that these models retain more mass at 11.5 Gyr compared to
he models presented in G21 . 

The Bin-noBH and Bin-BH models exhibit similar �( R ) profiles,
ut this similarity is coincidental since they had different initial 
ensity profiles and evolved in opposite ways, as demonstrated in 
ig. 4 . 
Given the time-consuming nature of the simulations, it is challeng- 

ng to precisely reproduce the models of G21 and the observational 
ata. To enhance the comparison with the observational data, we 
elected snapshots at different ages that match the observed �( R )
rofile. These results are displayed in the bottom panel of Fig. 7 .
lthough the tidal streams differ substantially, we can still compare 

he internal properties of binaries and mass functions using these 
napshots. 

.2 Binaries 

.2.1 Binding energy of binaries 

hile the BH and noBH models may exhibit a similar �( R ) profile,
s demonstrated in Fig. 7 , their relaxation processes differ. This
iscrepancy can lead to different properties of binaries at 11.5 Gyr. 
In star clusters, perturbations from incoming objects can signifi- 

antly alter the orbits of binaries. According to the Heggie ( 1975 )–
ills ( 1975 ) law, wide or soft binaries are prone to disruption

fter experiencing a few close encounters with intruding objects. 
onversely, tight or hard binaries tend to become even tighter after 

hese encounters. 
The hard-soft boundary of binding energy ( E hs ) at the distance to
he cluster centre ( r ) is determined by the local velocity dispersion, 

 hs = 

〈 mv 2 〉 
3 

(5) 

here 0.5 〈 mv 2 〉 is the average kinetic energy of stars and binaries at
 , and v is the velocity. 

The hard-soft boundary of binaries evolves as the structure of the
luster changes o v er time. Initially, during the first 100 Myr of star
luster evolution, there is a rapid reduction in the hard-soft boundary.
his is due to the expansion of r h caused by the strong stellar wind
ass loss from massive stars, as shown in Fig. 4 . 
After 100 Myr, the evolution of r h slows down, and the hard-soft

oundary , E hs , evolves more gradually . The Bin-BH and Bin-noBH
odels have different initial E hs ( r ) curves as shown in Fig. 4 , but

heir final E hs ( r ) curves at 11.5 Gyr converge to a similar shape. This
ndicates that the distribution of binary binding energy at 11.5 Gyr
ay reflect the different evolutionary histories of E hs . 
To further analyse the distribution of binary binding energy, 

ig. 8 presents a comparison of the contour plot of E b versus r
t approximately 11.5 Gyr for the Bin-BH and Bin-noBH models. 
cross a wide range of r values, spanning from the centre of the

luster to the distant tidal tail, two distinct peaks can be observed.
he first peak, located around 10–30 pc, represents the population 
f binaries inside the cluster. The second peak, with r > 3000 pc,
orresponds to binaries that have escaped from the cluster and are
istributed along the tidal tail. 
We focus on the discussion of binaries within the cluster and

xamine the hard-soft boundaries, E hs ( r ), at three different ages:
 Myr , 100 Myr , and 11.5 Gyr. These boundaries are plotted as
eference curves. To calculate E hs ( r ), we divide the cluster into 10
adial bins, ensuring an equal number of objects per bin. Binaries are
reated as unresolved objects in this analysis. The maximum value 
f r is set to be at 90 per cent of the Lagrangian radius, providing a
adial range that reflects the cluster’s size at the three ages. 

The results show that E hs ( r ) does not exhibit strong variations
long r . The two models, Bin-BH and Bin-noBH, have similar E hs ( r )
urv es, e xcept for an offset in the radial region at 0 and 100 Myr. The
eak of E b falls between the E hs ( r ) curves at 100 Myr and 11.5 Gyr.
his suggests that during the first 100 Myr, not all soft binaries with
 b < E hs are immediately disrupted, and many of them can survive
nd become hard binaries by 11.5 Gyr. 

Therefore, the final distribution of E b does not clearly reflect the
nitial conditions of the two models, as anticipated by G21 . Ho we ver,
he Bin-noBH model has a relatively larger number of binaries 
ompared to the Bin-BH model. This difference suggests that the 
 v erall rate of binary disruption depends on the evolutionary history
f the cluster density. 

.2.2 Period distribution 

o analyse the binary disruption rate in relation to cluster dynamics,
e examine the period distributions normalized by the bound mass 
f the cluster for three models: Bin-BH, Bin-noBH, and Bin-BH-Alt, 
s depicted in Fig. 9 . We define N hb as the number of binaries within
 h for each period bin, normalized by the bound mass of the cluster.
e compare the values of N hb at the initial phase (0 Gyr) and the
edian age (5 Gyr). 
In the Bin-BH and Bin-noBH models, the initial period distri- 

utions are the same, but they exhibit different density profiles. At
 Gyr, the Bin-noBH model retains more wide binaries compared to
he Bin-BH model. The hard-soft boundaries of periods, estimated 
MNRAS 527, 7495–7514 (2024) 
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Figure 8. The contour of r - E b at 11.5 Gyr for the Bin-BH model (upper panel) and the Bin-noBH model (lower panel). Binaries with one or two compact 
objects are excluded in the contour. Instead, BH-MS and BH-WD binaries are marked as blue and lightblue stars, respectiv ely. Three curv es show the hard-soft 
boundaries E hs ( r ) at zero age, 100 Myr and 11.5 Gyr, respectively. The white region outside the colour region indicates no binary. 

Figure 9. The period distribution of binaries within r h 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 r h 
normalized by the bound mass of the cluster ( N hb ). The lower panel shows 
the ratio between N hb at 5 Gyr and the initial N hb . The vertical dashed and 
solid lines represent the hard-soft boundary of period within r h at 0 and 5 Gyr, 
respectively. 
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or stars within r h , do not exhibit significant differences between the
wo models. Ho we ver, the peak of the period distribution in the Bin-
H model is closer to the hard-soft boundary at zero age, whereas

n the Bin-noBH model, it aligns with the boundary at 5 Gyr. This
isparity suggests that the disruption rate of binaries is not solely
NRAS 527, 7495–7514 (2024) 
etermined by the hard-soft boundary. During long-term evolution,
he Bin-BH model, which is denser and contains BH subsystems,
xperiences a higher rate of disruption for wide binaries, resulting in
he peak of the period distribution being closer to the boundary. In
ontrast, the Bin-noBH model preserves more wide binaries, and the
eak of the period distribution reflects the boundary at 5 Gyr for the
luster. 

Comparing the Bin-BH and Bin-BH-Alt models, they share a
imilar density evolution but differ in the assumptions of their
rimordial binaries. The ratio of N hb at 5 Gyr to the initial phase,
 hb (5 Gyr ) / N hb (0), exhibits an identical trend for both models. This
nding implies that the binary disruption is not highly sensitive

o the assumption of the initial period distribution. Consequently,
t is possible to infer the initial binary properties through inverse
eri v ation if the evolution history of the cluster density is known
see Kroupa 1995a ; Marks, Kroupa & Oh 2011 ; Marks & Kroupa
012 ). Moreo v er, by utilizing the derived ratio, we can extrapolate the
volution of the period distribution of binaries for any arbitrary as-
umption regarding the primordial binary populations. This provides
 valuable tool for understanding the long-term dynamical evolution
f binary systems within star clusters and can aid in studying the
mpact of different initial binary properties on the binary disruption
ate and cluster dynamics. 

We currently possess only two distinct binary models; therefore,
e cannot definitively assert that the binary disruption rate is the

ame for all types of initial period distributions. To validate and
 xplore the dependenc y of binary disruption on cluster properties,
urther N -body models are necessary. 

.2.3 Radial distribution 

ig. 10 compares the radial distribution of the binary fraction ( f bin )
or the Bin-BH and Bin-noBH models at 11.5 Gyr. 

In the upper panel, the real f bin is plotted as a function of the 3D
adial distance from the cluster centre. Both models exhibit a similar
rend, with a systematic offset of f bin along r . The central region of the
luster shows a higher f bin compared to the outer halo. At the distant
ail of the cluster, f bin 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 per cent 
Lagrangian radii, respecti vely. Lo wer 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 R hn as shown in Fig. 7 . 
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ttributed to binaries that escaped from the cluster during the early 
tages of evolution, as they suffer fewer dynamical perturbations and 
ave a higher chance of survi v al. 
The lower panel of Fig. 10 presents the predicted observed binary 

raction as a function of projected distance. To identify binaries 
rom the CMD, we assume that unresolved binaries with B-band 
agnitudes between 20.5 and 23 mag and a mass ratio abo v e 0.6

an be detected. The B-band magnitudes for stars are generated by 
sing GALEVNB . Notably, f bin (obs) for both models is nearly identical
ithin a projected distance up to 30 arcmin, unlike the real f bin for

ll binaries. The observed binary fraction f bin (obs) falls in the range
f 0.2–0.3. 

.2.4 Half-year evolution of line-of-sight velocities 

ith high-resolution multi-epoch spectroscopic observations, it is 
ossible to identify binaries by comparing the line-of-sight velocity 
hanges ( | 	v LOS | ) o v er a span of approximately six months. 

The line-of-sight velocity v LOS of an unresolved binary is the 
ombination of two v LOS of two components and is dominated by the
righter component. Thus, the | 	v LOS | values exhibit considerable 
ariation during the multiple epochs of observation. These variations 
re determined by the periods, eccentricities, inclinations, and orbital 
hases of the binaries. Notably, larger variations are observed for 
hort-period binaries, which could potentially aid in distinguishing 
hese binaries from other effects that cause changes in velocity. The 
aseline of approximately half a year is sensitive to a maximum 

eriod of ∼ 10 4 d. 
We estimate v LOS of binaries by taking the I-band flux-weighted 
verage of the v LOS of the two components. In Fig. 11 , we present the
 	v LOS | versus period plot for observable unresolved binaries with
 	v LOS | > 0 . 3 km s −1 and R < 10 arcmin after multiple epochs,
espectively. We specifically select binaries with at least one bright 
post-main-sequence) star component, and some binaries include 
hite dwarfs. These bright stars have a luminosity in the HST F 555 W
lter brighter than 20 mag. The three models (Bin-noBH, Bin-BH, 
nd Bin-BH-Alt) exhibit observable binaries across a wide range 
f period distributions, spanning from 1 to 10 4 d. The snapshots at
 mat (see the bottom panel of Fig. 7 ) are chosen as the first epoch
f observation. The choices of time intervals between epochs were 
hosen to be roughly equal space in half a year time interval, and
he exact values are defined by the time step algorithm of the PETAR

ode. 
The number of detectable binaries is similar for all three models,

ith the Bin-noBH model exhibiting slightly more binaries with 
eriods abo v e 3000 d. This trend aligns with the period distributions
hown in Fig. 9 , although some stochastic scatter may be present. 

To assess the completeness of detectable binaries via multi-epoch 
bservations of | 	v LOS | , we compare the number counts of detectable
inaries and all bright binaries as a function of periods, as shown in
ig. 12 . For all models, periods up to 10 4 d are detectable and all
inaries with periods below 10 3 d can be detected with multiple
MNRAS 527, 7495–7514 (2024) 
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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 | 	v LOS | > 0.3 km s −1 . 
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Figure 13. The line-of-sight velocities of individual bright stars and binaries 
are plotted, and detectable binaries with | 	v LOS | > 0.3 km s −1 are indicated 
as green dots. 

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

Model σLOS, S, hn σLOS, S σLOS, SB σLOS, SCB σ 1D 

[ σ 1D ] [ σ 1D ] [ σ 1D ] [ σ 1D ] [km s −1 ] 

Bin-BH 1.04 1.13 12.9 1.83 0.645 
Bin-BH-Alt 1.01 1.05 22.9 1.33 0.528 
Bin-noBH 1.02 0.815 8.81 1.27 0.729 

The last column, σ 1D , represents the estimation of σLOS based on equation 
( 6 ), which serves as the unit for the other four columns. In particular, the 
column σLOS, S, hn presents the σLOS v alue deri ved from single stars within 
R < 3 arcmin (17 pc, approximately the R hn ). The remaining three columns 
depict σLOS within R < 10 arcmin (58 pc), where σLOS, S , σLOS, SB , and 
σLOS, SCB represent the σLOS values from only single stars, both single stars 
and binaries, and both single stars and undetectable binaries with | 	v LOS | ≤
0.3 km s −1 , respectively. 
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pochs. From Fig. 11 , one binary in the Bin-BH model with a period
etween 10 3 and 10 4 d has only one epoch that shows | 	v LOS | >
.3 km s −1 . A few binaries abo v e 10 3 d in the Bin-noBH models have
pochs where | 	v LOS | < 0.3 km s −1 , indicating that they might be
issed if the observational epochs are limited to two. 
The observed v LOS of unresolved binaries does not represent

he v LOS of the centre-of-mass of the binaries, which complicates
he determination of the physically useful line-of-sight velocity
ispersion ( σ LOS ). A complete sample of detectable bright binaries
ith periods below 10 4 d can mitigate this effect and significantly

mpro v e the determination of ( σ LOS ). When binaries are detectable
rom multi-epoch observations, we can exclude them from the
omputation of σ LOS . In our N -body model, we simulate the impact of
xcluding binaries with | 	v LOS | > 0.3 km s −1 on the determination
f σ LOS . 
Fig. 13 displays the individual line-of-sight velocities of bright

tars ( v LOS ), undetectable bright binaries with | 	v LOS | ≤ 0.3 km s −1 

 σ LOS, SB ), and detectable binaries with | 	v LOS | > 0.3 km s −1 ,
ligned with the projected distance. Most binaries with v LOS >

 km s −1 are detectable, and thus, we can remo v e them for the
alculation of σ LOS . 

Table 2 demonstrates how removing detectable binaries impro v es
he determination of σ LOS . To have a consistent comparison among
he three models, we scale the value of σ LOS by the estimated 1D
elocity dispersion σ 1D within r h , assuming a virial equilibrium state
f the cluster, 

1D � 

√ 

GM 

6 r h 
. (6) 
NRAS 527, 7495–7514 (2024) 
his normalization allows us to account for any differences in
he o v erall dynamical state of the clusters and facilitates a more

eaningful comparison of the σ LOS . 
The presence of BHs affects the σ LOS in the cluster centre. To

llustrate the difference between models with and without BHs, we
alculate the σ LOS of single stars within a projected distance of R
 3 arcmin ( σ LOS, S, hn ), which corresponds to the R hn (17 pc). All

hree models exhibit similar values of σ LOS, S, hn . Additionally, the
LOS values of single stars within a projected distance of R < 10
rcmin (58 pc), which includes stars outside the ef fecti ve radius of
he cluster, are similar to σ LOS, S, hn , except the Bin-noBH model,
hich has a lower value. 
Since the normalization factor σ 1D is different for the three models,

nd the observation cannot directly obtain M and r h , the difference
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Table 3. The parameters of BwBHs for the Bin-BH model at 11.5 Gyr. 

Type m 1 [M �] m 2 [M �] Period [d] p [R �] Eccentricity R 2 / R RL2 r [pc] 

BBH 39 27 5.9 41 0.26 8.1e-06 5.1e + 03 
37 30 5.9e + 02 12 0.99 2.9e-05 9.1e + 03 
7.5 7.4 3.8 13 0.49 6.5e-06 9e + 03 
8.2 7.8 18 67 0.07 1.3e-06 5.4 
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 3.3 
16 0.71 3.3e + 04 1.1e + 03 0.90 0.0041 8.1 
13 0.68 4.8e + 04 9e + 03 0.33 0.00044 3.4 
15 0.21 1.1e + 07 7.5e + 04 0.86 2.7e-05 5.5 

BH-WD 8.4 1.1 1.4e + 02 2.4e + 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 + 05 7.7e + 03 0.78 8.7e-06 4.7 
15 1 5.4e + 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 1e + 05 0.52 6.7e-07 7.7 

m 1 and m 2 denote the masses of the primary and secondary components, respectively; p represents the 
peri-centre distance; R 2 / R RL2 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. 
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n the observed estimates of σ LOS for the three models may be larger
han what we found in our simulations. This should be taken into
onsideration when interpreting the results and comparing them with 
bservations. 
The sample that includes all bright singles and binaries exhibits 
uch larger dispersion values ( σ LOS, SB ) than the values ( σ LOS, S ) of

he sample containing only singles. By excluding detectable binaries, 
he values ( σ LOS, SCB ) are significantly lower than σ LOS, SB , roughly 
.5–2 times of σ LOS, S . This procedure helps to obtain more accurate 
stimates of σ LOS . 

.2.5 Binaries with BHs 

he Bin-BH model at 11.5 Gyr exhibits several binaries which 
ontain one or two BHs (BwBHs), as depicted in Fig. 8 . It is important
o investigate whether these BwBHs can be detected, serving as 
vidence for the existence of BHs. Table 3 provides a summary of
he parameters for these binaries, which include three types: BBHs, 
H with MS (BH-MS), and BH with WD (BH-WD). Other types of
H-star binaries are not detected. 
The presence of BBHs has also been illustrated in Fig. 6 , with the

ossibility of some being detected by GW detectors. Three BBHs are 
nside the clusters and the other three distribute in the tidal stream. 

An interacting BwBH that contains an accreting BH primary and 
 non-BH secondary star is particularly interesting as a potential X- 
ay or radio source that could be detected, providing evidence for
he presence of BHs in Pal 5. Unfortunately, there is no BwBH that
ontains a bright post-main sequence star at 11.5 Gyr, only a few
H-MS and BH-WD exist. 
We calculate the Roche lobe radius using equation (53) from 

ggleton ( 1983 ); Hurley, Tout & Pols ( 2002 ), with the semimajor
xis replaced by the peri-centre distance p , 

R RL2 

p 

= 

0 . 49 q 2 / 3 

0 . 6 q 2 / 3 + ln (1 + q 1 / 3 ) 
(7) 

here q = m 2 / m 1 . The original formula assumes a circular orbit,
hich misses the eccentric binaries where the accretion may occur 

t the peri-centre separation. To account for this, we use the peri-
entre distance p instead. When the stellar radius of the secondary
tar ( R 2 ) is greater than or equal to the Roche lobe radius ( R RL2 ), the
econdary star fills its Roche lobe, and the accretion process might
esult in observable radiation. 

The R 2 / R RL2 values of BH-MS binaries in our models are below
0 −3 , indicating that no accretion occurs in these cases. The BH-WD
inaries have the potential to become ultraluminous X-ray sources 
ULXs). Detailed studies of the dynamical formation scenarios for 
hese ULXs in globular cluster environments have been conducted 
y Iv anov a et al. ( 2010 ). One BH-WD binary in our simulations has
 period of 2.5 d and a peri-centre distance ( p ) of 2 R �, located ∼ 4 . 5 
c away from the cluster centre. The ratio R 2 / R RL2 is approximately
0.04, which does not yet reach the criterion for accretion. 
In our investigation of the BH-MS binaries, we have discovered 

hat their formation occurs through a similar dynamical channel. The 
S star originates from a primordial binary of two MS stars (MS–
S). The BH originates from a primordial binary of two massive

tars, which forms a BBH. The formation process of the BH-MS
inaries in the Bin-BH model involves several steps: 

(i) The BBH undergoes several interactions with other BHs in the 
luster. 

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

(iii) This single BH eventually encounters the MS–MS binary and 
articipates in a binary exchange event. 
(iv) As a result of the binary exchange, the BH joins the MS–MS

inary, forming the BH-MS binary. 

The described process is visually illustrated in Fig. 14 . The dynam-
cal formation of BH-MS binaries in star clusters have been discussed
n several works (Kremer et al. 2018 ; Di Carlo, Rodriguez & Breivik
023 ; Rastello et al. 2023 ; Tanikawa et al. 2024 ). 
Although no observ able e vents from interacting BwBH occur at

1.5 Gyr, we can estimate the frequency of such events by collecting
he interacting BwBHs recorded in the evolution of star clusters. 
he criterion to select interacting BwBHs are R 2 / R RL2 ≥ 1. Events

hat occurred in the first 100 Myr are excluded, as they mostly
MNRAS 527, 7495–7514 (2024) 
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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. 
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1 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. Ho we ver, 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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nvolve primordial binaries that are not significantly affected by
tellar dynamics. The results are summarized in Table 4 . 

The Bin-BH and Bin-BH-Alt models have a dozen of such
nteracting BwBHs, including both primordial and dynamically
ormed BwBHs. The dynamically formed BwBHs contribute to
pproximately half of the interacting BwBHs. The secondary stars
nvolved in these BwBHs include several types, with one being BH-
S, which can trigger a GW merger. 
The Bin-noBH model also includes five events, all of which

onsist of primordial binaries. Among these events, four are BH-MS
inaries, and one is a BH-NS binary. Despite the high supernovae
ick velocities in the Bin-noBH model, these binaries were strongly
ound before the supernovae, and the random natal kick did not
isrupt the binaries. Instead, the binaries escaped from the cluster
fter the kick. 

The last BH-MS binary has a low-mass BH component of 2 . 5 M �.
his unusually low mass has originated from an accreting NS. After

nteracting with its companion star, the NS e ventually e volved into a
ow-mass BH. This binary is a primordial one, with zero-age main-
equence masses of 17 . 3 M � and 3 . 7 M �. 

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

The noBin-BH and Bin-noBH-F models do not e xhibit an y
nteracting BwBH events, and thus, they are not included in the
able. One common feature of these two models is the absence
f massive primordial binaries, which is different from all other
odels that have OB binary properties from Sana et al. ( 2012 ). As
 result, the possibility of dynamical formation of BwBHs is also
ow in these models. One important channel for the formation of
nteracting BwBHs is through the dynamical exchange of binary
omponents after a close encounter between a BH and a binary. The
ack of primordial binaries in these models suppresses this formation
hannel. 

Multi-epoch observations of | 	v LOS | can also be used to detect
on-interacting BwBHs. For instance, utilizing multi-epoch MUSE
pectroscopy, Giesers et al. ( 2018 , 2019 ) disco v ered three BwBHs
n NGC3201. The stellar companions in these BwBHs have mass
alues of 0 . 6 − 0 . 8 M �. The four BH-MS binaries in the Bin-BH
odel at 11.5 Gyr have comparable companion masses. Therefore,

t is possible to detect BHs in Pal 5 via multi-epoch observations
f | 	v LOS | . Ho we ver, due to the long periods of these binaries, a
ong-term observation plan (several years) is needed to accurately
onstrain the masses of the BHs. Despite the fact that these binaries
re not v LOS variable o v er a short baseline of a few months, they may
till be found: they should appear as member stars according to their
osition in the CMD, parallax, and propor motion, but the y hav e a
arge v LOS offset. A solar-type star orbiting a 15 M � BH with a 10 4 

 period has an orbital velocity of ∼25 km s −1 . This predicted signal
s worth looking for. 
NRAS 527, 7495–7514 (2024) 
.3 CMD 

y utilizing the GALEVNB code, we can convert our simulation data
nto mock photometry. As an example, we present the CMD of the
in-BH model at 11.5 Gyr, using HST F 555 W and F 814 W filters,
nd CSST g and u –i filters (Fig. 15 ). 

In the CSST filters, we observe binary stars distributed between
he MS and WD sequence. These binaries consist of a WD and a
ow-mass main sequence star (LMS). Similar features in the CMD
ave been seen in N -body simulations by Pang et al. ( 2022 ; see
g. 5 in Pang et al. 2022 ). 1 In these binary systems, the luminosity is
ainly dominated by the WD, as both components hav e v ery similar
asses. They are considered as candidates for cataclysmic variable

CV) stars. 
The CSST g -band magnitudes of WD and CV are below 26 mag,

hile the corresponding HST F555W magnitudes are abo v e 26 mag.
herefore, CSST has the advantage of potentially detecting many
D and CV candidates in Pal 5. 
We also highlight the BH-MS binaries shown in Table 3 . Among

hem, three have the HST F555W magnitude below 21 mag and
he CSST g -band magnitude below 16 mag. If the multi-epoch
pectroscopy observation can reach this magnitude limit, it is possible
o detect these binaries via the observation of | 	v LOS | . 

.4 Mass functions 

he present-day mass function of a star cluster is influenced by
arious factors, including the IMF, mass se gre gation, and tidal
 v aporation. To investigate the impact of primordial binaries and
Hs on the mass function, we compare the mass functions of our N -
ody models with the observed ones. In order to make a meaningful
omparison with the observed data, we select snapshots from our
odels that closely match the observed surface number density

rofile ( �( R )), as shown in the lower panel of Fig. 7 . 
It is important to consider the resolution limitations when com-

aring with observations. The widest binary in our models has a
emimajor axis of approximately 1.8 × 10 4 au. Given the distance to
al 5, a spatial resolution of less than 1 arcsec is required to resolve

his binary. The best resolution achie v able by HST is around 0.05
rcsec, which means that only a small fraction of wide binaries with
eriods abo v e 1.4 × 10 7 d can potentially be resolved. Therefore,
e assume that most binaries remain unresolved in observations

nd calculate their magnitudes by summing the fluxes of their two
omponents. Fig. 15 shows the CMD of unresolved binaries, which
ppear redder and brighter compared to the single stars. 

To investigate this effect, we compare the (actual) total masses
 m tot ) of binaries with the masses converted from their F555W-band
agnitudes ( m obs ). 
For main-sequence binaries, we calculate the absolute F555W-

and flux and then determine the mass of a single star that has the
losest flux value, which serves as the converted mass m obs . The
omparison between m tot and m obs is depicted in Fig. 16 . 

The difference between m tot and m obs is highly sensitive to the
ass ratio q = m 1 / m 2 and luminosity ratio as well. Here, the mass
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Table 4. The accretion events of BwBHs after 100 Myr. 

Bin-BH 

Time [Myr] Primordial Type m 1 [M �] m 2 [M �] Period [d] p [R �] Eccentricity R 2 / R RL2 

109 True BH-HeHG 6.7 0.92 1.1e + 02 1.9e + 02 2.560109e-05 1.0 
188 True BH-MS 7.5 3.3 0.84 8.3 1.692295e-05 1.0 
268 True BH-AGB 20 2.3 2.7e + 03 2.3e + 03 3.729159e-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 9.9e + 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 3.5 40 1.1e + 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 6.142399e-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 3.9 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. 

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 F555W-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. 
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atio q is defined as the minimum mass divided by the maximum
ass of the two components in a binary. A higher q leads to a larger

ifference between the m tot and m obs values. Consequently, the m obs 

f equal-mass unresolved binaries can be significantly lower than 
heir true m tot . 

Furthermore, for binaries with the lowest q values, there is a 
ystematic offset between m tot and m obs . As a result, if unresolved
ain-sequence binaries cannot be distinguished from single stars, 

he total masses of all these binaries would be underestimated. 
The offset between m tot and m obs is determined by the minimum q .
here is a nonlinear relation between stellar luminosity ( L ) and mass
 m ). For MS stars in the mass range of 0.3–0.8 M �, L ∝ m 

4 , and
hus, we can roughly estimate the relation between the total binary

ass ( m tot ) and the binary mass used in the mass function estimation
 m obs ) as follows: 

m obs 

m tot 
≈ 1 + q 4 

1 + q 
. (8) 
MNRAS 527, 7495–7514 (2024) 
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Figure 16. The total masses ( m tot ) versus the F555W-band flux-converted 
masses ( m obs ) for main-sequence binaries of the Bin-BH model at 12 Gyr. 
The grey line shows the case of m tot = m obs . Colours represent mass ratio ( q ). 

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 
ha ve a vailable 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 re gions themselv es (referred to as ‘Ring’ regions) 
to enhance statistical accuracy. 
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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 m obs 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. 
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n our model, the minimum q is about 0.12, which corresponds to a
aximum m obs / m tot ≈ 0.93. 
To compute the mass functions, we collect stars within the same

bservational fields used by the HST observation from the Smith
eld (Grillmair & Smith 2001 ) and the Kuepper field (unpublished;
eported in Baumgardt et al. 2023 ), as shown in Fig. 17 . The centre
osition of the star cluster model is defined as the centre-of-mass of
tars located within the core of the star cluster. We adjust the centre
osition to match the observed position of Pal 5. 
The Smith field encompasses both the core and halo regions of

al 5, while the Kuepper field covers the outer region. To investigate
he radial dependence of the mass function in different regions of Pal
, we divided the Smith and Kuepper fields into three radial bins.
hese bins correspond to different distances from the cluster centre,
NRAS 527, 7495–7514 (2024) 
llowing us to obtain mass functions as a function of radial distance.
he intersection between the two observational fields and the three

adial bins (referred to ‘Field’ regions) are used for selecting samples
f stars. 
It is important to note that due to the limited observational co v erage

nd stochastic scatter, the comparison between the observed and
odeled mass functions may be affected. To impro v e statistical

obustness, we also select stars for measuring the mass functions
sing only the three radial bins of the N -body models (referred to
Ring’ regions). 

By comparing the mass functions obtained from the N -body
odels and from the observed data, we can investigate the effects of

rimordial binaries and BHs on the mass function of Pal 5. 
We conducted an analysis to assess the impact of unresolved

inaries on the determination of the mass function in the Kuepper
eld, using the Bin-BH model. The results are depicted in Fig. 18 .
e considered two scenarios for the treatment of binaries in the mass

unction: 

(i) RB (Resolved Binaries): All binaries are resolved, meaning
hat individual masses of binary components are counted in the mass
unction. 

(ii) URB (Unresolved Binaries): m obs is utilized for mass estima-
ion. This scenario represents a real observation where binaries are
nresolved. 

The mass functions obtained from the RB and URB scenarios
isplay 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 N f ( m ) for the Field regions, and the lower panel shows the normalized 
cumulative distribution N a ( m ) for the Ring regions. 
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In Fig. 19 , we present a comparison between the mass functions
btained from the N -body models using the URB method and the
bservational data. The upper panel of Fig. 19 shows the number 
ounts n ( m ). The N -body models exhibit a comparable number of
tars within the three Field regions when compared to the observed 
ata. The Bin-noBH model shows a slightly higher number of stars,
ndicating that a longer evolution time of more than 12 Gyr might be
ecessary for a better match. Ho we v er, this slight discrepanc y does
ot impact our comparison with the observed normalized counts. 
The median and lower panels of Fig. 19 display the normalized 

umulative distributions, N f ( m ), for the Field regions and N a ( m ) for
he Ring regions. In the inner radial bin, no significant difference 
s observed when comparing N f ( m ) and N a ( m ). Ho we ver, for the
edian and outer radial bins, a noticeable stochastic scatter is present 

n N f ( m ). This scatter is particularly evident in the N f ( m ) of the
in-BH model in the outer radial bin. These findings suggest that 

he observational data may also exhibit similar scatter, and it is
mportant to consider this when comparing the N -body model with 
he observational data. 

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

 ( m ) = Cm 

−α, (9) 

here C is a normalization constant and α is the power-law index 
sed for fitting. We employ the fitting method outlined in Khalaj &
aumgardt ( 2013 ) to determine the statistical error accurately. The 
ormula for fitting α is 

= 1 + n 

[ 

n ∑ 

i= 1 

ln 
m i 

m min 
− n 

ln X 

1 − X 

α−1 

] −1 

, (10) 

here n represents the total number of stars, m i is the mass of an
ndividual star, m min is the minimum mass of stars, and X is the ratio of
he maximum to the minimum masses of stars. Iterative calculations 
re necessary to solve this fitting equation. The corresponding error 
an be described as 

( α) = 

1 √ 

n 

(
( α − 1) −2 − ln 2 X 

X 

α−1 

(1 − X 

α−1 ) 2 

)−1 / 2 

(11) 

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

In the middle and outer radial bins, all of the N -body models exhibit
igher α values compared to the observational data. This discrepancy 
s more pronounced when considering the normalized cumulative 
istribution in the Ring regions ( N a ( m )). These differences suggest
hat the N -body models exhibit more pronounced mass segregation 
han what is indicated by the observational data, although we need
o take into account the potential stochastic scatter inherent in the
MNRAS 527, 7495–7514 (2024) 
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Table 5. Fitting result of the power-law indices ( α) 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 0.987 ± 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’). 
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bservational data. The presence of BHs does not appear to have
 clear impact on the mass functions. The models incorporating
rimordial binaries exhibit better agreement with the observed data,
articularly in the inner radial bin. 

 L IMITATIONS  A N D  F U T U R E  D I R E C T I O N S  

.1 Uncertainty of initial condition 

ue to the computational expense, we are unable to explore the entire
arameter space of the initial condition of Pal 5, resulting in several
spects not being addressed in this study. These include assumptions
egarding the properties of primordial binaries, the evolution of
he Galaxy, the uncertainty associated with stellar evolution, the
ra vitational wa ve kicks following mergers of BBHs, and the realistic
ormation environment of the cluster. 

In our study, we have adopted two extreme assumptions for the
rimordial binaries (Kroupa and FlatLog) with a 100 per cent initial
inary fraction. Ho we ver, these assumptions may not accurately
eflect the true properties of primordial binaries in Pal 5. None
he less, Fig, 9 suggests that the initial period distribution has no
ignificant impact on the survi v al fraction of binaries as a function
f period, as long as the cluster possesses a similar initial density
rofile and orbit in the Galaxy. Furthermore, the evolution of the
inary fraction ( N hb ) can be utilized to derive the period evolution
or different assumptions regarding the initial binary populations.
y using a 100 per cent initial binary fraction, we also explore the
aximum potential dynamical impact of primordial binaries. The
ide range of periods considered allows us to investigate the behavior
f hard and soft binaries with and without BHs. 
Our model assumes a static Galactic environment, which is consis-

ent with the setup employed in G21 to facilitate proper comparison.
ncorporating a realistic time-dependent Galactic potential, which
ay be important to understand the density profile of the stream

Pearson, Price-Whelan & Johnston 2017 ), is challenging due to
he limited observational constraints on Galactic evolution. It is
lausible that Pal 5 was formed in a significantly different Galactic
nvironment, potentially leading to variations in mass loss and
ensity evolution compared to our models. Ho we ver, we belie ve that
he o v erall trend driv en by the presence of BHs should be similar.
hus, our results offer a general perspective on how the existence of
Hs impacts the binary populations. 
The retention of BHs in clusters after supernovae remains an

pen question based on stellar evolution models. Our models do not
onsider gra vitational wa ve kicks following BBH mergers, which
ould lead to an o v erprediction of massiv e BBHs with masses
xceeding 100 M �. Although such BBHs can influence the time-
cale of cluster disruption as shown in Figs 4 and 6 , their impact
NRAS 527, 7495–7514 (2024) 
n the period distribution of binaries is limited since the hard-soft
oundary is not determined by a single specific BBH. 
The initial conditions of the clusters assume spherically symmetric

lummer models, similar to previous N-body simulations of GCs.
o we ver, the initial complexity of GC formation, including irregular

luster structures prior to achieving virial equilibrium and the
resence of gas, may affect the binary populations during the gas-
mbedded phase. 

.2 Obser v ation of binaries 

n Section 3.2.4 , we conducted an analysis to assess the feasibility
f detecting binaries by measuring the radial velocity difference
 | 	v LOS | ) through multiple half-year observations. The maximum
ime-interval reaches half a year. The results indicate that approxi-
ately 40 binaries could be identified, co v ering a period distribution

anging from a few to 10 4 d. The model without BHs tends to exhibit a
igher fraction of long-period binaries. While this observation cannot
irectly constrain the existence of BHs, it can provide insights into
he presence of wide (long-period) binaries. Such information may
e valuable in constraining the initial period distribution by utilizing
he N hb values depicted in Fig. 9 . 

To obtain a stronger constraint on the existence of BHs, it is
rucial to obtain additional observations of binaries in the period
ange around 10 5 d, which has pro v en to be challenging thus
ar. Furthermore, it is necessary to observe binaries in different
e gions of P al 5, including the inner re gion and the distant tail.
iven the uncertainties associated with the properties of primordial
inaries, assuming an initial period distribution becomes essential
or constraining the density evolution based on the observed pe-
iod distribution of present-day binaries. Notably, wide binaries
isrupted within the dense cluster can survive along the low-
ensity tidal tail. Therefore, the difference in the fraction of wide
inaries inside the cluster and in the distant tail can help constrain
oth the initial period distribution of binaries and the density
volution of clusters, ultimately shedding light on the existence
f BHs. 
Another approach to constrain the BH population is by detecting

H-star binaries. We find four BH-MS binaries with relatively high
S masses, as shown in Tables 3 and 4 and also illustrated in Fig. 8 .

ig. 15 suggests that the CSST has the potential to detect CVs,
hereby providing additional constraints on binaries with WDs. 

Multi-epoch spectroscopic observations for | 	v LOS | offer another
ossibility to detect non-interacting BH-star binaries. By utilizing
his data, we can obtain better constraints on σ LOS , providing an
ndirect constraint on the dynamical impact from BHs in the cluster
entre. 
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 C O N C L U S I O N S  

n this study, we performed N -body simulations of the Galactic halo
lobular cluster Pal 5 with and without the inclusion of BHs, while
onsidering a significant fraction of primordial binaries. Our main 
bjectives were to investigate the influence of binaries and BHs on 
he cluster’s dynamical evolution and to understand how the presence 
f BHs affects the binary populations within Pal 5. Additionally, 
e aimed to determine whether the observations of binary popu- 

ations could provide indirect evidence for the existence of BHs 
n Pal 5. 

Our findings indicate that the presence of primordial binaries has a 
oticeable but not drastic effect on the cluster’s dynamical evolution, 
onsistent with previous work W ang, T anikawa & Fujii ( 2022 ). In
odels with BHs, the existence of primordial binaries alters the 

alf-mass relaxation time ( t rh ) and reduces the number of BBHs that
ontribute to binary heating. Ho we ver, the influence on mass loss and
adial evolution is more complex. Models with primordial binaries 
Bin-BH and Bin-BH-Alt) exhibit shorter initial t rh compared to 
odels without primordial binaries (noBin-BH model). After 1 Gyr, 

he situation reverses due to larger half-mass radius ( r h ) and lower
otal BH mass ( M BH ) in the Bin models. This trend changes again
fter 8 Gyr when a massive BBH forms in Bin-BH-Alt, accelerating 
he cluster’s dissolution (see Fig. 6 ). Thus, the tidal dissolution time
oes not exhibit a simple dependence on the presence of primordial 
inaries. 
In models without BHs and a low initial density (Bin-noBH and 

in-noBH-F), the evolution is more sensitive to the presence of 
rimordial binaries compared to the BH models. Achieving a similar 
luster at 11.5 Gyr requires a higher initial density in these cases. 

Conversely, the assumption of BH existence significantly affects 
he population of wide binaries. Over long-term evolution, hard 
inaries are less affected by dynamical disruption. The fraction of 
ard binaries remains independent of the initial period distribution 
Fig. 9 ). The remaining fraction of wide binaries depends on the
volution of the hard-soft boundary. The period distribution of 
odels with BHs peaks at a shorter period compared to models 
ithout BHs, consistent with the hard-soft boundary. Ho we ver, we 
nd that not all wide binaries outside the hard-soft boundary are 

mmediately disrupted. Many wide binaries outside this boundary 
an persist in the cluster for a long time. This suggests that the
bservation of wide binaries may not readily constrain the actual 
ard-soft boundary and be used to determine the cluster’s density 
volution history. 

We have found that multi-epoch spectroscopic observations can 
etect most binaries with bright stars and periods below 10 4 d. By
xcluding these binaries, the measurement of σ LOS of bright stars 
an be significantly impro v ed, pro viding better indirect constraints
n the BH population through dynamical analysis. 
Additionally, we have identified four BH-MS binaries in the Bin- 

H model at 11.5 Gyr, which could potentially be detected using the
ame method, offering an additional possibility to provide evidence 
or the existence of BHs. 

We also investigated how binaries and BHs influence the present- 
ay mass function of Pal 5. Our results suggest that models with
rimordial binaries have mass function more consistent with the 
bservational data, while the impact of BHs on the mass function is
eak. All N -body models exhibit mass segregation features that are 
ot observed in the outer region of Pal 5. Ho we ver, it is important
o consider the potential impact of stochastic scatter, which may 
nfluence the conclusions drawn from the comparison. This indicates 

he need for alternative IMFs or additional observations of mass 
unctions, with impro v ed statistical precision, to better understand 
he underlying reasons for this discrepancy. 
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