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1 INTRODUCTION

ABSTRACT

Recent observations of young embedded clumpy clusters and statistical identifications of binary
star clusters have provided new insights into the formation process and subsequent dynamical
evolution of star clusters. The early dynamical evolution of clumpy stellar structures provides
the conditions for the origin of binary star clusters. Here, we carry out N-body simulations in
order to investigate the formation of binary star clusters in the Milky Way and in the Large
Magellanic Cloud (LMC). We find that binary star clusters can form from stellar aggregates
with a variety of initial conditions. For a given initial virial ratio, a higher degree of initial
substructure results in a higher fraction of binary star clusters. The number of binary star
clusters decreases over time due to merging or dissolution of the binary system. Typically,
~ 45% of the aggregates evolve into binary/multiple clusters within # = 20 Myr in the
Milky Way environment, while merely ~ 30% survives beyond ¢ = 50 Myr, with separations
< 50 pc. On the other hand, in the LMC, ~ 90% of the binary/multiple clusters survive beyond
t = 20 Myr and the fraction decreases to ~ 80% at ¢+ = 50 Myr, with separations < 35 pc.
Multiple clusters are also rapidly formed for highly-substructured and expanding clusters.
The additional components tend to detach and the remaining binary star cluster merges. The
merging process can produce fast rotating star clusters with mostly flat rotation curves that
speed up in the outskirts.
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ters and Candidates (NCOVOCC, see Dias et al. 2002), and the
catalogue of Bhatia et al. (1991). Furthermore, previous obser-

Star clusters is among the most important astrophysics laborato-
ries for understanding the formation process of stars, the dynamics
of planets and stars, the evolution of single and binary stars, and
galactic structure and dynamics. Dense stellar environments are
commonly the regions where the stars are born (see Lada & Lada
2003). These regions typically dissolve within several million years
(de Grijs & Parmentier 2007; Parmentier & de Grijs 2008). As such,
star clusters can be considered as the building blocks of galaxies
(Martinez-Barbosa et al. 2016).

Numerous observational surveys have been carried out to cat-
alogue the star cluster contents of the Milky Way and of the Mag-
ellanic Clouds, such as WEBDA (Mermilliod & Paunzen 2003),
the Milky Way Star Clusters Catalogue (MWSC, see Kharchenko
et al. 2013), the New Catalogue of Optically Visible Open Clus-
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vations (e.g., Bhatia & Hadzidimitriou 1988; Bhatia et al. 1991;
Pietrzynski et al. 1999) have identified a substantial number of star
cluster pairs that are on nearly the same line-of-sight; these are
known as double clusters. The small angular separation between
the two components of such pairs often suggests that they gravi-
tationally interact, although there is usually no direct evidence for
this, beyond statistical hints. A small number of double clusters
were investigated in detail, and were discovered to mutually orbit
each other; these double clusters are often referred to as binary star
clusters. The most famous binary star cluster in the Milky Way is
the Double Cluster, also known as NGC 869/NGC 884 and as & + y
Persei (Messow & Schorr 1913; Zhong et al. 2019). Other candi-
dates include the pairs NGC 1981/NGC 1976 and NGC 3293/NGC
3324 as suggested by de la Fuente Marcos & de la Fuente Mar-
cos (2009). Well-known extragalactic examples of binary star clus-
ters include SL 538/NGC 2006 (Dieball & Grebel 1998), NGC 1850
(Fischer et al. 1993), and NGC 2136/NGC 2137 (Hilker et al. 1995)
in the LMC. Recently discovered binary star cluster candidates
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in the LMC are SL349/SL 353, SL385/SL387/NGC 1922, and
NGC 1836/BRHT 4b/NGC 1839 (Dalessandro et al. 2018). How-
ever, Dalessandro et al. (2018) also showed that the double cluster
SL 385/SL 387 with the third component NGC 1922 and the double
cluster NGC 1836/BRHT 4b with NGC 1839 have an angular sepa-
ration larger than 120 arcsec. Such a large separation indicates that
the influence of external tidal fields has dissociated the constituent
star clusters, which have detacheded on a relatively short time scale
(Sugimoto & Makino 1989; Bhatia 1990). More interestingly, Na-
ufal et al. (2020) have identified new three candidates of double
cluster in the LMC with separations ~ 13 pc, i.e. ASCC 16/ASCC
21, NGC 6716/Collinder 394, and NGC 2547/Pozzo 1 from the
second data release of GAIA.

A number of studies have been carried out to statistically detect
binary star clusters in the LMC, and to estimate their physical and
orbital parameters. Bhatia & Hadzidimitriou (1988) listed 69 double
clusters with projected separations < 18 pc in the LMC. Pietrzynski
et al. (1999) identified the existence of double or multiple clusters
in the LMC using the Optical Gravitational Lensing Experiment
(OGLE) mission and listed 73 double clusters, 18 triples, and 5
quadruples. In addition, Pietrzynski & Udalski (1999) identified 23
double clusters and 4 triples with projected separations < 20 pc,
and relative young ages, in the LMC, which suggests that these
star cluster systems are primordial (Dieball et al. 2002). Moreover,
Dieball et al. (2002) proposed a list of 473 binary star cluster can-
didates with projected separation < 20 pc in the LMC that have a
large probability of being a component of a double or multiple star
cluster. The updated statistics of spatial properties, ages, sizes, and
separation distributions from Priyatikanto et al. (2019b) provide
evidence that binary star cluster formation induced by cloud-cloud
collisions through simultaneous or sequential mechanisms (de la
Fuente Marcos & de la Fuente Marcos 2009); they identified 634
binary/multiple star cluster candidates in the LMC. According to
Priyatikanto et al. (2019a), the close encounter of the LMC with the
Small Magellanic Cloud (SMC) roughly 150 Myr ago is one of the
factors that has increased the formation rate of binary star clusters
in the LMC.

Among the earlier identifications of binary star clusters in the
Milky Way is that of Subramaniam et al. (1995). This study presents
a list of 18 double clusters with separations < 20 pc, which have
small age differences, and similar radial velocities and extinctions.
According to Subramaniam et al. (1995), a typical giant molecular
cloud has a spatial extent of 20 pc, and double clusters with sep-
aration smaller than such value have higher probability of being
physically associated. From an analysis of the WEBDA and NCOV-
OCC catalogues, de 1a Fuente Marcos & de la Fuente Marcos (2009)
concluded that at least 12% of the open clusters in the solar neigh-
bourhood are currently undergoing a gravitational interaction with
another star cluster, which strongly suggest that they may be part
of a binary star cluster. These binary star clusters have separations
< 30 pc, which is up to three times the tidal radius for a typical open
star cluster in the Milky Way disc (see, e.g., Innanen et al. 1972;
Binney & Tremaine 2008). In addition, de la Fuente Marcos & de la
Fuente Marcos (2009) argued that the two components of binary
star clusters appear to form both simultaneously and sequentially,
but that the components of star cluster systems of higher multiplicity
form only sequentially. From the analysis of several updated cata-
logues, Priyatikanto (2017) identified 47 clusters in binary/multiple
systems, with projected separation < 30 pc.

A number of numerical studies have been carried out to in-
vestigate the dynamical past and future of binary star clusters.
Portegies-Zwart & Rusli (2007) performed N-body simulations

to study the past and future evolution of the binary star cluster
NGC2136/NGC 2137, which is located in the LMC. In order to ac-
count for observational uncertainties, their study included a range
of possible initial masses, sizes, and projected separations of the
cluster pair. They found that the initial separation of the cluster pair
is 15 — 20 pc at the time of formation. Cluster pairs with smaller
initial separations resulted in a merger process within < 60 Myr,
due to angular momentum loss from escaping stars. With a wider
initial separation, on the other hand, the two components gradually
moved away from each other. The process is affected by mass loss
due to stellar escapers and stellar evolution. Moreover, mass loss
due to stellar evolution during the early phases of the interaction
was found to trigger an increase in the eccentricity of the binary star
cluster orbit. Their models, however, did not include the external
tidal perturbations from the host galaxy (the LMC).

Another study was carried out by de la Fuente Marcos & de la
Fuente Marcos (2010), who used N-body simulations to constrain
the origin of binary star clusters under the influence of the tidal
field of the Milky Way. Their initial conditions included a range of
orbital elements and mass ratios for the star cluster pairs. They found
that a long-term stability of binary star clusters is rare. Binary star
clusters with small separations generally result in mergers, while
the pairs with wider separations are rapidly separated under the
influence of the Galactic tidal field. Priyatikanto et al. (2016) found
that the dynamical evolution of star cluster pairs is determined by the
initial spatial orientation and the initial orbital phase, with respect
to the Galactic centre. Moreover, they also found that the merger
experienced by the cluster pairs typically occurs within ~100 Myr,
and can result in rapidly rotating star clusters, and that the properties
of the rotation curve also depends on the orientation of the system
in with respect to the Galactic tidal field.

All of the aforementioned numerical studies modelled the
structure of star clusters using spherically symmetric stellar distri-
butions, such as the Plummer (1911) model. Observational studies,
however, have shown that the star-forming regions and young star
clusters (with ages typically younger than a few million years) have
clumpy spatial structures (e.g., Hillenbrand 1997; de la Fuente Mar-
cos & de la Fuente Marcos 2006; Chen et al. 2007; Wang et al. 2008;
Bik et al. 2010). The MIStIX survey further supports that argument,
after observing a large number of embedded young star clusters in
the Milky Way (see Kuhn et al. 2014). In other words, instead of
unraveling the origin of binary star clusters by modelling spheri-
cally symmetric stellar distributions, it is more realistic to model
substructured young star clusters. Such substructures can be char-
acterised using the fractal substructure parameter (e.g., Goodwin
& Whitworth 2004; Daffern-Powell & Parker 2020). Such clumpy
initial structures of star clusters were seen to trigger the formation
of binary star clusters (see Arnold et al. 2017), through the mecha-
nism (see de la Fuente Marcos & de la Fuente Marcos 2010). Such
mechanism is thought to form binary star clusters, as identified by
Dieball et al. (2002), de la Fuente Marcos & de la Fuente Marcos
(2009), and Palma et al. (2016).

Arnold et al. (2017) provided an explanation for the origin of
binary star clusters as a consequence of the star-forming regions
being highly substructured. They showed that binary star clusters
can be formed from star clusters with a variety of initial structures
and initial virial ratios (). They also found that the highest frac-
tion of binary star clusters is formed from stellar aggregates with
both a high degree of substructure and a high ;. Besides that, the
degree of initial substructure, ay;;, contributes to the stellar velocity
distribution and therefore also becomes one of the key-factors that
affects the formation process of binary star clusters. The simulations
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Table 1. Initial conditions for the star clusters (see also Table 2).

Parameter Value
Number of stars N = 5000
Initial virial radius Ryir =2 pc

Substructured (see Table 2)

1.6 < D < 2.9 (see Table 2)

0.3 < ayjr < 0.7 (see Table 2)
M, =2651 - 3626 Mg

Kroupa (2002) IMF; 0.1 — 50 Mg
Isolated; Milky Way; LMC

Spatial distribution
Fractal dimension
Virial ratio

Initial total mass
Initial mass function
External tidal field

Table 2. Initial conditions of star cluster set from the combinations of ay;,
and D. Each condition is denoted as C1-C9 (see also Table 1).

Model  ayjr D

Cl1 03 16
Cc2 03 22
C3 03 29
C4 05 1.6
C5 05 22
C6 05 29
C7 07 16
C8 07 22
C9 07 29

of Arnold et al. (2017) did not include the influence of the external
galactic tidal field, nor did they include stellar evolution.

In this work, we perform N-body simulations of young star
clusters with different degrees of initial substructure and different
initial virial ratios, in order to investigate the formation and early
evolution of binary star clusters in the Milky Way and in the LMC.
Our simulations include the influence of galactic tidal field in which
the system resides. We also consider the role of stellar evolution to
understand its contribution to the formation and early evolution of
binary star clusters. We present the initial conditions, the method-
ology, and the identification process of binary star clusters in Sec-
tion 2. We present and analyse our results in Section 3. Finally, we
summarise and discuss our findings in Section 4.

2 METHODOLOGY AND INITIAL CONDITIONS
2.1 Star cluster model

The virial radii of typical young open clusters is of the order Ry;; =
1 pc (corresponds to a half-mass radius of Ry, ~ 0.77 pc) and the
typical cluster total mass is M = 1500 Mg (see, e.g., Heggie & Hut
2003). There is, however, a large spread in the sizes of observed star
clusters (e.g., Lada & Lada 2003; Schilbach et al. 2006; Portegies-
Zwart et al. 2010). In our study, we model slightly larger and more
massive star clusters. The initial conditions are listed in Table 1.
For all our models, we adopt an initial virial radius of Ry;, = 2 pc
(Rpm = 1.54 pc), and we initialise each model with N = 5000 stars.
The Kroupa (2002) initial mass function is implemented to generate
the cluster stellar masses with a lower cut-off mass of 0.1 Mg and
a maximum stellar mass of 50 M. The typical average mass of
the modelled star clusters is <MC) ~ 3051 Mg. Our models are
somewhat more massive than those of previous numerical studies
(Goodwin & Whitworth 2004; Yu et al. 2011; Arnold et al. 2017).
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Table 3. The parameters of Milky Way potential, adopted from Haghi et al.
(2015).

Bulge Disc Dark Matter Halo
Mg =25x100My Mp=75x10"My M, =9x 10T Mg
re = 0.5 kpe a=5.4kpc Ryir =250 kpe

b =0.3 kpc c=13.1

We adopt a Solar metallicity of Z =0.02 (see, e.g., Martinez-Barbosa
et al. 2016).

We follow the prescriptions of Goodwin & Whitworth (2004)
to initialise the positions in each substructured star cluster. In order
to generate the fractal stellar distribution, we define a cube of length
Ngiv and place one particle as the first-generation parent-particle at
the centre of the cube. The cube is then divided into Ngiv subcubes.
A child-particle is placed at the centre of each subcube, and the first-
generation parent-particle is removed. At the next step, we take each
child particle which has a probability corresponding to Ny, ” 3as
the second-generation parent-particle, while others are deleted from
the cube. Then a little noise is added to each particle’s position, to
obtain a non-gridded structure. For the next-generations of parent
particles, this process is repeated recursively, until a sufficiently
large number of particles is obtained. The particles are then pruned
and randomly removed in order to produce a sphere from the cube,
until the required number of particles is left. The surviving particles
are identified with the stars of the cluster.

The quantity D is the fractal dimension parameter, which de-
scribes the degree of substructure of star cluster, and can take values
in the interval D € [0, 3]. Smaller values indicate a clumpier struc-
ture of the star cluster. We also adopt the procedure of Goodwin
& Whitworth (2004) to initialise the stellar velocities. The stellar
velocity distribution within star cluster is more likely coherent. We
summarise the physical parameters used to initialise the star cluster
models in Table 1.

We study star clusters with different initial virial ratios (a@yir)
and initial degrees of substructure (D), as in Arnold etal. (2017); see
Table 2. Here, ay;, is the initial virial ratio of the star cluster (i.e., the
ratio of the total kinetic to the total potential energy). Higher values
of ay;, correspond to higher stellar velocity dispersions. Examples
of the spatial distributions of the stars in models with different
conditions are illustrated in Figure 1.

We study the formation process of binary stars cluster in three
different environments: (i) isolated star clusters, (ii) star clusters in
the tidal field of the Milky Way, and (iii) star clusters in the tidal
field of the LMC (see Section 2.2 for details). For each scenario,
we explore a range of initial conditions for the star clusters, as
listed in Table 2. We adopt identical initial stellar positions, stellar
velocities, and stellar masses for each of the three scenarios. For
simplicity, we assume that all primordial gas has been expelled
from the star clusters, that there are no primordial binaries, and that
no primordial mass segregation is present. We carry out simulations
of an ensemble of thirty realisations for each set of initial conditions.

2.2 Milky Way and LMC models

We model the Milky Way potential following the prescriptions of
Haghi et al. (2015). The Milky Way potential consists of a bulge, a
disc, and a dark matter halo which we adopt from Hernquist (1990),
Miyamoto & Nagai (1975), and Navarro et al. (1997), respectively.
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Figure 1. Spatial distributions of the stellar population for three realisations of star clusters with D = 1.6 (left panel), 2.2 (middle panel), and 2.9 (right panel)
for ayir = 0.5. Each dot represents a star, where the size of each dot scales with the mass of the star.

Table 4. The parameters of LMC potential, adopted from Salem et al. (2015).

Disc Dark Matter Halo
Mp=27x10°Mg pg=3.4x10"** gecm™
a=1.7kpc ro = 3 kpe

b =0.34 kpc

The gravitational potential of the bulge is modelled as
GMp

g =-——"- , M
r+re

the gravitational potential of the disc as

®p = - GMp : 2)

2
\/x2 +y2+ (a +Vz2 + b2)
and the gravitational potential of the dark matter halo of the Milky
Way is modelled as
M .
Dy (r) = — G Myir . 10g(1+ r ) ‘ 3)
r [log(l+c)— m] Ryir

2y1/2

In these expressions, r = (x%+ y2 +z is distance to the galaxy
centre, which is located at the origin. The masses of the bulge,
disc, and dark matter halo are denoted as Mg, Mp, and M., re-
spectively. Furthermore, a is the scale length of the disc, and b is
the scale height of the disc. The scale radius of the bulge and the
virial radius of the dark matter halo are denoted as r. and Ry;,
respectively. The parameters ¢ and G are the scale radius of the
dark matter halo and the gravitational constant, respectively. The
values of all parameters of the Milky Way potential were obtained
from Haghi et al. (2015), and are listed in Table 3. In the Milky
Way environment, we adopt a Solar Galactic orbit, i.e. with initial
position 7 = (-8.5,0.0,0.02) kpc (Martinez-Barbosa et al. 2017)
and velocity v = (11.2,12.4 + V. gg, 7.25) km s~ (Schonrich et al.
2010). Here, Vi.gr = 220 kms~! is the velocity of Local Standard
of Rest (LSR) which the value is corresponding to the Milky Way
potential model.

The gravitational potential of the LMC is modelled following
the prescriptions of Salem et al. (2015), and consists of a disc and a
dark matter halo. The disc and dark matter halo are modelled using
the prescriptions of Miyamoto & Nagai (1975) as seen in Eq. (2)
and of Burkert (1995) as seen in Eq. (4). In fact that Salem et al.

(2015) also modelled the gas potential of LMC, but as mentioned
above, we do not consider the presence of gas in this work. We
model the mass density profile of the LMC, pg(r) as

3
POT0

(r+7r9)(r2 +rg?) )

pu(r) =
Here, py is the mass density of the dark matter halo, pg is the corre-
sponding density at the centre of the LMC, and ry is the scale radius
of the dark matter halo. The expression above is transformed into
a potential function using the Poisson equation, i.e. V20 = 47Gp
(see, e.g., Binney & Tremaine 2008). We adopt the parameters of
LMC potential from Salem et al. (2015) (see Table 4). For star clus-
ters in the LMC, we place the star clusters at roughly half the radius
of the LMC (~4.3 kpc, see, e.g., de Vaucouleurs et al. 1991), i.e. we
assign an initial position 7 = (-2.0, 0.0, 0.0) kpc and velocity V =
(0.0,-70.0,0.0) km s1. The latter values were extracted from the
LMC rotation curve Vasiliev (2018) using the second data release
of GAIA.

Under the influence of the galactic tidal field, for a star cluster
with a mass M, that orbiting a galactic centre in a circular orbit at
a galactocentric distance Rg, the tidal radius (r¢) of the star cluster
can be calculated with the Jacobi radius:

()
re = Rg _—
3Mg
(see, e.g., Portegies-Zwart et al. 1999; Binney & Tremaine 2008).
Here, we adopt Mg = 1.75 x 1010 Mg as the mass of the Milky
Way at Ry = 8.5 kpc and Mg = 6.99 x 108 Mg as the mass of
the LMC at Ry = 2.0 kpc. For a star cluster with an average initial
total mass of (M) ~ 3051 Mo, the initial tidal radius typically is
rt & 33 pc in the Milky Way environment, and r; = 23 pc in the
LMC environment.

®

2.3 Numerical method

The N-body simulations are performed using the AMUSE code! (see,
Portegies-Zwart et al. 2013; Pelupessy et al. 2013; Sills et al. 2018;
van der Helm et al. 2019; Cai et al. 2019; Darma et al. 2019, Darma
& Arifyanto 2019). The gravitational interactions between stars

! Detailed instructions for modelling various astrophysics processes
using AMUSE, and the implementations of codes, can be found at
https://amusecode.github.io/.
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are calculated using the BHTree code (Barnes & Hutt 1986). We
implement a softening length, € = RyixN~1/3, where N is the initial
number of stars in the model. The BHTree code is coupled with the
galactic tidal field using the Bridge code (Fujii et al. 2007). Stellar
evolution is modelled using the single-star evolution (SSE) code
(Pols et al. 1998; Hurley et al. 2000). The majority of the binary star
clusters identified by de la Fuente Marcos & de la Fuente Marcos
(2009) have ages younger than 25 Myr. In order to investigate the
dynamical fate of binary star clusters at older ages, we therefore
perform our simulations for a time span of 50 Myr, with an output
interval of 0.1 Myr.

2.4 Identification of Binary Star Clusters

We implement the Minimum Spanning Tree (MST) algorithm (Prim
1957) to identify the binary star clusters. After obtaining the MST
for each stellar grouping, two additional steps i.e., separation and
elimination, are required to obtain the locations of the possible star
cluster(s). The minimum length, A, is adopted to separate group-
ings, and the minimum number of nodes, N, is used to eliminate
groupings that are considered too small for our study; see Barrow
et al. (1985), Campana et al. (2008), Allison et al. (2009a), and
Campana et al. (2013) for further details. Here, we set 0 < A¢ < 4.0
and N; = 100 for the different initial conditions of the star clusters,
and for the different environments in which the star clusters are
embedded. The specific value of A depends on the stellar distribu-
tion of each star cluster. Generally, the MST algorithm can identify
the clustering through various parameters such as the position, the
velocity, the gravitational force, etc. In this work, we adopt the po-
sitions of the stars in the MST algorithm, because of this parameter
provides the most robust results for our simulations.

In order to obtain more accurate star cluster identifications,
we also confirm the presence of each detected binary star cluster
through inspection by eye, for each model and at each time step.
Arnold et al. (2017) identified the existence of binary star clusters in
their simulations at time 20 Myr, with the argument that binary star
clusters are generally short-lived. In this work, we focus particularly
on the status of the systems at times r = 20 Myr and ¢t = 50 Myr,
for comparison with the results of Arnold et al. (2017), and also to
investigate the dynamical fate of the stellar aggregates over longer
periods of time.

We classify the status of each system at a given time ¢ into four
categories:

(1) Single clusters. A star cluster that is single at time ¢ and has
been single for times < 7.

(ii) Binary/multiple clusters. The term binary/multiple refers to
a system that consists of two or more star clusters that are gravita-
tionally interacting at time 7.

(iii) Separated systems. When more than one cluster is present,
and the system is not gravitationally interacting at time ¢, the system
is categorised as a separated system.

(iv) Merger products. A star cluster that is single at time ¢, but
has been binary/multiple at some stage in its past, is classified as a
merger product.

Finally, we identify for each set of initial conditions, and at each
time, the fraction of each category, as well as the corresponding
statistical uncertainties. Note that we do not investigate the micro-
clusters; these are not included in our classification scheme. Micro-
clusters are gravitationally-bound groups of < 100 stars (i.e., < 5%
of the system’s initial total mass). For a detailed discussion on the
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origin and evolution of micro-clusters, we refer to Bouvier (1971),
Kirk et al. (2014), and Arnold et al. (2017).

3 RESULTS
3.1 Star Cluster Evolution

The dynamical evolution of star clusters involves several mecha-
nisms. At early times, the system re-virializes through violent re-
laxation. The mass loss of star clusters is triggered by the evolution
of stellar population and two-body relaxation process, in which also
expanses the cluster size (e.g., Takahashi & Portegies-Zwart 2000;
Baumgardt & Makino 2003; Madrid et al. 2012). This expansion
phase lasts for roughly 40% of the star cluster’s lifetime (Gieles
et al. 2011), during which both the crossing time and the relaxation
time increase, and the star cluster gradually dissolves.

The crossing time at the half-mass radius in a virialised system,
tcr, depends on the half-mass radius of the cluster, Ry, and the total
mass of the cluster, M,

2 Rim
G M. ~’

fer = (6)
where G is the gravitational constant. The half-mass relaxation time
is given by

N
ix ~ (_8 lnN) fer @)

where N is the number of members of a star cluster.

During the first million year, the star cluster experiences vio-
lent relaxation and obtains virial equilibrium and a smooth density
profile. Subsequently the star cluster’s dynamical evolution is dom-
inated by two-body relaxation following close encounters between
stars. These interactions redistribute the energy between the stars
and generally result in a migration of the lower-mass stars to the
outskirts of the star clusters, where they may escape if they cross
the tidal radius. Escape can occur as a result of strong encounters
between member stars, or by small perturbations that cause a star to
reach the escape velocity and to pass beyond the tidal radius (e.g.,
Heggie & Hut 2003). Over time, the star cluster experiences gradual
dissolution, and its member stars become part of the galactic field
(e.g., Gieles et al. 2011).

The external tidal field experienced by a star cluster strongly
affect its dissolution timescale. The rate at which stars escape from
the system depends on the cluster’s galactocentric distance (Madrid
etal. 2012), the orbital eccentricity of the cluster’s orbit (Baumgardt
& Makino 2003), the cluster’s orbital inclination with respect to the
galaxy’s plane of rotation (Webb et al. 2014), and the properties
of the galactic structure such as the mass and the size of the disc
(Madrid et al. 2014).

Two-body relaxation also impacts on the massive stars sinking
towards the cluster’s centre as a result of a tendency of the stellar
population to achieve energy participation (see, e.g., Gualandris
et al. 2004; Allison et al. 2010). The typical timescale at which a
star of mass M experiences mass segregation is

(m) N
e X A SN
where <m> is the average stellar mass (see, e.g., Spitzer 1969). The

average stellar mass for Kroupa (2002) IMF with a lower stellar
mass limit of My can be approximated with

®

(m) = 0.35+2.23Mcy +0.05M2,, . ©9)
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Figure 2. The evolution of the global properties of star clusters in the absence of an external tidal field. The black, red, and blue curves show the evolution
for representative examples in the ensemble of realisations for models C1, C4, and C7, respectively. Here, Ry, is the half-mass radius of the star cluster, and
N and M, are the number of stars and mass included within radius of R = 2 pc from the cluster centre, respectively. The timescales shown in this figure are

calculated using the entire stellar population.

10
—+— a,=0.3
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Figure 3. Mass segregation during the first 10 Myr, for star clusters in
the isolated environment, with initial conditions C2 (red), C5 (green), and
C8 (blue). The black curve represents the result of another realisation of
model CS5, in which a notably high degree of mass segregation occurs, as a
consequence of the merger of stellar agglomerations at early times.

(Kouwenhoven et al. 2014). Here, for M¢y = 0.1 Mg, we obtain
(m) ~ 0.57 M. According to Allison et al. (2010), a substructured
star cluster can experience rapid mass segregation due to violent
relaxation, resulting in high concentration of M ~ 2 — 4 M, stars
in the core. Here, we approximate the mass segregation timescale
for M = 3 Mg stars in Eq. (8). The degree of mass segregation in
a star cluster can be quantified using a variety of methods. In our
study, we express the degree of mass segregation using a parameter
A (see, e.g., Allison et al. 2009a,b), which is commonly defined as

A= <lnorm> +

lmassive

Onorm (10)
Imassive
Here, (lnorm> and /ja66ive are the average lengths of the MSTs of

N random stars, and the length of the MSTs of N massive stars that

have a mass higher than a chosen limit, respectively. Note that the
degree of mass segregation depends on the choice of the mass limit
(see, e.g., Yuetal. 2017). The standard deviation of the MST length
is denoted as oporm Which is the standard deviation of the MST
lengths of the N random stars.

Stellar evolution, internal stellar dynamics, and the interaction
of a star cluster with its surroundings ultimately result in the full
dissolution of a star cluster. We estimate the longevity of our mod-
elled star clusters using Lamers et al. (2005)’s expression for the
dissolution time:

o 0.62 (Rg )
tgiss ® 429N — | Myr (11)
Ve

In this expression, the galactocentric distance Ry is in units of kpc,
and the orbital velocity Vg in units of km s~!. Our modelled star
clusters initially have (M) ~ 3051 Mg and Ry, = 1.54 pc. At
time ¢ = 0 Myr, their dynamical timescales are 7,y = 0.73 Myr,
tnx = 53.57 Myr, and tseg ~ 7 — 15 Myr. Variations in the degree
of initial substructure among the modelled clusters result in star
clusters with different measured values for Ry, and 7., and hence
also affect the range in #5eg. Note that the values for the mass segre-
gation timescale are rough estimates, as Eq. (8) does not take into
account the consequences of initial substructure on the process of
mass segregation, which is known to affect the rate at which mass
segregation occurs. In the Milky Way environment, the star clus-
ters can typically survive up to t4iss = 3.26 Gyr. For star clusters
with identical physical properties, the dissolution time in the LMC
environment is somewhat smaller: #g4iss = 2.41 Gyr.

We present in Figure 2 the evolution of properties of single
star cluster models with an identical degree of initial substructure,
but with different ay;,. In Figure 2 shows that the modelled star
clusters typically lose 20 — 30% of their initial total mass during
50 Myr, when evolved in the absence of an external tidal field. This
mass loss can be attributed to the loss of typically 15 — 25% of
the member stars through ejection, and to stellar evolution. The
mass loss occurs causing the star clusters to expand, and therefore
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increases the dynamical timescales of the star cluster. Figure 2 also
shows that the variation of a;; does not have significant effect on the
evolution of star cluster’s dynamical timescales during the 50-Myr
timescale covered by the simulations.

We observe a different degree of mass segregation as the clus-
ters evolve during the first 10 Myr; see Figure 3. Note that a value
A = 1 indicates that the cluster has no notable mass segregation.
Star clusters with mass segregation have A > 1, while star clusters
with inverse mass segregation have A < 1 (see Allison et al. 2009b).
Several of the modelled star clusters with different degrees of initial
substructure form separate agglomerations of stars at early times.
These agglomerations then mutually interact through violent relax-
ation, resulting in a peak in the degree of mass segregation (black
curve in Figure 3). This high degree of mass segregation gradually
decreases over time due to stellar evolution. Yu et al. (2011) showed
that such behaviour of mass segregation most likely occurs in highly
substructured and dynamically cool star clusters at time ¢ < 6 Myr.
Besides that, the rapid merger of binary/multiple clusters and/or
the merger of several micro-clusters within a short timescale also
enhances the degree of mass segregation, as suggested by Kirk et al.
(2014); see the peak of the red curve in Figure 3. However, most
of the modelled star clusters do not exhibit a high degree of mass
segregation (A ~ 1 — 3) during the early stages of their evolution.
The results indicate that the combinations of D and ay;, that form
separated stellar agglomerations at early times do not always trigger
the violent collapse of these substructures. According to Yu et al.
(2011), the degree of mass segregation at early times is influenced
by the properties of the cluster’s initial stellar velocity distribution.
In several cases, star cluster contains massive stars with a tendency
of having a higher velocity dispersion than their lower-mass stars.
It can result in an "inverse-mass segregation”" (see, e.g., Allison
et al. 2009b), which the expansion of the cluster’s outskirts occurs
without undergoing a collapse.

3.2 Evolution of Binary Star Clusters

Earlier studies of binary star clusters have shown that the separations
between the cluster pairs are < 30 pc in the Milky Way, and are
< 20 pc in the LMC. Separations larger than such values result
in separated systems (i.e., two gravitationally unbound single star
clusters). Let Mp and M be the mass of the primary component
(i.e., the most massive) and the mass of the secondary component,
respectively. Let M = Mp + M; be the total mass of the system,
1 = MpMs/M be the reduced mass of the system, and g = M/ M)
be the mass ratio of the system, with 0 < g < 1. When the binary
star cluster is approximated as two point masses orbiting in a circular
orbit, its total orbital angular momentum can be calculated as

L=pdlw=—2L _lom (12)
(¢+1)?

(see, e.g., Portegies-Zwart & Rusli 2007; Priyatikanto et al. 2016),

where a is the semi-major axis and w is the orbital angular velocity

of the binary system.

As explained by Portegies-Zwart & Rusli (2007), mass loss can
alter the orbital separation and orbital eccentricity in a two body
system. By assuming mass is lost adiabatically and isotropically
(y = 1; see Portegies-Zwart & Rusli 2007), we can determine the
system’s total mass at any given time, M (), compared to its initial
total mass, M (0):

M(l) B a(t) 1/(2y-3)
M (0) ‘(a(O))

13)

MNRAS 000, 1-19 (2020)

Binary Star Cluster Formation 7

Here, parameters a(t) is the semi-major axis at time ¢ and a(0) is
the initial semi-major axis of the system. Following Hills (1983),
the evolution of the orbital eccentricity at time ¢ due to adiabatic
mass loss is

M(0)
e(t) = M_(t) -1 (14)
where we have assumed that the orbit is initially circular: ¢(0) = 0.
Note that in our simulations, binary star clusters are formed several
million years after the start of the simulations. Thus, such all initial
parameters, such as M(0), a(0), and ¢(0), are calculated at the
moment that the binary star cluster is firstly identified.

The changes in masses of the two components and the changes
in the semi-major axis during the evolution process of binary star
cluster affect the evolution of the orbital period of the system, P(t),
over time. For the two star clusters that are orbiting each other
in Keplerian orbits, the orbital period of the components can be
calculated with an approximation:

3

P(r) =94 ( S¢) )2 ! Myr (15)
L+e(t)] My(t)+ Ms(t)

(see de la Fuente Marcos & de la Fuente Marcos 2010). Here, the

unit of mass is M and the unit of length is pc. The apoclustron is

denoted as S(7) = a(t) - (1 +e(?)).

In Figure 4 we present the orbital properties of a sample binary
star clusters evolving in the absence of an external tidal field. The
conditions at times ¢ < 5 Myr are more chaotic for star clusters with
a higher degree of initial structure. Most of substructure disappears
during that period (see, e.g., Allison et al. 2009b). We find that all
binary star clusters form at early times, immediately after the phase
of violent relaxation. After the binary star clusters have formed, the
orbital separations generally increases as a consequence of mass loss
due to stellar evolution (see Sugimoto & Makino 1989) for several
million years and subsequently tend to decrease for the remainder of
their lifetimes. The same occurs for the orbital periods and orbital
angular momenta (red, green, and blue curves in Figure 4). Most of
the identified binary clusters have maximum separations of less than
30 pc, which is consistent with the findings of previous studies (e.g.,
Subramaniam et al. 1995; de la Fuente Marcos & de la Fuente Mar-
cos 2009; Priyatikanto 2017). In addition, the binary star clusters
also experience stellar mass loss, which causes system’s total mass
to decrease. Depending on the rate at which the mass loss occurs,
with respect to the orbital period, this mass loss can also increase
the orbital eccentricity of binary star clusters as time passes. Our
study shows that most binary star clusters have lifetimes that exceed
50 Myr; longevities of over 100 Myr have been suggested in ear-
lier works (e.g., de la Fuente Marcos & de la Fuente Marcos 2009;
Priyatikanto et al. 2016; Priyatikanto et al. 2019b).

In addition to the common evolutionary pathway of binary star
clusters described above, we also find several binary star clusters
that orbit each other with gradually decreasing separations (i.e., with
in-spiralling orbits) up to times 50 Myr (black curve in Figure 4).
Such binary star clusters are mostly formed from supervirial stellar
aggregates (ayir = 0.7), in which the binary system is formed from
a chaotic system of multiple sub-clusters. Within a few million
years, several sub-clusters then escape from the system, and the
remaining binary star cluster will end with a merger (see, e.g.,
Sugimoto & Makino 1989, Bhatia 1990). However, this merger
process will occur at ¢ > 50 Myr. Priyatikanto et al. (2016) suggest
that, under certain conditions the merger process could even occur
beyond ~ 100 Myr. These processes trigger the rapid decrease in
the orbital angular momentum and in the system’s total mass. The
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Figure 4. The orbital properties of binary star clusters as a function of time, for the isolated environment, and with initial conditions C1 (red), C4 (green), and
C7 (blue). The red, green, and blue curves also illustrate the typical dynamical evolution of binary star cluster found in this work. The black curves represent

the result of another realisation of model C4.
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Figure 5. The orbital properties of separated binary star cluster as a function of time. It is the samples for the isolated environment, with initial conditions C1

(red), C4 (green), and C7 (blue).

orbital eccentricity grows, and even becomes hyperbolic during the
final phases of the in-spiral.

Several binary star clusters that formed after the chaotic condi-
tions evolved into two distinct, gravitationally unbound star clusters.
In Figure 5 we present the orbital properties of the separated binary
star clusters for the isolated environment. The separations between
the companions grow (reaching up to 100 pc at # = 50 Myr) in a pro-
grade orbit which also corresponds to an increasing orbital angular

momentum as time passes. In this system, mass loss also occurs, but
now it is primarily a consequence of the high orbital angular mo-
mentum, rather than stellar evolution. However, mass ratios in both
the bound and separated binary star clusters show a high degree of
variation. Most clusters that formed from initial substructures with
D = 1.6 have companions with mass ratios ¢ = 0.2 — 0.4 with a me-
dian g = 0.43 at ¢ = 20 Myr. The clusters with initial substructures
of D = 2.2 have mass ratios mostly ¢ = 0.8 to ¢ = 1 with a median
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q = 0.82 at t = 20 Myr. For the most clusters with initial substruc-
tures of D = 2.9, the mass ratios are ¢ = 0.1 — 0.3 with a median
g = 0.19 at t = 20 Myr (see Figure 6). The mass ratios tend to
slightly evolve between ¢ = 20 Myr and ¢ = 50 Myr. Binary clusters
with g =~ 1 are more often identified from initial substructures with
D = 2.2, while systems with smaller mass ratios are often formed
from smaller D and larger D. As explained by Arnold et al. (2017),
one may expect to see a sequence in mass ratio distribution shifting
from initial substructures of D = 1.6,to D =2.2,andto D = 2.9.
In terms of mergers and binarity, the evolution of structures with
larger initial D appears to be dominated by the velocity structure
effect, while those with lower initial D appear to be influenced more
by the spatial structure of the cluster. These sets of clusters are both
likely to form binary clusters with lower mass ratios. With a more
optimal correlation between velocity structure and spatial structure
in clusters with moderate-D, it is more possible to form (roughly)
equal-mass binary star clusters.

3.3 Merger Products

A merger between the two components will become more likely
when the system’s orbital angular momentum decreases in a retro-
grade orbit (see, e.g., Priyatikanto et al. 2016). During the merger
process, the cluster orbital angular momentum is mostly transformed
into a rotational angular momentum, in which resulting in a rotat-
ing merger remnant, as suggested by Sugimoto & Makino (1989) &
de la Fuente Marcos & de la Fuente Marcos (2010). In order to un-
derstand the rotation of merger remnant, Priyatikanto et al. (2016)
analysed the rotation velocities (around the star cluster centre),

_(FAxw)-L

R, , 16)

Ve,i

in the merger remnants, as a function of the distance of the star from
the rotation axis,
_ L X7

R; =
L]

a7

Here, r; and v are the stars position and stars velocity relative to the
cluster’s centre of mass. The cluster has a net angular momentum
(Z), in which it is the total angular momenta of the cluster’s stars
(Ei) with masses m;, i.e. L= Zf\il (m;r; X vy). If the star cluster has
an anisotropy rotational velocity, then L will have a non-zero value
and the net angular momentum will have direction of L = Z/|L|,
which denoting cluster’s rotation axis.

We present the orbital properties of three merging binary star
clusters in Figure 7. These binary star clusters merge at times ¢ =
10—35 Myr as a consequence of a loss of orbital angular momentum.
For all mergers that occur in our ensemble of simulations, the mutual
separation between the two components of a binary star cluster
always remains less than 10 pc. Several of the merger products form
during the final phases of in-spiralling orbits, while others form
during the collision that occurs at closest approach between the two
clusters in a highly eccentricity orbit. The merger process typically
takes much longer in in-spiralling orbits compared to eccentric
orbits (see, e.g. de la Fuente Marcos & de la Fuente Marcos 2010).
Mutual disruption occasionally occurs during the merging process;
the disruption is more prominent for merging processes with alonger
duration. Instabilities during the merger process cause mass loss of
the system. This mass loss tends to be episodic, with fluctuations that
depend on the dynamical behaviour of the cluster and the behaviour
of micro clusters surrounding the system.
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We analyse the evolution of the rotation curves of the merger
products by comparing the curves at the formation time of the
merger product and the end of the simulations at = 50 Myr (see
Figure 8). We find that the rotation curve of the merger products
do not evolve significantly for the remaining duration of the sim-
ulations. The velocity distribution near the cluster center appears
to increase up to the cluster’s half-mass radius, almost resembles
rigid-body rotation. Towards the larger radius, the velocity appears
to slightly decrease (top panel of figure 8) for several merger prod-
ucts, while the others appear to have relatively flat distributions
(middle panel of figure 8) and slightly increase distributions (bot-
tom panel of figure 8). The initial spatial configuration of the stellar
aggregate and its stellar velocity dispersion become the main fac-
tors in determining the rotational velocity properties of the merger
product. The existence of micro clusters around the merger products
is also contributing to the properties of rotation curve.

3.4 Statistical Analysis in the Isolated Environment

In Figure 9 we present the distribution of the clusters over the
four different dynamical categories, for the isolated environment.
Stellar aggregates with a higher degree of initial substructure (i.e.,
smaller D) have a higher probability of evolving into binary/multiple
clusters, due to tendency of the clumps of stars to gravitationally
bind shortly after formation.

A higher initial virial ratio (@yj;) results in a higher proba-
bility of forming a separated system. Such systems tend to have a
somewhat higher net angular momentum shortly after formation.
Consequently, clustered groups of stars (as well as individual stars)
have a general tendency to move away from each other. It is still
possible for high-ay;, systems to form binary/multiple clusters, al-
though it is more likely for the system to evolve into a separated
system.

The fraction of binary/multiple systems decreases as the clus-
ters grow older, due to the gravitational interactions between the
clusters, which can trigger a merging event. This explains why the
fractions of merged clusters increases over time. A combination of
mass loss and angular momentum conservation also triggers sev-
eral binary/multiple clusters to evolve into separated systems. This
process contributes to a growing fraction of separated systems as
time passes.

The most likely initial conditions that trigger the formation of
binary/multiple clusters occur for models with small initial values
for D (for any ayj,). Here, the fraction of binary/multiple clusters
is ~30% at time ¢ = 20 Myr, which decreases to ~15% at time
t = 50 Myr. The fractions obtained at time ¢ = 20 Myr are some-
what different from those obtained by Arnold et al. (2017) due
to the different initial masses and initial numbers of stars used in
their models. Furthermore, stellar evolution is included in our sim-
ulations, which tends to contribute to the formation rate of binary
star clusters. In general, the star clusters in our simulations evolve
somewhat faster than those studied in Arnold et al. (2017).

We do not expect a significant change in the fraction of single
clusters between times ¢+ = 20 Myr and ¢t = 50 Myr, since single
clusters are typically formed at early times. The highest fraction
of single clusters occurs in stellar aggregates that initially have a
more or less homogeneous structure (D = 2.9), for all choices of
ayir- Mergers between the two members of a binary star cluster do
occur, though. From an observational perspective, these are single
star clusters, although we categorise these separately as merger
products in our analysis. These merger products form at all times,
increasing the fractions of mergers from ~ 40% at t = 20 Myr
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Figure 7. The orbital properties of three binary star clusters in the sample that merge. The red, green, and blue curves represent the dynamical evolution in the

isolated environment for initial conditions C1, C4, and C7, respectively.

to ~ 60% at t = 50 Myr. The other evolutionary fate of binary
star clusters is a separation into two gravitationally unbound star
clusters. The fraction of separated systems remains mostly constant
over time, indicating formation at early times. In the absence of an
external tidal field, the fraction of binary star clusters evolving into
separated systems is much much smaller than the fraction of stellar
aggregates evolving into single clusters through a merger process.

In order to understand the contribution of stellar evolution to

the evolution of the systems, we compare otherwise identical models
with and without stellar evolution in Figure 10. Stellar evolution
enhances mass loss, and also results in a higher escape rate of
stars from the system, as the gravitational potential decreases as
the clusters age. The increased mass loss from the stellar evolution
also speeds up the process of cluster’s expansion. These trends are
present in all the models. Figure 11 shows a representative sample
of systems in each of the categories, at times t = 20 Myr and
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Figure 8. The rotation curves of merger products for the isolated environ-
ment with initial conditions C1 (top panel), C5 (middle panel), and C6
(bottom panel).

t = 50 Myr. Most micro-clusters are present at ¢t ~ 20 Myr. These
micro-clusters usually merge with their parent clusters before r =
50 Myr. Several micro-clusters escape from the system, particularly
for systems with high values of @yj;.

3.5 Comparison with the Milky Way Environment

Perturbations by an external galactic tidal field strongly affect the
dynamical stability of binary star clusters. In the top panels of
Figure 12, we present the impact of an external tidal field on the
dynamical evolution of the evolution of the mass, the number of
stars, and the size of the clusters. In a Milky Way environment, the
modelled clusters lose ~ 15 — 20% of their member stars within
50 Myr. Within the same time, their total mass decreases by ~
20 — 30%, due to stellar escapers and stellar evolution. This results
in the star clusters to gradually dissolve, and the instantaneous value
of 14i5s decreases over time (see the top panels of Figure 13). These
findings are similar to those of the isolated environment, and indicate
that the presence of a tidal field does not significantly affect the
internal dynamics of star clusters within this time span.

Figure 14 shows the orbital properties of binary star clusters
and separated systems in the Milky Way environment. The sep-
arations between the two star clusters for separated systems (top
panels) are somewhat smaller than similar models in the isolated
environment. Most of separated systems have mutual separations
less than 60 pc at + = 20 Myr and separations that do not exceed
100 pc at t = 50 Myr. Just like in the isolated environment, the
resulting mass ratios of the binary star clusters vary substantially,
with only small fraction of the binary star clusters obtaining a mass
ratio near unity. The latter occurs most frequently for substructures
with D = 2.2. The median values of the mass ratios for initial
substructures of D = 1.6, D = 2.2, and D = 2.9 at t = 20 Myr
are ¢ = 0.36, ¢ = 0.75, and g = 0.36, respectively. As in the iso-
lated environment, the mass ratios have also slightly evolved at time
t = 50 Myr. Moreover, our study shows that binary star clusters can
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reach maximum separations of ~ 50 pc before they start to approach
each other (Figure 14; middle panels).

Binary star clusters that merge into a single cluster tend to have
smaller maximum separations: < 20 pc before merging. This upper
limit is somewhat larger than in the isolated environment, in which
the maximum separations do not exceed 13 pc. The merger products
in the Milky Way environment have different kinematic properties
when compared to those formed in the isolated environment. After
the formation of the merger products, the degree of global rotation
increases over time for some, while it decreases for others (see
Figure 15). It indicates that the star clusters will reach their stability
in longer lifetime than 50 Myr. Furthermore, we find the rotation
velocity curves tend to flatten at larger radii as time passes, as a
consequence of internal dynamical evolution and interaction with
its environment, as suggested by Kim et al. (2002) and Priyatikanto
et al. (2016). However, several merger products have initial rotation
curves that drop off at larger radii (see, e.g. Kim et al. 2004; Kim
et al. 2008; Hong et al. 2013). The rotation speed then increases
again at the outer radii as the cluster evolves. This indicates that
over time, the dynamical stability of star clusters is affected by the
presence of the galactic tidal field. According to Priyatikanto et al.
(2016), the dynamical processes lasting in the binary clusters before
undergoing a merger, could be the strong factors of this difference.

The distribution of the systems over the four categories in
Figure 16 shows that the fraction of binary/multiple in the Milky
Way environment can reach ~ 45% at + = 20 Myr and ~ 30%
at t = 50 Myr, for any ayj.. The fraction of separated system at
t = 20 Myr is approximately 60%, and no new separated systems
form after that. The fraction of binary/multiple systems is higher
than that in the isolated environment, while the fraction of separated
system is similar. The fraction of merger products in the Milky Way
environment is ~ 50% at ¢t = 20 Myr and increases to be ~ 60% at
t =50 Myr.

In summary, we find several different pathways for the dy-
namical evolution between star clusters, depending on whether they
evolve in isolation, or whether they are embedded in the Milky Way
environment:

(i) Several of the systems (with identical initial conditions) be-
come separated systems in the isolated environment, while they
evolve into binary/multiple clusters in the Milky Way environment.

(ii) Several of the systems that become single clusters in the
isolated environment evolve into binary star clusters in the Milky
Way environment, and merge shortly after.

(iii) A few of the binary/multiple clusters that appear in the
isolated environment, evolve into separated systems when placed
in the Milky Way environment.

These different pathways of dynamical evolution can occur due to
the direct or indirect effect of the Galactic tidal field. In addition,
these pathways depend also strongly on the orientation of the system
with respect to the Galactic centre (Priyatikanto et al. 2016).

3.6 Comparison with the LMC Environment

During their first 50 Myr, star clusters in the LMC environment
lose ~ 10% of member stars, and they lose ~ 10% — 25% of their
initial total mass. These changes are comparable to our findings for
the Milky Way environment and for clusters that evolve in isola-
tion. Variations in the dynamical timescales at which the different
processes occur are a consequence of the physical properties of the
clusters that form from the substructured initial conditions (bottom
panel in Figure 13). The tidal field of the LMC has perturbed the
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(red curves), for realisation of a star cluster with initial condition C1 in the
isolated environment. The cluster’s mass and number of stars are computed
within radius of R = 2 pc from the cluster’s centre, respectively.

stability of star clusters and causes the clusters to undergo gradual
dissolution during the 50 Myr with smaller value of #4;s as the
cluster grows older. The increasing dissolution timescale at time
t 2 35 Myr depends on the position of star cluster in which it moves
away from the galactic centre, so that the effect of galactic tidal field
to the star cluster becomes smaller and the dissolution rate becomes
slower.

We do not find any separated systems in the LMC environ-
ment, both at = 20 Myr and at = 50 Myr. All binary/multiple

clusters are gravitationally-bound, with mutual separations less than
of ~ 35 pc (see the top panels in Figure 17). This upper limit for
the separation is smaller than in the Milky Way environment, but
comparable to the maximum separations seen in the isolated envi-
ronment. The mass ratios of binary clusters in the LMC environment
do not differ significantly from those of the isolated environment at
t =20 Myr and ¢ = 50 Myr. The median values of the mass ratios
for initial substructures with D = 1.6, D = 2.2, and D = 2.9 at
t = 20 Myr are ¢ = 0.36, ¢ = 0.78, and ¢ = 0.24, respectively.
Merger products are formed at all times in the LMC environment,
after the collision of the two members of a binary star cluster which
have maximum separations smaller than ~ 20 pc (see the bottom
panels in Figure 17). In addition, we find that merger products are
commonly formed after a close encounter between two companions,
when they approach each other nearly head-on and in a retrograde
binary cluster orbit.

The rotation curves of the merger products in the LMC environ-
ment are comparable to those in the Milky Way environment, where
the curves are more or less flat at large radii (see Figure 18), while
several merger products show increased velocities at larger radii. At
t = 50 Myr, several merger products with radially decreasing rota-
tion curves remain, such as those in the isolated environment. We
find that the rotation velocities in the LMC environment are similar
to those of the merger products in the isolated environment, but
somewhat smaller than those of the merger products in the Milky
Way. We attempt to investigate the reason behind this result. Rota-
tion was found to accelerate the star cluster’s dynamical evolution
by transferring the angular momentum outwards, by speeding up
the process of mass segregation, and by reducing the core collapse
timescale (Kim et al. 2002, Kim et al. 2004, Kim et al. 2008). The
presence of a galactic tidal field in our study will also speed up
the transfer of angular momentum outward, as stars in the outer
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Figure 11. From top to bottom are sequentially samples of single clusters
(CS5), binary star clusters that have evolved into a merger product (C5),
binary clusters (C1), multiple clusters (C4), and separated systems (C2) at
times 20 Myr (left panels) and 50 Myr (right panels). The purple, orange,
and blue dots represent the members of the clusters. The members of the
micro-clusters are represented with the red dots. As a consequence of the
MST algorithm there are also stars which do not clusterize, and these are
represented with the black dots.

regions of the cluster are stripped off. This accelerates the inter-
nal dynamics of the cluster (two-body relaxation, mass segregation,
core collapse, etc; see, Mapelli 2017). This results in increased ro-
tation speeds with time. As explained in Section 2.2, the tidal radius
of a cluster is roughly 43.5% larger in the Milky Way environment
than in the LMC environment. The tidal field of the LMC results
in rotation curves should be expected more pronounced than those
in the Milky Way environment. However, there seems to be another
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factors affecting the lower rotation curves significantly in the LMC.
We then also calculate the angle between each cluster’s rotation
axis and its orbital plane in the galaxy. Most of the LMC merger
products that have lower rotation curves than those in the Milky
Way environment are found to have a nearly straight angle. These
clusters appear to be more robust against perturbations from the
galactic tidal field. Thus, a possible reason of the cluster’s lower
rotation speed are more likely the angle between cluster’s rotation
axis and its orbital plane in the galaxy.

The typical pathways for the evolution of the stellar aggre-
gates are similar to those evolved in the Milky Way environment.
When compared to the Milky Way environment and the isolated
environment, the fraction of binary/multiple cluster in the LMC
environment are highest (see Figure 19). The fraction reaches a
maximum value of ~ 90% at r+ = 20 Myr and decrease to ~ 80%
at t = 50 Myr. This suggests that the systems in the LMC environ-
ment can survive up to 100 Myr or even longer, as suggested by
Priyatikanto et al. (2019a). The fraction of merger products in the
LMC higher: ~ 3% — 10% at t = 50 Myr. In the LMC environment,
we find that most binary star clusters ultimately merge, rather than
forming a separated system. The fraction of merger products in the
LMC environment is somewhat higher than in the Milky Way envi-
ronment. This is particularly the cases for models with D = 2.9 and
ayir = 0.5-0.7 (see Figure 19), which mostly evolve into separated
systems in the Milky Way environment, while in the LMC envi-
ronment these mostly end up in mergers. The simulations for such
models show that as two binary cluster companions are receding
and the system moves near to the galactic plane, the separation of
the companions decreases rapidly, which results in a merger prod-
uct, instead of remain in a separated system, as in the Milky Way
environment. However, in Priyatikanto et al. (2016), binary star
clusters near the Milky Way plane are less likely to merge; rather
they tend to evolve into separated systems, as a consequence of the
limited range of a cluster’s separation to produce merger process
(see, e.g., figure 2 in Priyatikanto et al. 2016). The results obtained
by Priyatikanto et al. (2016) are affected by the Milky Way’s tidal
field. The different tidal field and structures in the LMC might con-
tribute to provide different possible range of cluster’s separation to
produce merger process with small inclinations and various values
of ascending node in the LMC environment.

4 DISCUSSION AND CONCLUSIONS

We have performed gravitational N-body simulations to investigate
the formation process and subsequent dynamical evolution of bi-
nary star clusters. We have investigated the process of how stellar
aggregates evolve with different initial conditions (substructure pa-
rameter D and virial ratio ay;;), and in different environments: (i) in
isolation; (ii) in the Milky Way environment, and (iii) in the LMC.
Star clusters with a high degree of initial substructure (i.e., small
D) are more likely to form binary star clusters. Star clusters with a
higher stellar velocity dispersion (higher ay;,), on the other hand,
are more likely to form a separated systems (i.e., gravitationally
unbound star clusters).

At early times, the collapse of a stellar aggregate will result
in a modest degree of mass segregation (A =~ 1 — 3). Binary star
clusters then tend to form at # > 5 Myr, after a short phase of violent
relaxation. In some cases, multiple star clusters are formed, notably
in the simulations which are initially supervirial (ay;; = 0.7). Such
multiple systems are generally short-lived due to the high rate stellar
escapers and escaping mini-clusters, and rapidly evolve into binary
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Figure 13. The timescales of star clusters in the Milky Way environment (top panels) and in the LMC environment (bottom panels). The black, red, and blue
curves show the evolution for representative examples in the ensemble of realisations for models C1, C4, and C7, respectively. See Figure 2 for the explanation

of parameter fseg.

star clusters. The gravitational interactions between the components
results in binary star cluster to merge into larger rotating star clusters
when the separation between the two clusters is sufficiently small.
Binary star clusters with a larger separation, on the other hand, tend
to widen their orbits and subsequently separate into two star clusters
that move away in opposite directions.

We find that the fraction of binary/multiple clusters in the
Milky Way environment is typically ~ 45% at + = 20 Myr, and
~ 30% at t = 50 Myr, with separations less than ~ 50 pc. On the
other hand, most of the binary star clusters with orbital separations
less than ~ 20 pc tend to merge. Gravitational interactions between
star clusters can lead to a merger process through the spiral-in of

orbits with smaller eccentricity (e < 1) and through highly ec-
centric, head-on collisions (e > 1). A fraction ~ 50% — 60% of
merger products is found in the Milky Way environment during the
first 50 Myr. Approximately 60% of the binary star clusters with
separations above ~ 60 pc evolve into separated systems at later
times.

In the LMC, ~ 80% —90% of the stellar aggregates evolve into
binary star clusters at some stage during the 50 Myr, and form with
separations less than ~ 35 pc. About ~ 10% — 60% of the merger
products are formed from binary star clusters, all of which have with
separations less than ~ 20 pc. No separated systems are formed in
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Figure 14. The orbital properties of separated binary cluster (top panel), binary cluster (middle panel), and merger process (bottom panel) in the Milky Way
environment. The red, green, and blue curves in the top panels represent the dynamical evolution for initial conditions C5, C7, and C8, respectively. In the
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Figure 15. The rotation curves of merger products for the Milky Way envi-
ronment with initial conditions C1 (fop), C4 (middle), and C8 (bottom).

the LMC environment during the 50 Myr that they are evolve, for
any of the sets of initial conditions.

The dynamical stability and evolution of star clusters is also
affected by a galactic tidal field, and therefore its dynamical fates
(single cluster, binary star cluster, separated system, or merged sys-
tem) is determined by the tidal field. The tidal field also affects the
rotation curves of merger products at large radii. We have measured
the (evolving) angle between the rotation axis of each cluster, and
the orbital plane of the cluster in the galaxy. We find that merger
products with evolving rotation curves exhibit changes in their ori-
entation angles. As the angle decreases, the merger product’s rota-
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tion curve increases more significantly. We also find several merger
products in the Milky Way and LMC environments which have
relatively stable rotation curves, which occurs especially when the
angle is perpendicular. The latter is also commonly identified in the
isolated environment. Kacharov et al. (2014) and Priyatikanto et al.
(2016) have shown that the rotation axis of a cluster with respect
to its orbital plane can strongly affect the evolution of the rotation
curves. Kacharov et al. (2014) showed there is an oscillation of clus-
ter’s rotation velocity as the rotation axis changes as a cluster orbits
around the galactic centre. However, our simulations are limited to
a total integration time of 50 Myr, which is insufficient to observe
such long-term effects.

Among the merger products in the Milky Way environment,
typically ~ 37% change rotation curves significantly within the sim-
ulated timespan of 50 Myr. The corresponding fraction is somewhat
smaller in the LMC environment: ~ 34%. The changes in rota-
tion velocities of the merger products are mostly above 1 km s~
between the formation time of the merger product and the total
simulation time of 50 Myr. However, some merger products have
small changes of rotation velocities i.e., less than 0.5 kms~!; these
smaller variations are mostly within the spread of the cluster’s rota-
tion velocities. The star clusters typically lose ~ 20% —25% of their
initial total mass during 50 Myr, and ~ 10% — 15% of the member
stars from each system. The external tidal field does not appear to
strongly affects the evolution of the total mass of the bound system,
the number of member stars, or the radii of the star clusters that
form. Stellar evolution and the dissipation of angular momentum,
on the other hand, are more important factors during this timespan.

The probability of formation of binary star clusters, as well as
their dynamical fate, is primarily affected by the external tidal field
in different ways. The tidal radius and strength of the galactic tidal
field experienced by the system depend on its position with respect to
the galactic centre. Mutual disruption will be dominant and cannot
be neglected when the separation of two star clusters is less than
three times their tidal radii (see, e.g., Innanen et al. 1972; Binney &
Tremaine 2008; de la Fuente Marcos & de la Fuente Marcos 2009).
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Figure 16. The fraction of single clusters, binary/multiple clusters, separated systems, and merger products in the Milky Way environment. Panel descriptions

are as in Figure 9.
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Figure 17. The orbital properties of binary star cluster (fop panels) and merging clusters (bottom panels) in the LMC environment. The red, green, and blue
curves in the top panel represent the dynamical evolution for initial conditions C1, C5, and C9, respectively. In the bottom panels, the red, green and blue

curves represent initial conditions C1, C5, and C8, respectively.

In Section 2.2, we have shown that the initial tidal radius of star
clusters in the LMC is smaller than that of clusters in the Milky
Way. This indicates that the frequency of mutual disruptions in the
LMC star clusters is larger than in the Milky Way. Moreover, for
the positions in the galaxies at which the clusters in this study were
initialised, star clusters in the LMC feel a stronger tidal force than
those in the Milky Way. Under these conditions, the LMC'’s tidal
field less disruptive when compared to the contribution of mutual
disruption of the two star clusters in the system. In the Milky Way
environment, on the other hand, the formation process of binary
star clusters are affected by the galactic tidal field. Several separated
systems are pulled back by the tidal field into a bound state, or

alternatively, retained several systems in a separated systems with
higher mutual separations. Such processes can occur due to the
initial spatial orientation of binary star clusters with respect to the
galactic centre, as suggested in Priyatikanto et al. (2016). Many of
our star clusters appear to have initial orientations that are beneficial
for the formation of binary star clusters in the LMC. This process
should also have occurred in the Milky Way, but its stronger tidal
field has triggered separations and mergers.

Our results are somewhat different from those of Arnold et al.
(2017), due to (i) the higher initial mass of the clusters modelled
in our study, and (ii) our inclusion stellar evolution. Both these
differences result in a faster dynamical evolution of the clusters in
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Figure 18. The rotation curves of merger products for the LMC environment
with initial conditions C1 (top), C4 (middle), and C8 (bottom).

our study. On the other hand, we have not considered the effect of
presence of binary stars in our study. Previous studies have shown
that many binary stars are formed in the Galaxy, and these binary
stars affect the internal evolution of star cluster, for example through
preventing core collapse, and through slowing down the dissolution
process of star cluster (e.g., de Grijs et al. 2008; Kouwenhoven et al.
2010; Martinez-Barbosa et al. 2016). Moreover, the MIStIX survey
showed that many of the youngest star clusters are surrounded by
gas. This gas experiences ram pressure, which decreases the rate of
dynamical evolution. Further studies should include the effects of
both primordial binary stars and the presence of gas. More interest-
ingly is to investigate the influences of the star cluster’s initial mass
and initial number of stars on the probability of forming binary star
clusters. The effect of a non-axisymmetric external gravitational
potential, such as spiral arms and bar structures, should also con-
tribute in the dynamical evolution of star clusters (e.g., Mishurov &
Acharova 2011; Martinez-Barbosa et al. 2016, 2017). Besides that,
the availability of the early third data release of GAIA will provide
anew challenge of cluster membership determination and of cluster
physical properties estimation. These data can be compared with
results from N-body simulations to determine the physical status of
candidate cluster pairs, and to investigate cluster pair formation in
the Milky Way and in the LMC (e.g. Kovaleva et al. (2020)).
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