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Abstract

We investigate the properties of young massive clusters (YMCs) in a galaxy–galaxy
merger remnant by analyzing the data obtained by a gas-rich major merger simula-
tion in Matsui et al. (2012, ApJ, 746, 26). We found that the YMCs are distributed at a few
kpc and at ∼10 kpc from the galactic center; in other words, there are two components
of their distribution. The former are formed in filamentary and turbulent gas generated
at a few kpc from the center as a result of galaxy encounters, and the latter are formed
in tidal tails which are far from the center. The YMCs are much less concentrated than
galaxy stars. The mass function of the YMCs is dN/dM∝M−2. Most YMCs are formed
between the second encounter and the final coalescence phase of the galactic cores,
and their formation rate is especially high at the final coalescence phase. Most of them
consist of single stellar population in age, but YMCs with multi-stellar populations in age
are also formed. The multiple populations are produced by the following process: a YMC
captures dense gas, and another generation of stars form within the cluster. There are
several YMCs formed in an isolated disk before the encounter of galaxies. These candi-
dates contain stars with various ages by capturing dense gas and forming stars. YMCs
in a merger remnant have various orbits, but a large fraction of candidates have circular
orbits.

Key words: galaxies: evolution — galaxies: formation — galaxies: interactions — galaxies: structure — methods:
numerical

1 Introduction

Major mergers of gas-rich galaxies are expected to play
an important role in the formation of globular clusters.
The CO observation of local interacting galaxies showed a

compressed gas filament, which may lead to formations
of globular clusters, induced by galaxy–galaxy collision
(Kaneko et al. 2018). The optical and infrared images found
young massive star clusters with ∼105−6 M� formed in
the galaxy–galaxy merging process (Whitmore & Schweizer
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1995; Whitmore et al. 1999; Mengel et al. 2008). In galaxy–
galaxy merger remnants, globular cluster systems formed in
a galaxy–galaxy merging process are detected (Bassino &
Caso 2017; Ko et al. 2018). In order to study formation,
evolution, and properties of such globular cluster systems
in more detail, numerical simulations of a galaxy–galaxy
merger are needed.

Previously, a large number of numerical simulations
of the galaxy mergers have been performed (Mihos &
Hernquist 1996; Barnes & Hernquist 1996; Kazantzidis
et al. 2005; Cox et al. 2006; Di Matteo et al. 2007).
These numerical simulations succeeded to roughly under-
stand dynamics in the galaxy–galaxy merging process such
as gas inflow to the galactic central region or a central
starburst. These studies, however, were not easily able to
reproduce shock-induced star and star cluster formations
in the merging process as shown by observations. This is
because they used an unrealistic interstellar medium (ISM)
model with temperature cutoff at T = 104 K in a cooling
function due to the limited mass and spatial resolution.
The artificial high temperature floor of ISM prevents ISM
from gravitational instability at the shock generated by the
galaxy–galaxy encounter.

In order to investigate formations of star clusters in the
galaxy–galaxy merging process, a subgrid model for star
clusters is used instead of resolving the formations of indi-
vidual star clusters directly (Bekki et al. 2002; Kruijssen
et al. 2012). Bournaud, Duc, and Emsellem (2008) have per-
formed high-resolution simulations of merging galaxies and
reproduced formations of star clusters directly, although
they used a method of sticky particles instead of resolving
hydrodynamics.

Recently, the higher mass and spatial resolution simula-
tions of merging galaxies have been performed (Saitoh et al.
2009; Kim et al. 2009; Teyssier et al. 2010; Matsui et al.
2012; Hopkins et al. 2013a, 2013b; Renaud et al. 2015).
The high-resolution simulations allow us to take radiative
cooling of low-temperature gas (T < 104 K) into account
and realize the multi-phase nature of ISM. These simula-
tions have naturally succeeded to reproduce shock-induced
star and star cluster formations. These studies have clarified
shock-induced star cluster formations at the first encounter
of galaxies (Saitoh et al. 2009, 2010), formations of hyper-
massive star clusters in the galaxy–galaxy merging pro-
cess (Matsui et al. 2012), and the formation mechanism of
star clusters at each interaction stage (Renaud et al. 2015).
The formation of globular clusters in merging galaxies at
high redshift are also clarified by cosmological simulations
(Kim et al. 2018). Although formations of star clusters
in the merging process were clarified, the properties of glob-
ular clusters in a merger remnant have not been analyzed
yet.

In this paper, we focus on and investigate the prop-
erties of young massive cluster (YMCs) formed in the
galaxy–galaxy merging process, which can produce lumi-
nous infrared galaxies (LIRGs) as shown in Matsui et al.
(2012, hereafter Paper I). For this purpose, we analyze
a galaxy–galaxy merger remnant obtained in Paper I.
We describe our methods in section 2 and results in
section 3. Summary and discussions are presented in
section 4.

2 Method

2.1 Simulation data

To investigate a merger remnant and YMCs in that rem-
nant, simulation data obtained by Paper I is analyzed. Here,
the simulations have been performed by the Tree+GRAPE
smoothed particles hydrodynamics (SPH)/N-body code
“ASURA” (Saitoh et al. 2008). We analyze mainly the
data of the highest resolution model, called HTT, 5pc. In this
model, the initial setup is as follows. First, we simulate an
isolated disk galaxy, which consists of an exponential disk
with 6.3 × 109 M� and a dark matter halo with 1.1 ×
1011 M�, for 1000 Myr. The initial disk and halo include
gas, the metallicity of which is 0.01, with 1.2 × 109 M�
and 1.1 × 109 M�, respectively. The initial metallicity is
slightly less than solar metallicity and is larger than that
of the Large Magellanic Cloud (Choudhury et al. 2016).
After stabilizing the disk, we start galaxy–galaxy merger
simulations in which both disks are tilted at −109◦ and 71◦

to the orbital plane, respectively, and prograde–prograde
encounter occurs. We set the start time of the merger sim-
ulation to be t = 0. At t = 0, each galaxy includes gas
with 1.5 × 109 M� since the gas decreases due to star
formation. Hereafter, initial stars at t = −1000 Myr are
called “pre-existing stars”, newly born stars before t = 0
are “old stars”, and stars born after t = 0 are “new stars”.
After starting the merger simulation, the first, second, and
third encounters occur at t ∼ 450 Myr, t ∼ 850 Myr, and
t ∼ 1000 Myr, respectively. See Paper I for details.

In the HTT, 5pc model, the numbers of SPH particles,
pre-existing- and old-star particles, and dark matter par-
ticles at t = 0 are 442958, 2051314, and 27720000,
respectively. The mass and gravitational softening length
of SPH particles are 7.5 × 103 M� and 5 pc, respec-
tively. In the simulation, the multi-phase nature of ISM
is realized by taking a wide temperature range of radia-
tive cooling (10 < T < 108 K) and energy feedback from
Type II supernovae (SNe) into account. Metal contami-
nation of gas by Type II SNe is also taken into account
(Steinmetz & Mueller 1994). Star formations take place
from cold (T < 100 K) and dense (nH > 100 cm−3) gas.
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Fig. 1. Snapshot of both new stars and old stars in a merger remnant.
The size of the panel is 5 kpc. The colors represent surface density of
both new stars and old stars. A filled circle denotes the galactic center
and open circles show detected YMCs. The numbers around the YMCs
show the ID of the clusters. Although some faint dots can be observable
in the other points, these objects cannot be identified as YMCs since
they are gravitationally unbound or the cluster mass does not reach the
detection limit mass. Two YMCs are not seen in this figure since these
are much further from the galactic center. (Color online)

Fig. 2. Density profiles of young stars (solid lines) and pre-existing and
old stars (dashed lines) in the merger remnants. Colored lines show
simulation models of HTT, 5pc (black), HTT (red), and LTT (green). The
red and green lines are not drawn within 20 pc since the gravitational
softening length, namely spatial resolution, is 20 pc. (Color online)

Fig. 3. Snapshots of detected YMCs. The size of each panel is
100 pc. The number displayed at the upper left in each panel shows
the ID. (Color online)

The mass of a star particle spawned from an SPH is one
third of the SPH mass.

In addition to the HTT, 5pc model, the lower resolution
models HTT and LTT are also analyzed. These models have
different mass and spatial resolutions from the HTT, 5pc

model, but the same collision parameter. In the HTT model,
the gravitational softening length is 20 pc but the SPH mass
is the same as for HTT, 5pc. In the LTT model, the SPH
mass is 3 × 104 M�, and the gravitational softening length
is 20 pc.

2.2 Identification of young massive clusters

We analyze simulation data at t ∼ 1350 Myr. At that time,
about 300 Myr passes after the galaxy merger is completed.
We regard the lower limit of the detectable mass of the
cluster as 2 × 105 M� in HTT, 5pc and HTT and as 8 ×
105 M� in LTT, since clusters can be expressed by 100 new
star particles.

In order to detect YMCs, we firstly compute the grav-
itational potential energy of old and new stars. After
that calculation, we perform a gravitational bound check
for old and new star particles around the particle with
locally minimum potential. If particles are gravitation-
ally bound and the total mass of the bound parti-
cles exceed the mass limit, we identify the system as
a YMC.
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Table 1. Property of YMCs in the HTT, 5pc case.

ID M∗ [M�] r† [kpc] t25%
‡ [Myr] t50%

§ [Myr] t75%
‖ [Myr] rp

� ra
∗∗ ε††

1 3.14 × 105 2.01 − 779 −778 −703 1.88 2.03 0.04
2 3.12 × 105 2.40 − 845 −843 146 1.58 2.63 0.25
3 3.09 × 106 1.55 − 369 298 832 0.65 1.69 0.45
4 2.23 × 105 1.38 742 743 744 1.37 1.82 0.14
5 6.43 × 105 0.81 1061 1062 1063 0.44 0.85 0.31
6 1.08 × 107 1.08 978 984 987 0.62 1.29 0.35
7 4.41 × 105 0.64 1238 1239 1240 0.55 0.68 0.11
8 4.02 × 105 0.88 1182 1183 1185 0.59 0.90 0.21
9 2.22 × 106 0.54 1030 1030 1032 0.53 0.88 0.25
10 2.46 × 107 0.58 1136 1180 1254 0.58 0.59 0.01
11 5.53 × 105 1.24 1181 1182 1183 1.05 1.32 0.11
12 3.68 × 105 1.58 1151 1153 1154 0.98 1.60 0.24
13 4.34 × 105 0.83 967 970 971 0.79 1.38 0.28
14 5.90 × 105 0.71 1068 1069 1070 0.60 0.74 0.10
15 4.17 × 105 2.39 1033 1034 1035 0.57 2.40 0.62
16 1.95 × 107 1.41 969 984 1011 0.25 1.70 0.75
17 3.93 × 105 2.51 952 953 954 1.02 2.54 0.43
18 3.28 × 105 2.29 705 706 707 0.95 2.72 0.48
19 3.26 × 105 1.21 1267 1268 1269 0.49 1.28 0.45
20 6.14 × 105 1.41 1098 1099 1101 0.83 1.46 0.27
21 2.22 × 105 1.36 1093 1102 1105 0.65 1.48 0.39
22 2.14 × 105 1.73 1058 1059 1060 1.21 1.86 0.21
23 3.55 × 105 1.24 1278 1279 1280 0.98 1.24 0.12
24 1.04 × 106 1.57 1100 1102 1104 0.96 1.58 0.25
25 1.15 × 106 0.88 1051 1053 1259 0.83 0.89 0.04
26 4.62 × 105 1.17 1166 1168 1169 0.84 1.23 0.19
27 3.54 × 105 1.05 1266 1269 1270 0.87 1.16 0.15
28 5.17 × 105 1.04 1318 1319 1321 0.89 1.12 0.11
29 2.41 × 106 3.17 − 558 14 487 0.61 3.39 0.70
30 2.71 × 105 1.32 − 839 −111 416 1.26 3.78 0.50
31 2.74 × 105 1.16 1154 1155 1157 0.82 1.23 0.20
32 8.76 × 105 0.91 1147 1149 1150 0.91 1.04 0.07
33 4.16 × 105 1.24 1115 1116 1117 0.73 1.24 0.26
34 1.09 × 106 1.50 − 872 −870 −869 0.25 1.67 0.74
35 1.55 × 106 1.50 − 871 −869 472 0.92 2.88 0.52
36 5.33 × 105 0.88 1182 1184 1185 0.62 0.91 0.19
37 5.81 × 105 0.78 1062 1063 1064 0.59 0.82 0.16
38 6.77 × 105 0.62 1197 1198 1199 0.31 0.71 0.40
39 6.44 × 105 0.80 1231 1232 1234 0.58 0.88 0.21

3 Results

3.1 Merger remnant

A snapshot of a merger remnant at t ∼ 1350 Myr in the
HTT, 5pc model is shown in figure 1. We detect 49 YMCs in
the remnant.

Figure 2 shows the density profile of new stars and
pre-existing and old stars in the merger remnant at t ∼
1350 Myr. The density profile of new stars is steep and
declines as approximately ρ∝r−4 in an outer region larger
than several tens of parsecs. The profile with r−4 is pro-
duced by the experience of strong gravitational disturbances

(Makino et al. 1990). In the case of a galaxy merger, the
intense disturbances are caused by the merging of galactic
cores and the sinking of hypermassive star clusters through
dynamical friction. Within 500 pc from the galactic center,
new stars are dominant. The central density is much higher
than that of both pre-existing and old stars by one order of
magnitude. Such structures are compatible with extremely
compact structures of newly formed stars observed in ultra-
luminous infrared galaxies (ULIRGs) (Soifer et al. 2000;
Mao et al. 2014).

The merger remnant has the total stellar mass of 1.2 ×
1010 M� at that time. The V-band absolute magnitude MV
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Table 1. (Continued)

ID M∗ [M�] r† [kpc] t25%
‡ [Myr] t50%

§ [Myr] t75%
‖ [Myr] rp

� ra
∗∗ ε††

40 5.82 × 105 0.90 1060 1061 1061 0.67 0.95 0.17
41 4.49 × 105 1.21 1169 1171 1172 1.13 1.29 0.06
42 1.62 × 106 1.62 950 950 951 0.32 3.47 0.83
43 1.80 × 106 0.53 1017 1019 1019 0.36 0.91 0.44
44 6.93 × 105 0.74 1022 1023 1023 0.26 1.59 0.72
45 4.51 × 107 0.69 1087 1145 1269 0.69 0.78 0.06
46 3.34 × 105 1.02 1176 1177 1178 0.94 1.39 0.19
47 4.91 × 105 1.25 875 876 876 0.62 1.42 0.39
48 4.07 × 105 11.30 817 819 820 11.04 18.67 0.26
49 2.08 × 105 9.31 762 765 766 9.07 17.63 0.32

∗Mass of a YMC.
†Distance of a YMC from the center of the merger remnant.
‡Star formation time of a star located at 25% when stars within a YMC are sorted from young to old.
§Star formation time of a star located at 50% when stars within a YMC are sorted from young to old.
‖Star formation time of a star located at 75% when stars within a YMC are sorted from young to old.
�Pericenter distance of a YMC.
∗∗Apocenter distance of a YMC.
††Eccentricity of an orbit.

Fig. 4. Distribution of star clusters and new stars. The horizontal and
vertical axes show the radius of the clusters from the center of the
merger remnant and the number fraction of them, respectively. The
graph has a bin width of 100 pc.

of the remnant is estimated by utilizing data of star particles
and the population synthesis code PEGASE (Fioc & Rocca-
Volmerange 1999). Then, MV = −19.8 is obtained, so
that the specific frequency, defined as SN = Ncl × 10(MV+15)

(Harris & van den Bergh 1981), is 0.61. Here, Ncl is the
number of YMCs and Ncl = 49, and the effect of dust
absorption is not taken into account. This value seems to
be lower than that observed in dwarf ellipticals and is com-
parable to that of late-type galaxies (Miller et al. 1998).
This is because only 300 Myr passes after galaxy–galaxy
merging is completed and star particles are young, so the
remnant is still bright. If star particles evolve further and
the remnant becomes dark, the value is close to observed
one. For example, when a further 1000 Myr passes, MV and
SN become −18.9 and 1.4, respectively, assuming passive
evolution.

3.2 Distribution of young massive clusters

All detected YMCs are shown in figure 3. The physical
quantities of the clusters are listed in table 1. Figure 4 shows
the fraction of YMCs and new stars in number as a func-
tion of radius from the galactic center. Most of the YMCs
are located in a region a few kpc from the galactic center
whereas new stars are extremely concentrated in the cen-
tral region and nearly 40%of them are distributed within
100 pc. In HTT and LTT cases, the distribution of YMCs and
new stars is similar to that of the HTT, 5pc case, as shown in
figure 2 and table 2. The difference in distribution between
YMCs and stars in the galactic central region is consis-
tent with observations (Sikkema et al. 2006) and can be
explained as follows. YMCs form mainly from widespread
gas filaments generated at the encounter of two galaxies
or spatially extended turbulent gas generated by its inflow
toward the galactic central region at the final coalescence
phase of galactic cores. On the other hand, a large number
of new stars are supplied by the sinking of hypermassive
star clusters in addition to star formations from such com-
pressed gas (Paper I). The formation epoch of YMCs in our
simulations is different from that in Renaud, Bournaud, and
Duc (2015), in which cluster formations mainly take place
at the first encounter of galaxies. This would be due to the
difference in collision parameters. In Renaud, Bournaud,
and Duc (2015), an antennae-like collision parameter is
adopted, which reproduces the compression of the gas and
the formation of star clusters after the first encounter of
galaxies.

Two of the clusters, IDs 48 and 49, appear at ∼10 kpc
from the center of the merger remnant. These clusters are
gravitationally bound by the remnant. Their formations
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Table 2. Property of YMCs in HTT and LTT cases.∗

ID M† [M�] r‡ [kpc] t25%
§ [Myr] t50%

‖ [Myr] t75%
� [Myr] rp

∗∗ ra
†† ε‡‡

50 4.90 × 107 0.41 898 917 969 0.38 1.28 0.54
51 2.21 × 105 1.15 1173 1175 1177 1.09 1.22 0.06
52 2.02 × 106 1.06 1164 1166 1168 1.05 1.10 0.02
53 6.69 × 105 0.73 1195 1197 1198 0.69 0.73 0.03
54 1.63 × 106 2.97 897 901 903 0.08 3.03 0.95
55 9.90 × 105 1.37 917 918 919 0.77 1.43 0.30
56 4.45 × 106 1.16 889 897 900 0.75 1.46 0.32
57 2.69 × 106 0.84 1000 1001 1002 0.34 0.87 0.43
58 3.12 × 105 1.19 888 895 899 0.75 1.44 0.31
59 2.11 × 106 0.95 1025 1026 1027 0.94 1.08 0.07
60 9.40 × 106 1.21 1011 1015 1020 0.82 1.21 0.19
61 1.14 × 107 0.91 1200 1203 1314 0.75 0.91 0.10
62 3.88 × 106 2.24 883 885 913 0.17 3.44 0.91
63 9.72 × 105 0.90 1214 1215 1217 0.90 1.13 0.11

∗YMCs from ID 50 to ID 59 and from ID 60 to ID 63 form in HTT and LTT cases, respectively.
†Mass of a YMC.
‡Distance of a YMC from the center of the merger remnant.
§Star formation time of a star located at 25% when stars within a YMC are sorted from young to old.
‖Star formation time of a star located at 50% when stars within a YMC are sorted from young to old.
�Star formation time of a star located at 75% when stars within a YMC are sorted from young to old.
∗∗Pericenter distance of a YMC.
††Apocenter distance of a YMC.
‡‡Eccentricity of an orbit.

take place in tidal tails away from the center, which is
different from the formations of other clusters. These are
classified as tidal dwarfs. In our simulations, there is no
ejected YMC from the galaxy during galaxy–galaxy inter-
action as suggested by Elmegreen (2010). The difference of
the formation site produces two components of YMC dis-
tribution. In HTT and LTT cases, the formation of a tidal
dwarf does not occur.

In order to compare our data with observations, we
show the surface number density of YMCs as a function of
radius from the galactic center in figure 5. Here, the surface
density is calculated by using projected snapshots which
are observed from various viewpoints. The figure shows
that the distribution of YMCs do not strongly depend on
viewing angle. Whereas the stellar distribution traces the
distribution of YMCs in the galactic outer region, the deficit
of YMCs appears in the galactic inner region. This result is
in agreement with observations of isolated elliptical galaxies
(Sikkema et al. 2006; Salinas et al. 2015).

3.3 Mass function of young massive clusters

The cumulative mass function of YMCs is shown in figure 6.
In the HTT, 5pc model, the masses of clusters range from 2.08
× 105 M� to 4.51 × 107 M�. There are no hypermassive
star clusters with ∼108 M� since they have already sunk to
the galactic center through dynamical friction. This graph

Fig. 5. Surface number density σ cl of YMCs and surface new stellar mass
density �star as a function of radius from the galactic center. The bin
width of σ cl and �star is 0.3 and 0.15, respectively. In order to obtain
projected snapshots from various viewpoints, we rotate figure 1 with
respect to its horizontal or vertical axis. The red and green plots show the
horizontal and vertical cases, respectively. The viewpoints are indicated
by different symbols (σ cl = 0◦, 30◦, 45◦, 60◦, and 90◦). The black star
symbols denote �star. (Color online)

indicates that mass function becomes a power-law func-
tion with dN/dM∝M−2, which is in good agreement with
observations (Whitmore et al. 1999) and previous numer-
ical simulations (Saitoh et al. 2010).
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Fig. 6. Cumulative mass function. The vertical and horizontal axes are
the cumulative number and mass of YMCs, respectively. Each line
shows HTT, 5pc (black), HTT (red), and LTT (green). (Color online)

A deviation from the line of dN/dM∝M−2, however,
appears at ∼107 M�; in other words, there is an excess
of massive clusters. The stellar mass evolutions of mas-
sive YMCs IDs 10, 16, and 45 are shown in figure 7.
The figure shows that their initial stellar masses are less
than ∼107 M�. After the formations of YMCs, these three
YMCs continue to pass filamentary dense gas regions which
exist within ∼1 kpc from the galactic center. The YMCs
obtain such dense gas continuously, and formations of new
stars take place within the YMCs. As a result, stellar mass
growth of the YMCs occurs and an excess of massive YMCs
emerges. Since the cluster with ID 16 escapes from the dense
gas region, mass growth is quenched at t ∼ 1030 Myr. These
objects seem to be more spatially extended (see figure 3)
than observed young clusters which have a half-light radius
of a few pc (Mengel et al. 2008). Such massive clusters
would sink into the galactic center through dynamical fric-
tion within less than 1 Gyr, according to Chandrasekahr’s
formula:

tdyn = 0.95 Gyr
ln �

(
r

0.5 kpc

)2
σ

200 km s−1

2 × 107 M�
M

(1)

(Binney & Tremaine 1987). Then, the excess disappears
and spatially extended clusters would not be observed.

In the HTT model, the mass function in the region less
massive than 106 M� is deviated from dN/dM∝M−2. This
is because the large gravitational softening length prevents
the formations of clusters less than 106 M�.

3.4 Age of young massive clusters

In table 1, tXX% indicates the time when XX% of stars
in each cluster are formed. According to t25%, t50%, and
t75%, the clusters can be classified into the following three
types: (1) clusters consisting of only new stars with single
age, (2) clusters consisting of only new stars with bimodal
distribution in age, (3) massive clusters consisting of only
new stars with varying age, and (4) clusters constituting of
both new and old stars.

38 YMCs consist of only new stars with single age.
All of these clusters form after galaxy–galaxy encounters,
and their formations are induced by the galaxy merger.
The typical population of stellar age within these clusters
is shown in the left-hand panel of figure 8 which shows
the number fraction of stars within a cluster as a func-
tion of star formation time. Stars within these clusters
have similar formation epochs and the width of age dis-
tribution is 10 Myr, which is the timescale of feedback to
eject gas.

One YMC, ID 25, has bimodal distribution in age as
shown in the middle panel of figure 8. The interval of age
between the two events is 200 Myr. The process of pro-
ducing such a population is as follows. The cluster forms at
t = 1050 Myr. After the formation, the cluster wanders few
gas regions. When the cluster passes the dense gas region
temporarily after t ∼ 1250 Myr, it captures gas, as shown
in the left-hand and middle panels of figure 9. After that,
the density of gas within the cluster becomes high and gas
cools because of the radiative cooling. As a result, the next-
generation stars form, as shown in the right-hand panel
of figure 9. This scenario has been suggested by Pflamm-
Altenburg and Kroupa (2009).

Fig. 7. Time evolutions of stellar mass of massive YMCs for IDs 10, 16, and 45.
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Fig. 8. Distribution of star formation time in each YMC formed after the galaxy encounter. The horizontal and vertical axes are the star formation time
and the number fraction of stars to the total stellar number, respectively. The number in the upper left-hand corner denotes the cluster ID. (Color
online)

Fig. 9. Snapshots of the cluster ID 25 from t = 1259 Myr to t = 1269 Myr.
Top and bottom panels show the surface density of the gas and the new
star, respectively. The red circle represents the position of the cluster. In
the bottom panels, green dots represent formed next-generation stars.
At t = 1259, a dense gas region appears above the cluster. After that,
the cluster passes through this region. Then, the cluster captures gas
at t = 1263 Myr and star formation takes place within the cluster. (Color
online)

Three YMCs, IDs 10, 16, and 45, exceed 107 M�. These
clusters consist of stars with various ages. The typical dis-
tribution of the stellar formation time is shown in the right-
hand panel of figure 8. The distribution is continuous rather
than discrete, unlike ID 25. This is because these YMCs
continue to pass dense gas regions and obtain gas contin-
uously. The continuous gas accretion results in star forma-
tions within the clusters at various times.

The other seven YMCs consist of old and new stars,
although the clusters ID 1 and ID 34 have few new stars.
All of these seven clusters form in an initial unstable gas
disk at t ∼ −800 Myr during a simulation of an isolated
gas disk. Figure 10 shows the distribution of the forma-
tion time of stars within these clusters. Although these
clusters form in an initial isolated unstable gas disk at

t ∼ −800 Myr, they include stars with various forma-
tion times. This is because clusters capture gas when they
pass through dense gas regions and star formations occur
within them, similarly to the cluster ID 25. These clusters
are likely to contain stars formed at the encounter phase,
namely around 400 Myr or 800 Myr. The reason is that the
encounter produces turbulent and dense gas and increases
the probability that a cluster passes through the dense
gas region.

In HTT and LTT cases, t25%, t50%, and t75% are shown
in table 2. All YMCs form after the second encounter of
galaxies. Whereas most YMCs have a single stellar pop-
ulation, IDs 50, 61, and 62 have multiple stellar pop-
ulations. ID 50 and ID 62 consist of stars with various
ages, similarly to IDs 10, 16, and 45, and ID 61 has a
bimodal stellar population in age, similarly to ID 25. The
multiple population is formed by capturing dense gas and
forming the second-generation stars in a similar way to the
HTT,5pc case.

Recent observations have revealed that Galactic globular
clusters generally have multiple stellar populations (Bastian
& Lardo 2017). Such globular clusters can be divided into
two types in accordance with abundance patterns. The first
and second types contain Fe and light element (e.g., He,
C, N, O, Na, and Al) variations. Since we do not have
abundance information for stars in our simulation, we con-
jecture types of YMCs with bimodal distribution in age.
These YMCs should belong to the first type for the fol-
lowing reasons. These YMCs, except ID 25, contain stellar
populations formed before and after the galaxy–galaxy
merger. These stellar populations clearly have different Fe
abundances. YMC ID 25 has stellar populations formed
at t ∼ 1050 Myr and t ∼ 1250 Myr. The metallicity, Z,
of the first- and second-generation stars in YMC ID 25 is
shown in figure 11. The figure shows that the metallicity of
the second-generation stars increases by ∼0.01 compared
to that of first-generation stars. Although the enrichment
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Fig. 10. Same as figure 8 but clusters formed before the galaxy encounter. (Color online)

Fig. 11. Number fraction of stars as a function of metallicity Z in the
cluster with ID 25. The black and red lines show the first- and the second-
generation stars, respectively. The bin width is 0.01. (Color online)

seems to be mild, it becomes more remarkable in high-z
galaxies with low metallicity. The difference of metallicity
between the first- and second-generation stars indicates that
the second-generation stars form from gas contaminated by
Type II SNe. Thus, these clusters correspond to ω Cen with
different Fe abundances. On the other hand, the second
type is expected to be formed from asymptotic giant branch
(AGB) ejecta of the first-generation stars (Renzini 2008;
Bekki et al. 2017; Bekki 2018).

3.5 Motion of young massive clusters

In order to investigate orbits of YMCs in the merger rem-
nant, we simulate the motion of YMCs by the second-order
leapfrog integration scheme. The gravitational potential of
the remnant is produced by using the distribution of SPH,
star, and dark matter particles at t ∼ 1350 Myr. Here, we

assume that the gravitational potential is steady and spher-
ically symmetric. These assumptions are reasonable to cal-
culate orbits approximately since the asymmetry of the rem-
nant is not strong and the remnant is quasi-stable. Note that
evaporation of YMCs and dynamical friction are not taken
account.

The pericenter distance rp, apocenter distance ra, and
eccentricity defined by ε = (ra − rp)/(ra + rp) are sum-
marized in table 1 for the high-resolution case and in
table 2 for the low-resolution cases. In both cases, orbits
of YMCs in the galactic inner region are various, but the
number fraction of circular orbits is large. This is because
YMCs formed in a major merger do not lose the orbital
angular momentum sufficiently. This trend seems to be
different from observations of the Milky Way (Gaia Col-
laboration 2018) or cosmological simulations of a disk
galaxy (Saitoh et al. 2006) which is different morphology
from a galaxy–galaxy merger remnant and does not expe-
rience a recent major merger. Such observations and sim-
ulations show that a large fraction of YMCs have radial
orbits. This might indicate that the formation process of
clusters is different between a merging galaxy and a disk
galaxy. While YMCs form from filamentary gas or turbu-
lent gas generated by a galaxy–galaxy merger, YMCs form
by in situ formation, minor mergers, and satellite accretion
(Renaud et al. 2017).

Eccentricities of orbits of the galactic outer YMCs ID 48
and ID 49 are not high. This is because they form in
rotating tidal tails and hence have originally sufficient
orbital angular momentum. These clusters migrate from
∼10 kpc to ∼20 kpc. Since their pericenter and apocenter
distances are ∼10 kpc and ∼20 kpc, respectively, these
objects are observed as isolated globular clusters. Isolated
globular clusters are observed in some galaxies, for exam-
ples M 31 (Mackey et al. 2010) and M 81 (Jang et al.
2012), although it is difficult to compare simply with spiral
galaxies.
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4 Summary

We investigate properties of YMCs in a merger remnant by
analyzing simulation data in Paper I. Our findings are as
follows.

� YMCs are formed in filamentary and turbulent gas and
tidal tails generated by a galaxy merger. The former and
the latter are distributed at a few kpc and at ∼10 kpc
from the center of the merger remnant, respectively. The
YMCs are much less concentrated than galaxy stars.

� The mass function of YMCs becomes dN/dM∝M−2,
but the excess appears around 107 M� after merging of
galactic cores is completed. The excess would disappear
after less than 1 Gyr due to dynamical friction.

� Most YMCs formed during a galaxy merger consist of
a single stellar population in age. On the other hand,
the rest have multiple distributions in age. The multiple
population is formed by capturing dense gas and forming
new stars within a YMC when the YMC passes a dense
gas region.

� Orbits of YMCs in the inner galactic region are var-
ious, but a large fraction of candidates would more likely
have circular orbits. Eccentricities of YMCs in the inner
galactic region are not high.
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