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A B S T R A C T 

Galaxy mergers are known to host abundant young massive cluster (YMC) populations, whose formation mechanism is still not 
well-understood. Here, we present a high-resolution galaxy merger simulation with explicit star formation and stellar feedback 

prescriptions to investigate how mergers affect the properties of the interstellar medium and YMCs. Compared with a controlled 

simulation of an isolated galaxy, the mass fraction of dense and high-pressure gas is much higher in mergers. Consequently, the 
mass function of both molecular clouds and YMCs becomes shallower and extends to higher masses. Moreo v er, cluster formation 

efficiency is significantly enhanced and correlates positively with the star formation rate surface density and gas pressure. We 
track the orbits of YMCs and investigate the time evolution of tidal fields during the course of the merger. At an early stage of 
the merger, the tidal field strength correlates positively with YMC mass, λtid ∝ M 

0.71 , which systematically affects the shape of 
the mass function and age distribution of the YMCs. At later times, most YMCs closely follow the orbits of their host galaxies, 
gradually sinking into the centre of the merger remnant due to dynamical friction, and are quickly dissolved via efficient tidal 
disruption. Interestingly, YMCs formed during the first passage, mostly in tidal tails and bridges, are distributed o v er a wide 
range of galactocentric radii, greatly increasing their survi v ability because of the much weaker tidal field in the outskirts of the 
merger system. These YMCs are promising candidates for globular clusters that survive to the present day. 
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1  I N T RO D U C T I O N  

The interactions of dark matter haloes o v er cosmic time are the 
key physical process of hierarchical structure formation in the � - 
cold dark matter cosmology (Somerville & Dav ́e 2015 ). Mergers 
of haloes naturally lead to the mergers of their central galaxies and 
inevitably leave strong imprints on their evolution. 

Over the last se veral decades, observ ations of nearby and high 
redshift galaxies suggest that major mergers alter star formation 
activities (e.g. Ellison et al. 2008 ; Wong et al. 2011 ; Patton et al. 
2013 ; Davies et al. 2015 ; Knapen, Cisternas & Querejeta 2015 ), 
modify the morphology of galaxies (e.g. Conselice, Chapman & 

Windhorst 2003 ; Lotz et al. 2008 ; Mortlock et al. 2013 ), trigger 
the formation of ultraluminous infrared galaxies (e.g. Sanders et al. 
1988 ; Melnick & Mirabel 1990 ), and enhance atomic/molecular gas 
contents (e.g. Braine & Combes 1993 ; Ueda et al. 2014 ; Larson 
et al. 2016 ; Ellison, Catinella & Cortese 2018 ; Violino et al. 2018 ). 
Moreo v er, major mergers not only change the global properties 
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of the galaxies but also strongly affect various spatially resolved 
properties of the interstellar medium (ISM) and modes of star 
formation. Several high-resolution optical observations of nearby 
merger systems (e.g. Holtzman et al. 1992 ; Whitmore & Schweizer 
1995 ; Holtzman et al. 1996 ; Schweizer & Seitzer 1998 ; Zepf et al. 
1999 ; Forbes & Hau 2000 ; Schweizer 2004 ; Reines, Johnson & 

Goss 2008 ; Miah, Sharples & Cho 2015 ) have discovered a large 
number of young massive clusters (YMCs) with masses larger than 
10 4 M � and ages younger than 100 Myr (see a recent re vie w by 
Portegies Zwart, McMillan & Gieles 2010 ). The total number of 
YMCs are much larger and the cluster initial mass function (CIMF), 
best described as a power-law shape (e.g. Zhang & Fall 1999 ; 
Bik et al. 2003 ; Bastian 2008 ), extends to much higher masses in 
merger systems compared to those in normal disc galaxies. The most 
recent HiPEEC surv e y (Adamo et al. 2020 ) quantifies the cluster 
formation process of four interacting galaxies and found that these 
galaxies have among the highest cluster formation efficiencies (CFE), 
demonstrating that mergers are important for our understanding of the 
formation mechanisms of YMCs in extreme galactic environments. 

On the theoretical side, investigating the nature and consequences 
of galaxy mergers dates back to the mid-20th century (e.g. Holmberg 
1941 ; Zwicky 1956 ; Pfleiderer & Siedentopf 1961 ). The seminal 
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work of Toomre & Toomre ( 1972 ) quantitatively modelled various 
galaxy merger configurations and reproduced many key features, 
such as tidal tails and bridges, which are consistent with observations. 
Toomre ( 1977 ) later recognized that mergers can strongly influence 
the kinematics of galaxies and possibly transform galactic discs into 
objects that resemble elliptical galaxies, an idea that was examined 
e xtensiv ely by Ne groponte & White ( 1983 ), Barnes ( 1988 , 1992 ), and 
Hernquist ( 1992 , 1993 ) in dissipationless simulations. Subsequent 
hydrodynamical simulations demonstrated that major mergers can 
trigger starbursts (e.g. Mihos & Hernquist 1994 , 1996 ; Barnes 2004 ; 
Springel, Di Matteo & Hernquist 2005 ; Hayward et al. 2014 ; Di 
Matteo et al. 2007 ; Saitoh et al. 2009 ), although the enhancement 
depends on the types of galaxy (e.g. Di Matteo et al. 2007 ; Cox et al. 
2008 ), disc orientation (e.g. Naab & Burkert 2003 ; Cox et al. 2006 ), 
subgrid galaxy formation model (e.g. Cox et al. 2006 ; Robertson 
et al. 2006 ; Hopkins et al. 2013 ), and numerical resolution (e.g. 
Teyssier, Chapon & Bournaud 2010 ). More interestingly, recent 
high-resolution hydrodynamic simulations start to resolve the ISM 

structure and star formation activities in interacting galaxies. For ex- 
ample, Bournaud et al. ( 2011 ) found that, although radial gas inflow 

efficiently fuels the nuclear starbursts during the final coalescence 
of mergers, tidal compression, turbulence, and gas fragmentation 
that are driven by mergers can trigger more extended starbursts (see 
also Renaud, Bournaud & Duc 2015 ). Moreno et al. ( 2019 , 2021 ) 
quantified the spatial and temporal distribution of the enhancement 
of star formation using the FIRE2 model and found that mergers not 
only enhance the formation of cold dense gas, but also the local star 
formation efficiency. 

On the other hand, modelling the formation of giant molecular 
clouds (GMCs) and YMCs in mergers is still computationally chal- 
lenging, because resolving the dynamical states of these parsec-scale 
structures (e.g. O’Connell, Gallagher & Hunter 1994 ; McLaughlin & 

van der Marel 2005 ; Bastian et al. 2013 ; Portegies Zwart et al. 2010 ) 
requires extremely high spatial and mass resolution, as well as reli- 
able star formation and stellar feedback models. Encouragingly, after 
decades of efforts (e.g. Bekki & Couch 2001 ; Bekki & Chiba 2002 ; 
Li, Mac Low & Klessen 2004 ; Kravtsov & Gnedin 2005 ), several 
recent theoretical models (e.g. Kruijssen et al. 2012 ) and idealized 
galaxy mergers simulations (e.g. Bournaud, Duc & Emsellem 2008 ; 
Matsui et al. 2012 ; Powell et al. 2013 ; Renaud et al. 2015 ; Lah ́en 
et al. 2020 ) are able to model the statistical properties of the YMCs 
o v er a large mass range. These simulations are able to reproduce the 
formation of most massive YMCs with mass as high as ∼ 10 7 M �
with a power-law shape CIMF, although controversy still exists (see 
e.g. Renaud et al. 2015 ; Maji et al. 2017 ). Most recently, this problem 

has been examined in a few cosmological simulations that take into 
account realistic mass assembly histories of the host galaxies under 
the framework of hierarchical structure formation (e.g. Li et al. 2017 ; 
Kim et al. 2018 ; Li, Gnedin & Gnedin 2018 ; Pfeffer et al. 2018 ; 
Keller et al. 2020 ; Ma et al. 2020 ). Although mainly focusing on 
high-z galaxies due to unprecedented computing costs, these studies 
re vealed the pre v alence of YMCs formed during frequent major 
mergers at high- z and provide solid evidence that these YMCs are 
promising candidates for globular cluster progenitors. 

Follo wing recent adv ances of both observ ations and simulations 
of spatially resolved ISM and YMC populations, here we present a 
controlled experiment of galaxy merger simulations with the no v el 
galaxy formation model, Stars and MUltiphase Gas in GaLaxiEs 
( SMUGGLE ; Marinacci et al. 2019 ). We comprehensively investigate 
and compare the properties of GMCs and YMCs in galaxy mergers 
and the isolated galaxy counterpart. The goal of this paper is to 
quantify the enhancement of the CFE during major mergers, explore 

the relationship between cluster formation and different galactic 
environments, and provide insights in to the long-term dynamical 
disruption process of YMCs. 

The paper is organized as follows. In Section 2 , we briefly 
summarize the physical processes in the SMUGGLE model, describe 
the initial conditions of the galaxy merger simulations, and illustrate 
the workflow to identify GMCs and YMCs from the simulation 
snapshots. In Section 3 , we compare the properties of the star 
formation and cluster formation activities between isolated and 
merger runs and quantify the enhancement of the CFE in different 
galactic environments. Moreo v er, in Section 4 , we study the orbital 
and tidal properties of YMCs formed at different evolution stages 
of the mergers and investigate how mergers affect their survi v al 
probabilities. In Section 5 , we compare our results with some 
previous studies and derive analytical models of the time evolution 
of YMC mass function in mass-dependent tidal disruption. Finally, 
we summarized the key results of the paper in Section 6 . 

2  M E T H O D S  

The simulations in this work are performed with AREPO (Springel 
2010 ), a moving-mesh, finite-volume hydrodynamic code with 
second-order Godunov scheme. Closely following Li et al. ( 2020 ; 
L20), the idealized galaxy merger simulations utilize the the SMUG- 
GLE framework (Marinacci et al. 2019 ), which includes hydrody- 
namics, self-gravity, radiative heating/cooling, star formation, and 
stellar feedback. To better quantify the effect of the galaxy merger 
on the star and cluster formation, we compare the results from the 
merger simulation with a ‘control sample’ of an isolated galaxy 
simulation used in L20. 

2.1 The SMUGGLE galaxy formation model 

In order to isolate the impact of major mergers, we keep the model 
ingredients and parameters the same as the SFE1 run in L20. Here, 
we briefly recap some key physical ingredients in SMUGGLE and 
the model parameters we used. The model incorporates explicit gas 
cooling and heating o v er a large range of temperatures between 10 
and 10 8 K so that the thermodynamic properties of the multiphase 
ISM are modelled explicitly. Star particles are formed from cold, 
dense, and self-gravitating molecular gas at a rate, Ṁ ∗ = εff M gas /τff , 
which depends on the mass of the gas cell ( M gas ), the local free- 
fall time ( τ ff ), and the star formation efficiency per free-fall time 
( εff ). We use a fiducial value 0.01 for the efficiency εff , the same as 
the SFE1 run in L20. All rele v ant stellar feedback processes, such as 
photoionization, radiation pressure, energy, and momentum injection 
from stellar winds and supernovae (SNe), are included with a 
Chabrier (Chabrier 2003 ) initial mass function. The technical details 
of the SMUGGLE model are e xtensiv ely described in Marinacci et al. 
( 2019 ) and L20. We highlight that the SMUGGLE model successfully 
reproduces the multiphase ISM structure, generates galactic fountain 
flows self-consistently, and maintains feedback-regulated inefficient 
star formation that is consistent with observations. 

2.2 Initial conditions 

In L20, we studied the physical properties of the GMCs in an isolated 
galaxy, which consisted of a stellar bulge and disc, a gaseous disc, 
and a dark matter halo, with masses similar to the Milky Way. The 
physical parameters of the initial conditions in this isolated disc 
are described in L20. In the current work, we construct new initial 
conditions of the galaxy merger by putting two identical isolated 
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Figure 1. Bound GMCs and YMCs identified in the simulated merger of two Milky Way-sized galaxies after the first passage at t = 0.25 Gyr. Panel (a): Gas 
surface density of the merging pair. Strong tidal features, such as tidal tails and bridges, are clearly present. Panel (b): Zoom-in view of the gas distribution in the 
central region of the host galaxy (upper), in the tidal tail (middle), and in the gas bridge (lower). The identified GMC candidates more massive than 5 × 10 5 M �
are labelled as blue circles. Panel (c): the same three zoom-in regions as panel (b) but for the distribution of stars. The identified YMCs more massive than 
10 5 M � are labelled as red stars. 

galaxies together in a pre-merger state. We specify the spin axis of 
each disc with parameters θ and φ in spherical coordinates for each 
galaxy. We follow the work done by Cox et al. ( 2006 ) and Hopkins 
et al. ( 2013 ) and choose to simulate a near-prograde merger with the 
disc spin parameters ( θ1 , φ1 , θ2 , φ2 ) = (30 ◦, 60 ◦, −30 ◦, 45 ◦). This 
type of merger represents a strong resonant interaction so that the 
resulting tidal features are strongly developed. Note that the goal of 
this experiment is to explore the effects of mergers on the formation 
of GMCs and YMCs, not to fully explore all merger configurations. 
Therefore, here we only consider equal-mass major mergers with 
a parabolic orbit (e.g. Benson 2005 ; Khochfar & Burkert 2006 ). 
Systematic studies of different merger configuration can be found in 
Naab & Burkert ( 2003 ), Cox et al. ( 2006 ), Robertson et al. ( 2006 ), 
Cox et al. ( 2008 ), Burkert et al. ( 2008 ), and Jesseit et al. ( 2009 ). 

The mass resolution for both gas and stars is ∼ 1 . 4 × 10 3 M �, 
which allows us to resolve GMCs and YMCs more massive than 
4 × 10 4 M � with more than 30 resolution elements. The gravitational 
softening for gas cells is fully adaptive with a minimum softening of 
3.6 pc. We use this same value for the softening length of the star 
particles as well. 

2.3 Cloud and cluster identification 

In L20, we used the ASTR ODENDR O algorithm (Rosolowsky et al. 
2008 ) to identify GMCs in 2D molecular gas surface density maps 
of the simulated disc galaxies. That method mimics the observational 
analysis used for sub-mm observations and is crucial when the 

goal is to closely compare simulations with observations in order 
to distinguish different model parameters. In contrast, the goal of 
this paper is to investigate the physical effects of galaxy mergers on 
the spatially resolved properties of GMCs and YMCs. Therefore, we 
are more interested in the actual clouds in 3D rather than the ones 
that are identified in 2D projections. 

We identify GMCs from all gas cells via a modified version of 
SUBFIND (Springel et al. 2001 ) that take into account adaptive 
softening lengths when estimating gravitational boundness. We also 
identify SUBFIND groups of star particles and obtained the bound 
YMC candidates in each snapshot of both the isolated and merger 
simulations. We remo v e GMCs or YMCs that contains less than 30 
resolution elements as these low-mass objects suffer low number 
statistics and strong numerical disruption. The criterion for this cut 
is somewhat arbitrary, but we find that varying this value by a factor 
of few only affects the lower-mass end of the mass function and does 
not impact the conclusions that we will present later. Fig. 1 shows 
the identified GMC and YMC candidates at a snapshot t = 0.25 Gyr, 
after the first passage. Prominent tidal tails and bridges are developed 
at this epoch. Massive GMCs and young YMCs are not only formed 
in the central part of the two galaxies, but also broadly distributed 
along the tidal features. 

We take advantage of the high cadence simulation output with a 
mean separation between adjacent snapshots around 1 Myr and track 
the orbits of all the YMCs that are formed at different epochs. We 
follow the ParticleIDs of all member stars within each YMCs 
across every simulation snapshots and construct a matching table 
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Figure 2. Time series of the simulated merger in different evolutionary stages: e.g. the first passage ( ∼0.22 Gyr), second passage ( ∼0.52 Gyr), and final 
coalescence ( ∼0.69 Gyr). Red and blue arrows indicate the trajectories of the centre of mass of the galaxies on the left and right, respectively. 

to link YMCs in different snapshots. The tracking will be used to 
investigate the subsequent time evolution of the orbital and tidal 
information of YMCs in realistic galactic environments. 

3  STAR  A N D  CLUSTER  F O R M AT I O N  D U R I N G  

G A L A X Y  M E R G E R S  

Fig. 2 shows the time series of the simulated merger of two 
Milky Way-sized galaxies. The two galaxies first approach with 
each other for ∼0.22 Gyr until they experience the first passage. 
Immediately after the first interaction, prominent tidal tails appear 
at the tips of the two galaxies and extend to several tens of kpc. 
At ∼0.52 Gyr, the system experiences a second passage, which 
triggers a strong starburst that leads to large-scale gas outflows due 
to stellar feedback. At ∼0.69 Gyr, the final coalescence occurs. 
During the second passage and final coalescence, strong galactic 
torques are e x erted on to the gas, reducing its angular momentum 

and leading to significant gas inflow towards the centre of the 
merger remnant. In the following sections, we will systematically 
investigate the effects of the major merger on star formation activities, 
focusing in particular on the properties of the ISM, GMC and 
YMC populations, the CFE, and the orbital and tidal properties of 
the YMCs. 

3.1 Enhancement of star formation during galaxy mergers 

First, we examine the overall star formation history of the simulated 
merger throughout the whole merger sequence and compare it with 
the isolated galaxy case. The upper panel of Fig. 3 shows the time 
evolution of the distance between the centres of the two galaxies 
for the merger orbit we described in Section 2.2 . The centre of 
each galaxy is determined by the centre of mass of the bulge stars 
that are implemented in the initial conditions. The lower panel of 
Fig. 3 compares the star formation history of the merger galaxy with 
that of an isolated case. We find that, as expected, galaxy mergers 
significantly boost the star formation rate (SFR) of the galaxies. A 

Figure 3. Upper: evolution of the distance between the centres of the 
two galaxies during the course of the simulation. Three close interactions 
at ∼0.22, ∼0.52, and ∼0.69 Gyr are labelled as vertical black dashed 
lines, respecti vely. Lo wer: total SFR for the whole merger system (blue). 
For comparison, the SFR of the controlled simulation, an isolated Milky 
Way-sized galaxy, is also shown in orange. The SFR in the isolated case is 
multiplied by two for a fair comparison. 

few tens of Myr after the first passage, the SFR of the merger reaches 
20–30 M � yr −1 , two to three times higher than the isolated case. The 
rate stays at a high le vel e ven though the separation between the two 
galaxies increases. When the two galaxies approach each other and 
interact again at ∼0.52 and ∼0.69 Gyr, the SFR skyrockets to a peak 
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Figure 4. Left: mass-weighted PDF of gas number density in different 
situations: (1) in the controlled, isolated galaxy (blue), (2) during and right 
after the first passage (0.21–0.27 Gyr, orange); (3) during the final coalescence 
(0.65–0.72 Gyr, red). Right: the same as the left-hand panel but for gas 
pressure. For both panels, thin lines represent the PDF derived from individual 
snapshots while the thick solid lines represent the median value of all available 
snapshots. 

value approaching 100 M � yr −1 , which is more than 10 times higher 
than in the isolated case. 

It should be noted that the boosts of SFR for the first and last 
two interactions originate from different physical mechanisms. The 
star formation after the first passage is distributed broadly across the 
whole merging system, with intense star formation occurring not only 
in the nuclear regions of the two galaxies but also at the outskirts of 
the galaxies, the tidal tails, and bridge. On the other hand, the second 
and final interactions are predominately nuclear starbursts produced 
by intense gas inflow towards the centre of the merger remnant due to 
the significant angular momentum loss of the gas (see also Bournaud 
et al. 2011 ; Renaud et al. 2019 ). 

3.2 Enhancement of dense and high-pr essur e gas during galaxy 
mergers 

In addition to enhancing the SFR, we are particularly interested 
in how mergers alter the properties of the ISM and YMCs. In the 
following sections, we compare various spatially resolved properties 
in three different cases during the evolution of the simulated isolated 
and merging systems: (1) galaxies in the isolated simulations, (2) 
galaxies during the first passage (0.21–0.27 Gyr), and (3) galaxies 
during the final coalescence (0.65–0.72 Gyr). In this section, we focus 
specifically on the properties of the ISM in the simulated galaxies. 

Fig. 4 shows the mass-weighted probability density function (PDF) 
of the gas number density ( n H ) and gas pressure ( P / k B ) in the 
three cases. The PDF of the gas number density (pressure) peaks 
at around 0.1 cm 

−3 (10 K cm 

−3 ) and extends to ∼10 4 cm 

−3 (10 6 

K cm 

−3 ) towards the high density/pressure ends when the galaxies 
are in isolation. Interestingly, both the PDFs of ( n H ) and P / k B show 

systematic shifts towards much higher values during the merger, 
suggesting that merger events trigger the creation of high-density 
and high-pressure gas, which is the ideal site for star and cluster 
formation. F or e xample, during the final coalescence, when a large 
fraction of the gas loses its angular momentum and flows into the 
central part of the merger remnant, the PDF of n H ( P / k B ) reaches 
∼ 10 7 cm 

−3 (10 9 K cm 

−3 ). 
Note that the presence of the high density and pressure gas in the 

PDF depends sensitively on the choice of εff in our simulations. As 
has been shown in L20, a higher εff leads to a faster gas consumption 
time-scale and the elimination of the highest density/pressure end of 
the PDF. Ho we ver, the goal here is not to fully explore the subgrid 

model parameters but to study the effects of mergers. Because, 
in this work, we design a control experiment that compares the 
simulated isolated galaxy and the merger with exactly the same 
galaxy formation model and parameters, the conclusion that mergers 
systematically enhance the formation of dense and high pressure gas 
is robust to the specific choice of model parameters, such as εff . 

3.3 Enhancement of the formation of the most massi v e GMCs 
and YMCs during galaxy mergers 

We identify, at each simulation snapshot, bound GMC and YMC 

candidates using the methods described in Section 2.3 . GMCs are 
formed and disrupted continuously during the course of the simu- 
lations, therefore the GMC mass function reflects the instantaneous 
hierarchical structure of the cold phase ISM. In contrast, the identified 
YMC population contains clusters with all ages. Due to gravitational 
softening of the star particles and their large particle masses, we 
are unable to accurately follow the internal collisional dynamics 
and mass loss of the YMCs o v er a long period of time. Therefore, 
we focus only on YMCs younger than 50 Myr, which are not yet 
significantly affected by numerical artefacts. 

Fig. 5 shows the mass function of GMCs and YMCs at three 
dif ferent e volution stages. Both the mass functions of the GMCs and 
YMCs can be described by a power-law distribution with a possible 
exponential cutoff at the high-mass end. To better quantify the shape 
of the mass function, we perform Bayesian power-law and Schechter 
function fits with a flat prior between −3 and −0.5 for the power-law 

slope and between 10 5 and 10 9 M � for the cutoff mass. 
The power-law slope of the GMC mass function is 2.47 ± 0.02, 

2.32 ± 0.01, and 1.99 ± 0.02 for GMCs in isolated galaxies, during 
the first passage, and during the final coalescence, respectively. 1 It 
is clear that galaxy mergers lead to a shallower GMC mass function 
and consequently the production of more GMCs with masses larger 
than ∼ 10 6 M �. For example, the maximum GMC mass is ∼ 10 7 M �
in isolated galaxies, while it can reach a few 10 8 M � during the final 
coalescence. We also test whether there exists an exponential cutoff 
at the high-mass end of the GMC mass function by performing a 
likelihood-ratio test. No statistically significant cutoff is found in all 
three cases with a p -value much smaller than 0.01. 

Similarly to the GMC mass function, the YMC mass function also 
sho ws shallo wer po wer-law slopes during the merger. When a pure 
power-law fit is performed, the best-fitting slopes are 1.93 ± 0.06, 
1.77 ± 0.05, and 1.67 ± 0.02 for YMCs formed in isolated galaxies, 
during first passage, and final coalescence, respectively. In contrast 
to the GMC mass functions, we find that YMC mass function for all 
three cases shows a statistically significant high-mass cutoff. Fitting 
a Schechter function, the slope (cutoff mass) becomes 1.55, 1.50, 
and 1.28 (2 . 51 × 10 6 M �, 6 . 08 × 10 6 M �, and 4 . 70 × 10 6 M �) for 
the three cases, respectively. There exists a trend that a larger cutoff 
mass is obtained during mergers, especially in the final coalescence 
phase. Both the shallower mass function and higher cutoff mass 
during mergers lead to a significant enhancement of the formation of 
most massive YMCs during galaxy mergers. Encouragingly, similar 
phenomena have also been found in the most recent observations 
of nearby mergers from the HiPEEC surv e y (Adamo et al. 2020 ). 
Generally speaking, the variation of the slopes and cutoff masses 

1 Keep in mind that the GMCs shown here are identified as gravitationally 
bound 3D objects. Therefore, the slope of mass function should not be used to 
directly compare with the observed 2D mass functions. We notice that the 3D 

GMC mass function is al w ays steeper than those obtained in 2D (see L20). 
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Figure 5. Mass function of GMCs (upper) and YMCs (lower) in three 
different cases. GMCs/YMCs identified in controlled isolated galaxy, during 
first passage, and during final coalescence are labelled with a colour style 
that is the same as Fig. 4 . Only the YMCs that are younger than < 50 Myr 
in each snapshot are used for the mass function calculations. For reference, 
three black dashed lines are o v erplotted to indicate power-law slopes of 1.5, 
2.0, and 2.5 for each panel. 

support a scenario in which the CIMF is not universal but changes 
dramatically with environment, consistent with recent observations 
of the shape of the CIMF in different types of galaxies (e.g. Johnson 
et al. 2017 ). 

3.4 Enhancement of the cluster formation efficiency during 
galaxy mergers 

One of the most important observables of YMC formation is the 
CFE, 	, defined as the fraction of the total stellar mass forming in 
bound star clusters to the total stellar mass forming in the galaxy (e.g. 
Bastian 2008 ). In this section, we focus on the time evolution of the 

Figure 6. Time-evolution of the CFE ( 	), defined as the ratio between 
the cluster formation rate and total SFR, during the course of merger. The 
efficiency is calculated for YMCs younger than 10 Myr and more massive 
than a threshold mass of 10 5 M � (blue), 10 6 M � (orange), and 3 × 10 6 M �
(green). The median efficiencies in the isolated galaxy simulation using the 
same mass thresholds are shown as horizontal dashed lines. 

o v erall CFE for the entire merger system. In the next section, we will 
study the spatial variation of 	 in different galactic environments. 

To obtain 	 in each simulation snapshot, we estimate the star 
and cluster formation rates by calculating the total mass of all stars 
and YMCs younger than 10 Myr and abo v e a giv en mass threshold. 
Fig. 6 shows the time evolution of 	 in the merger simulation with 
three different YMC mass thresholds (10 5 , 10 6 , and 3 × 10 6 M �). For 
comparison, we calculate the median value of 	 in the isolated galaxy 
simulation for the same thresholds to be 15.5 per cent, 9.5 per cent, 
and 5.5 per cent, respectively. First, we find that 	 shows a large 
fluctuation o v er the course of the merger. The maximum 	 can 
reach a value as high as 40 per cent for a threshold mass of 10 5 M �, 
suggesting that a large fraction of the star formation activities are 
contained in massive YMCs. In contrast, the median value of 	 in 
the isolated disc simulations is only 15.5 per cent. The epochs of 
the peaks of 	 clearly coincide with the pericentric passages and 
final coalescence, indicating that mergers strongly enhance CFE. 
This enhancement is the outcome of the changes of the shape of 
CIMF described in Section 3.3 and is a natural consequence of the 
formation of dense and high-pressure gas that triggers the formation 
of most massive GMC and YMC formation during galaxy mergers 
(see Section 3.2 ). We emphasize that the enhancement mentioned 
here is for the CFE, which is on top of the boost to the SFR during 
mergers in Fig. 3 . 

Note that the absolute value of 	 we obtained here should 
not be used to directly compare with observations. Because of 
sensitivity limits, the minimum YMC mass that can be detected 
varies dramatically in different observations for different galaxies. 
In addition, different observations use different methods to take into 
account the missing low-mass clusters by either applying a fixed 
lo w-mass cutof f or extrapolating the CIMF towards lower masses. 
Therefore, in this work, we simply highlight the relative enhancement 
of 	 during galaxy mergers in comparison to the values in isolated 
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Figure 7. Correlation between CFE ( 	) and SFR surface density ( 
 SFR , left) and mass-weighted gas pressure ( P / k B , right). Blue dots are calculated in different 
galaxy patches from different simulation snapshots (see Section 3.5 in detail). Light and dark blue shaded regions represent the 10–90 and 25–75 percentile 
ranges of the whole sample, respectively. Both the Spearman and Pearson linear correlation coefficients between log 
 SFR (log P ) and log 	 are shown in the 
lower right corner of each panel. Black and orange error bars in the left-hand panel are observations in nearby disc galaxies and merging galaxies, respectively 
(Adamo et al. 2015 ; Randriamanakoto et al. 2019 ; Adamo et al. 2020 ). Ho we ver, it should be noted that the absolute values of 	 in observations depend on 
the extrapolation of mass function to lower mass, see Section 3.4 for details. An analytical model of Kruijssen ( 2012 ) between 
 SFR and 	 is overplotted as a 
dashed line. 

galaxies and demonstrate that this enhancement is robust to the choice 
of different mass thresholds. 

3.5 Spatial variation of cluster formation efficiency 

In the previous section, we studied the time evolution of the CFE, 
	, o v er the whole g alaxy. Here, we investig ate ho w 	 v aries across 
different parts of the galaxies with different physical conditions. 
Because of the large variation of physical conditions during the 
course of the galaxy merger, our simulations are ideal to investigate 
the environmental-dependent cluster formation process. 

In each snapshot, we split both galaxies into three concentric 
circular bins centred on the galaxy. The radius is determined so that 
each circle contains 20 per cent, 50 per cent, and 80 per cent of the 
stellar mass younger than 10 Myr. For each annulus, we calculate 
the SFR surface density ( 
 SFR ), the CFE ( 	), and the mass-weighted 
gas pressure P / k B . We perform the analysis with different simulation 
snapshots and collect a large sample of galaxy patches with different 
environments. 

Fig. 7 shows the relationship between 	 and 
 SFR , as well 
as with P / k B . Both 
 SFR and P / k B vary o v er a wide range 
of values with 
 SFR = 10 −3 − 20 M � yr −1 kpc −2 and P /k B = 

10 4 –10 9 K cm 

−3 . The regions with the highest 
 SFR or P / k B are 
typically the central regions of the galaxies during mergers. Similarly, 
the efficiency 	 changes dramatically as well, from ∼ 1 per cent to 
near unity . Interestingly , there e xists a strong positiv e correlation 
between 	 and 
 SFR (as well as P / k B ). This correlation is statistically 
significantly and is supported by both the Pearson (parametric) and 
Spearman (nonparametric) correlation coefficients between the log- 
arithm of the quantities. These correlations support the environment- 
dependent cluster formation scenario and are consistent with previ- 

ous observations in nearby late-type and merger galaxies (e.g. Adamo 
et al. 2015 ; Johnson et al. 2017 ; Randriamanakoto et al. 2019 ; Adamo 
et al. 2020 ). They are also consistent with previous analytical works 
(e.g. Kruijssen 2012 ) as well as numerical simulations (e.g. Li et al. 
2018 ; Lah ́en et al. 2020 ). The large scatter and a possible decline of 
	 at very high 
 SFR ( P / k B ) is mostly due to: (1) low number statistics 
because there are only a handful of annuli that reache such extreme 
environment, and (2) the artificial disruption of YMCs during their 
very early evolution stage in dense and high-pressure regions. 

4  O R B I TA L  A N D  TI DAL  HI STORY  O F  STAR  

CLUSTERS  

In the last section, we focused on the formation of YMCs and 
its dependence on environment. We concluded that the formation 
efficiency of massive GMCs and YMCs is significantly enhanced 
during merger events. In this section, we focus on the subsequent 
evolution of YMCs after they emerge from their natal clouds. 

We follow the orbits of each YMC from their formation to the end 
of the simulation. At each snapshot, we select all identified bound 
YMCs that are younger than 10 Myr and more massive than 10 5 M �. 
For each young YMC candidate, we record the ParticleIDs of 
all star particles that are members of the YMC and track the location 
of the YMC based on the recorded ParticleIDs in the subsequent 
snapshots. The centre of mass of all of the star particles in the YMC 

is used to represent the position of the YMC. We notice that some 
YMCs are completely disrupted during the course of the simulations 
so that the star particles that originally belong to the YMCs are 
scattered o v er a large volume of space. We remo v e the disrupted 
clusters if their member stars have a spatial dispersion larger than 
50 pc, a typical value of the tidal radius of globular clusters in our 
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Figure 8. Orbits of YMCs during the course of the merger colour-coded by 
their formation epochs. For reference, black-dotted lines show the parabolic 
orbits of the centres of two galaxies. 

Galaxy. The number of remo v ed clusters is around 10 per cent of 
total sample and does not affect our conclusions. 

Fig. 8 illustrates the orbits of all remaining YMCs that are formed 
at different epochs of the simulation. We find that YMCs that are 
formed before the first passage closely follow the orbit of their host 
galaxies. Similarly, YMCs that are formed during the second passage 
and final coalescence are located and remain at the very centre of 
the merger remnant. On the other hand, a considerable fraction of 
YMCs formed during, or right after the first passage, have orbits 
that deviate strongly from their host galaxies, suggesting a rapid 
decoupling process between these YMCs and their host galaxies. We 
will quantify this decoupling and its consequence on their long-term 

dynamical evolution in Section 4.2 . 
Along their orbits, YMCs e xperience e xternal tidal fields that 

determine their mass-loss rate and survi v ability. Therefore, the tidal 
history of individual YMCs is crucial to understand the disruptive 
environments during mergers. To quantify the strength of the tidal 
fields, we calculate the tidal tensor along the trajectories of each 
YMC during the course of the simulations. The tidal tensor T ij at 
position x 0 under a time-varying gravitational potential field � ( x , t) 
is defined as 

T ij ( x 0 , t) ≡ −∂ 2 � ( x , t) 
∂ x i ∂ x j 

∣∣∣∣
x = x 0 

. (1) 

Following Li & Gnedin ( 2019 ), T ij is e v aluated using a finite 
difference scheme centred at the position of the centre of mass of the 
YMC o v er a scale of 50 pc. This scale is comparable to estimates of 
the tidal radii of the Galactic GCs and is also consistent with previous 
practice (e.g. Renaud, Agertz & Gieles 2017 ). We use the maximum 

of the absolute value of the eigenvalues λtid of the tensor T ij as a 
proxy of the tidal strength. Moreo v er, we include the term −1/3 

∑ 

i λi 

that represents the Coriolis force (e.g. Renaud, Gieles & Boily 2011 ; 
Pfeffer et al. 2018 ). We find that this term is in general not important 
for most YMCs, but can significantly reduce the tidal effect when 
the YMCs sink into the very centre of the merger remnant, a result 
that is consistent with Pfeffer et al. ( 2018 ) and Keller et al. ( 2020 ). 
Quantitatively, the median λ decreases from 8 × 10 7 to 3 × 10 7 

Gyr −2 for YMCs within the central 1 kpc of the merger remnant. 

Figure 9. Initial YMC mass versus the median tidal strength λtid experienced 
by the YMCs during the first 50 Myr after their formation. Blue solid lines 
and shaded regions represent the median relation and the 25–75 percentile 
range, respectively. The best-fitting linear relation between log M YMC and 
log λtid is also o v erplotted as an orange line. 

In the next two sections, we will separately examine the short- and 
long-term evolution of the tides experienced by YMCs formed in 
different galactic environments and at different merger stages. 

4.1 Tidal disruption in the early stage depends on cluster mass 

In Section 3.3 , we showed that mergers produce a large number of 
YMCs o v er a wide mass range from a few times 10 4 –10 7 M �. This 
allows us to examine whether there e xists an y mass-dependence 
of the strength of the tidal field around each YMCs in their early 
evolution stage. For all YMCs more massive than 10 5 M �, we track 
the time evolution of λtid for the first 50 Myr after their formation 
and calculate its median value during this period, λtid, 50 . Fig. 9 
shows the relationship between λtid, 50 and the mass of the YMCs, 
M YMC, 50 . Because YMCs first gain mass via accretion during the 
early formation phase before emerging from their natal clouds and 
then lose mass due to dynamical disruption, we define M YMC, 50 as 
the maximum mass that the YMC has ever reached within the first 
50 Myr of their lives. 

First, we find that the tidal strength for most YMCs is quite large 
( λtid , 50 � 10 4 Gyr −2 ), in comparison to the typical value of the tidal 
fields produced by the large-scale gravitational field of the Galaxy 
( ̄λ� ≈ 1600 Gyr −2 , see Renaud et al. 2017 ). This means that the tidal 
field experienced by the YMCs right after their emergence from their 
natal clouds depends on their interaction with local concentrations of 
dense gas. It is the small-scale structure of the ISM, rather than the 
large-scale smooth galactic tides, which dominates the dynamical 
disruption process (Gieles et al. 2006 ; Kruijssen et al. 2011 ) in the 
early stage. 

More interestingly, we find a strong positive correlation between 
M YMC, 50 and λtid, 50 with the best-fitting relation between the two 
quantities given by: 

λtid , 50 ∝ M 

0 . 71 ±0 . 03 
YMC , 50 . (2) 
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Figure 10. Tracking the orbital and tidal information of YMCs during the course of the merger. The time evolution of the galacto-centric radius ( R gal ) and the 
maximum eigenvalue of the tidal tensor ( λtid ) of individual YMCs are plotted as thin black and red lines, respectively. Thick solid lines and shaded regions 
represent the median and 25–75 percentile range of the entire YMC sample. Different panels show the statistics of YMCs formed at different epochs and different 
locations: from top to bottom (1) before the first passage ( t form 

< 0.2 Gyr), (2) during the first passage ( t form 

= [0.22 − 0.3] Gyr) and within the inner region 
of the galaxies ( R gal < 4 kpc), (3) during the first passage ( t form 

= [0.22 − 0.3] Gyr) and in the outer galactic regions ( R gal > 4 kpc), and (4) during the final 
coalescence ( t form 

> 0.58 Gyr). 

This positive correlation suggests that more massive clusters tend to 
reside in regions with higher tidal fields immediately after they form. 
It is understandable because of the hierarchical nature of the ISM: 
YMCs with higher masses are preferentially formed from higher 
o v erdensity re gions that assemble much more cold and dense gas 
than YMCs with lower masses. The clumpiness of the o v erdensity 
around the massive YMCs provides strong tidal fields that lead to 
rapid disruption in the early stage. 

Previous N -body simulations of clusters in tidal fields showed that 
the disruption time-scale can be expressed as a function of cluster 
mass and tidal field strength: t tid ( M) ∝ M 

2 / 3 λ
−1 / 2 
tid (e.g. Baumgardt & 

Makino 2003 ; Gieles & Baumgardt 2008 ). When λtid is not a function 
of cluster mass, the disruption time-scale is t tid ( M ) ∝ M 

2/3 , a scaling 
that is commonly used when calculating the time evolution of 
cluster populations. Ho we v er, as described abo v e, λtid ∝ M 

0.71 is 
a strong function of cluster mass in the early evolutionary stage 
and therefore alter the mass-dependency of tidal disruption time- 
scale to t tid ∝ M 

2 / 3 λ
−1 / 2 
tid ∝ M 

0 . 31 . This change has obvious effects 
on the evolution of the mass function and age distribution of YMCs, 

which can potentially be quantified by future observations of YMC 

populations in nearby galaxies. In Appendix B , we derive a set 
of analytical expressions that describe quantitatively how different 
mass-dependent tidal strengths affect the time evolution of the mass 
function of clusters in both the impulsive and continuous YMC 

formation cases. 

4.2 Long-term evolution YMCs across different merger stages 

To better investigate how mergers affect the orbital and tidal proper- 
ties of YMCs, we plot the time evolution of the galacto-centric radii 
of all YMCs in Fig. 10 . We split the whole sample into four groups 
based on their formation epoch and location: YMCs formed (1) 
before first passage, (2) during the first passage and within the inner 
4 kpc of their host galaxies, (3) during the first passage and in the 
outer galaxies with R gal > 4 kpc (including tidal tails and the bridge), 
and (4) during the final coalescence. In agreement with the qualitative 
impression shown in Fig. 8 , we find that YMCs formed before the first 
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passage quickly sink into the centre of the galaxies in about 0.4 Gyr. 
The spiral-in process is caused by dynamical friction against the 
ISM and field stars. The effect of dynamical friction is significantly 
enhanced due to the extremely large orbital eccentricities caused 
by first passage at 0.22 Gyr. We investigate the orbits of these 
clusters and find that their initial orbits are mostly circular with 
orbital eccentricities e < 0.2. After the first passage, the orbits of 
a large fraction of the clusters become highly eccentric with e > 

0.8. The large eccentricity reduces the dynamical friction time-scale 
significantly (e.g. Lacey & Cole 1993 ; van den Bosch et al. 1999 ), 
which leads to rapidly shrinking orbits. Similarly, YMCs formed in 
the inner galaxy during the first passage follow similar trends as 
they quickly sink into the galaxy centres before 0.5 Gyr. On the other 
hand, a large fraction of the YMCs that are formed in the outer regions 
of the galaxies during the first passage are ejected from their host 
galaxies with R gal reaching 50–100 kpc. Many of them are formed 
in the tidal tails and bridge with large initial angular momentum. 
Their interaction with the merger remnant leads to further ejection. 
Similar behaviour of cluster ejection in mergers has been discussed in 
previous theoretical works and numerical simulations (e.g. Kruijssen 
et al. 2012 ; Renaud & Gieles 2013 ) and is believed to be the one of 
the key mechanisms leading to the long-term survi v al of globular 
clusters (e.g. Kravtsov & Gnedin 2005 ; Kruijssen 2015 ). 

In addition to R gal , Fig. 10 also shows the time evolution of λtid for 
the same four groups of YMCs. Immediately after their formation, 
YMCs in different groups experience similar tidal fields with λtid 

∼ 10 5 –10 6 Gyr −2 , suggesting that the tide fields around YMCs 
in the early stage depend predominately on the properties of the 
surrounding medium and are not sensitive to different evolutionary 
stages of the galaxy merger. The subsequent evolution of λtid , 
ho we ver, is largely controlled by the YMC orbits. For YMCs in the 
first and second groups, the tidal strength increases significantly to 
extremely large value, λtid > 10 7 Gyr −2 , when they sink into the centre 
of the merger remnant after t = 0.4 Gyr. They are quickly disrupted 
due to the strong tides and eventually join the bulge or even the 
nuclear star cluster of the merger remnant. Moreo v er, YMCs formed 
during the final coalescence are mostly located in the innermost 
region of the galaxies. These YMCs will suffer the same fate as 
the abo v e two groups, sinking into the centre of the remnant and 
disrupting. In contrast, YMCs in the third group show a decreasing 
λtid because of the increasing R gal after their formation. Roughly 
0.3 Gyr after their formation, these YMCs are ejected from the dense 
gaseous disc into the galaxy halo. When this happens, λtid decreases 
to less than 10 4 Gyr −2 . When the simulation stops at t ∼ 0.75 Gyr, 
most of these YMCs are still gravitationally bound, demonstrating 
the possibility that they might survive for long cosmic times and may 
be promising galactic GC candidates. 

5  DISCUSSION  

5.1 Comparison to previous works 

Over the last decade, there have been a few numerical simulations 
that focused on investigating the effects of galaxy mergers on star 
cluster formation. Here, we compare our findings with some of those 
studies with similar setup. 

As we have shown in Section 3 , mergers not only increase the 
global SFR, but also trigger the formation of the most massive star 
clusters and enhance the CFE. This enhancement is clearly associated 
with the enhancement of cold dense molecular gas with the highest 
pressures, a condition that has been explored by previous simulations 
(e.g. Renaud et al. 2015 ; Li et al. 2017 ; Li et al. 2018 ; Lah ́en et al. 

2020 ; Ma et al. 2020 ) and analytical models (e.g. Kruijssen 2012 ). 
F or e xample, Renaud et al. ( 2015 ) found a significant enhancement of 
both star and cluster formation rate in a parsec-resolution simulation 
of Antennae galaxies, in agreement with our results. The CFE during 
the first passage of the merger also increases significantly. One 
distinct difference between their results and ours appears when the 
two galaxies reach the final coalescence phase. While the o v erall SFR 

is significantly enhanced in their simulation, only a small fraction 
of the SFR is contributed to clusters. The star formation activities 
during the final coalescence are limited to a compact region at the 
very centre of the merger remnants, suggesting that gas is transferred 
to the galactic centre very quickly before fragmenting into smaller 
pieces. In contrast, our current work presents an alternative picture 
in which the merger remnant during the final coalescence is very 
turbulent and clumpy, therefore generating a huge number of YMCs, 
whose masses dominate the total SFR. This difference possibly 
arises from different cooling/heating prescriptions that control gas 
fragmentation, different feedback mechanisms that are responsible 
for turbulence injection, or different gravity solvers for star particles 
2 that control the dynamics of the YMCs. 

Most recently, Lah ́en et al. ( 2020 ) simulated the merger of two 
dwarf galaxies with much higher resolution, so that the formation 
and evolution of individual massive stars are resolved. Similar to our 
work, this simulation produced many star clusters during the final 
coalescence. Future works with varying numerical implementations 
are needed to investigate the origin of such discrepancies. In either 
case, we note (as described in Section 4.2 ) the YMCs formed during 
the final coalescence sink into the centre of the merger remnant 
and get disrupted very quickly due to extremely strong dynamical 
friction and tidal forces. Therefore, in the long term, it appears not 
to be important whether star formation in the central coalescence 
happens preferentially in clusters or not. 

Regarding the CIMF, in Section 3.3 , we show that the CIMF in 
different stages can be described by a power la w. A power-la w CIMF 

is commonly seen in previous simulations (e.g. Kravtsov & Gnedin 
2005 ; Bournaud et al. 2008 ; Powell et al. 2013 ). We also find that 
the slope of the CIMF is shallower during merger events than in the 
isolated case, which has also been seen in previous isolated (e.g. 
Lah ́en et al. 2020 ) and cosmological simulations (e.g. Li et al. 2017 , 
2018 ; Ma et al. 2020 ). This result seems to be intriguing because it 
is not consistent with the well-known power-law slope of −2 for the 
observed CIMF in the Antennae galaxies (e.g. Zhang & Fall 1999 ). 
Ho we ver, we argue that the Antennae are a specific pair of galaxies 
in a particular merger phase. It is not clear whether the universality of 
the slope of the CIMF can be generalized to all galactic environments. 
Encouragingly, most recently spatially resolved observations, such 
as the HiPEEC (Adamo et al. 2020 ) and GOALS (Linden et al. 
2021 ), found clear evidence of shallower slopes of the CIMF during 
mergers, supporting the conclusions in this work. More research, 
both in observations and simulations, is needed to investigate the 
shape of the CIMF in different galactic environments. 

5.2 Connection to the origin of globular clusters 

Since the HST disco v eries of abundant YMCs in interacting galaxies, 
such as NGC 1275 (e.g. Holtzman et al. 1992 ) and Antennae (e.g. 
Whitmore et al. 1999 ), galaxy mergers have been considered as the 
most efficient factory of YMCs. Naturally, globular clusters, whose 

2 The force resolution for star particles is adaptive and depends on the local 
grid size in RAMSES , but is a fixed value in AREPO . 
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mass and size are similar to YMCs, are hypothesized to be formed 
during these events as well (e.g. Ashman & Zepf 1992 ). In this 
paper, using hydrodynamical simulations that resolve the formation 
of individual YMCs, we show that galaxy mergers systematically 
alter the shape of the YMC mass function, resulting in a shallower 
mass function and higher cutoff mass during mergers. These changes 
lead to a significant enhancement of the formation efficiency of 
YMCs during mergers. Ho we ver, we emphasize that this is not to 
say that galaxy mergers are the dominant channel for the formation 
of globular clusters. Answering the latter question is a much harder 
task and clearly beyond the scope of this paper. 

Recent observations of globular clusters, such as the tight linear 
correlation between the total mass of the GC system and host galaxy 
halo mass (e.g. Spitler & Forbes 2009 ; Harris et al. 2017 ) and 
the broad range of GC metallicity distribution (e.g. Harris et al. 
2006 ; Peng et al. 2006 ; Usher et al. 2012 ), suggest that GCs trace 
well the mass assembly and metal enrichment history of their host 
galaxies (Kruijssen et al. 2020 ). Therefore, the co-evolution of 
GCs and galaxies can only be understood within the framework 
of hierarchical structure formation, making the origin of globular 
clusters a multiscale, multiphysics problem. Specifically, whether 
mergers are the main formation channel is still subject to hot debate. 
On the one hand, as is shown in this paper and other previous works, 
gas-rich major mergers significantly enhance the formation efficiency 
of GCs. This merger-induced GC formation scenario has been 
adopted to build several semi-analytical models that successfully 
reproduce many GC-related scaling relations (Muratov & Gnedin 
2010 ; Li & Gnedin 2014 ; Choksi, Gnedin & Li 2018 ; Choksi & 

Gnedin 2019 ). One the other hand, major mergers are rare events 
with an active phase that only lasts for a small fraction of cosmic 
time (e.g. Keller et al. 2020 ). They are also thought to preferentially 
disrupt YMCs that sink into the centre of the merger remnants (e.g. 
Kruijssen et al. 2011 ; Rieder et al. 2013 ). Though huge efforts have 
been made in recent years (e.g. Li et al. 2017 , 2018 , 2019 ; Pfeffer 
et al. 2018 ; Reina-Campos et al. 2022 ), to quantitatively answer 
this question requires comprehensive modelling of the formation, 
orbital, and dynamical evolution of YMCs in hierarchical structure 
formation. 

5.3 Limitations of this work 

We note that there are a few limitations of this work. First, the 
experiment we use here relies on a merger simulation of two 
Milky Way-sized galaxies under a progradge-prograde configuration, 
which provides the maximum effects of tidal interaction and highest 
enhancement on star cluster formation. Different configurations of 
mergers and different properties of host galaxies are needed to fully 
explore the parameter space (e.g. Bournaud, Jog & Combes 2005 ; 
Cox et al. 2008 ; Lotz et al. 2010b , a ; Tress et al. 2020 ). Secondly, 
although our simulations have high-mass ( ∼ 10 3 M �) and spatial 
( ∼3 pc) resolutions in the standard of galaxy simulations, they are 
far from resolving the internal structure of the individual star clusters. 
Therefore, the long-term dynamical evolution, i.e. the mass loss due 
to tidal disruption, of the YMCs identified in the simulations is 
not properly modelled. We therefore cannot investigate the detailed 
dynamical evolution of star clusters after they emerge from their 
natal clouds. We can only treat cluster particles as tracers to record 
the time-evolution of their tidal environment (see also Renaud et al. 
2017 ). Finally, several physical ingredients, such as magnetic fields 
and run-time radiative transfer, is not implemented in SMUGGLE . 
These missing physics may potentially affect the properties GMC 

and YMC populations and will be explored in future works (Li et al. 
in preparation). 

6  SUMMARY  

We performed a high-resolution hydrodynamic simulations of a 
merger of two Milky Way-sized galaxies under the framework of 
the AREPO - SMUGGLE model. We design a controlled experiment by 
comparing the merger simulation with an isolated galaxy (L20) and 
investigate how galaxy mergers affect the structure of the ISM and 
the properties of the GMC and YMC populations. We find that galaxy 
mergers profoundly change the cold and dense phase of the ISM and 
trigger an efficient formation of the most massive GMCs and YMCs. 
Below we list our main findings. 

(i) The SFR of the simulated galaxy merger reaches 30 M � yr −1 

during the first passage, about three times higher than the rate for the 
two galaxies in isolation. After the second passage, a large fraction 
of gas loses its angular momentum, sinks into the nuclear region of 
the galaxy, and triggers a significant nuclear starburst, keeping an 
e xtreme SFR abo v e 50 M � yr −1 until the simulation stops after the 
final coalescence. 

(ii) The mass-weighted PDF of both gas density and pressure 
extends to much higher values in all merger events compared to 
the isolated case, suggesting that merger-induced galactic tides 
ef fecti vely compress gas to high density and high pressure. Gas 
pressure in the tidal tails and centres of galaxies during mergers 
reaches 10 7 − 10 9 K/ cm 

3 , several orders of magnitude higher than 
the value in the isolated galaxy. 

(iii) The mass function of GMCs abo v e the resolution limit is best 
described by a pure power-law without high-mass cutoff. Comparing 
to GMCs in isolated galaxies, the mass function has a shallower 
power-law slope during mergers and extends to higher GMC masses. 
Similarly, the mass function of YMCs also shows a power-law shape 
with a shallower slope during mergers ( ∼−1.7) compared to the 
slope in the isolated case ( ∼−2.0). 

(iv) In contrast to the GMC mass function, the CIMF shows a 
statistically significant high-mass exponential cutoff. By fitting a 
Schechter function, we find that the cutoff mass of the YMC mass 
function is systematically higher during mergers (5 − 6 × 10 6 M �) 
than in the isolated case ( ∼ 2 . 5 × 10 6 M �). Both the shallower slopes 
and higher cutoff mass of the CIMF are consistent with the most 
recent HiPEEC surv e y (Adamo et al. 2020 ) and luminous infrared 
galaxies in GOALS (Linden et al. 2021 ). 

(v) We calculate the time evolution of the CFE and find that 
this efficiency is strongly enhanced during all merger events. We 
emphasize that the enhancement mentioned here is for the efficiency, 
which is on top of the boost in the o v erall SFR during mergers. 

(vi) We spatially partition the galaxy pair into several galacto- 
centric annuli, calculate the spatially resolved CFE, and compare it 
with the SFR surface density 
 SFR and mass-weighted gas pressure 
P / k B . Consistent with observations and previous theoretical models, 
we find a strong positive correlations between 	 and 
 SFR , as well 
as P / k B . This correlation demonstrates the environment-dependent 
cluster formation scenario in a spatially resolved fashion. 

(vii) We follow the trajectories of the model YMCs formed at 
different epochs to investigate their orbital motions and tidal field 
experienced during the mergers of their host galaxies. We find that 
majority of the YMCs formed before the first passage and during 
final coalescence sink into the centre of the merger remnant very 
efficiently due to dynamical friction. These clusters experience strong 
tidal fields with the maximum eigenvalue of the tidal tensor t tid > 
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10 8 Gyr −2 and are quickly disrupted as they spiral in. On the other 
hand, a large fraction of YMCs formed during the first passage 
are re-distributed to much larger galacto-centric radii and therefore 
experience much weaker tidal disruption. 

(viii) With a broad mass range of model YMCs formed in the 
simulations, we find a strong mass-dependent tidal field around the 
YMCs in the first ∼50 Myr of their life: λtid ∝ M 

0 . 71 ±0 . 03 
YMC . This 

mass-dependency propagates to the tidal disruption time-scale and 
alters the dependence between the time-scale and cluster mass ( t tid ∝ 

M 

2 / 3 λ
−1 / 2 
tid ∝ M 

0 . 31 ). This new correlation leads to a new scaling on 
the evolution of the mass and age distribution of the YMC population 
in the early stage. 

(ix) Our simulations demonstrate that galaxy mergers significantly 
enhance the formation efficiency of most massive star clusters, the 
most promising candidate of GCs. YMCs that are formed pre-merger 
or in the latest final merger stages quickly sink into the centre of the 
merger remnants and are efficiently disrupted. In contrast, YMCs 
formed at the first passage of the galaxy mergers when a large-scale 
tidal structures are easily ejected to the outer halo and potentially 
survive the subsequent dynamical evolution o v er cosmic time. These 
YMCs are likely to survive to the present and become promising 
candidates for globular clusters. 
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APPENDI X  A :  N U M E R I C A L  C O N V E R G E N C E  

O N  T H E  MASS  F U N C T I O N  O F  Y M C S  

One of the main conclusions of this paper, as is shown in Section 3.3 , 
is that the mass function of YMCs is shallower and extends to 
higher masses during mergers. This result is derived from the 
merger simulation with fiducial mass resolution of 10 3 M � (‘1e3’ 
run). To test whether this is robust to numerical resolution, we 
perform another simulation with the same merger setup but different 
mass resolution of 10 4 M � (‘1e4’ run). Following the same YMC 

identification method as the fiducial run, we extract the YMC mass 
function from the 1e4 run in exactly the same three epochs. In Fig. A1 , 
we show the comparison of the YMC mass functions in three different 
epochs for both the 1e3 and 1e4 runs. First, we find that, by design, 
the lo w-mass cutof f of the mass function is set by the numerical 
resolution and the SUBFIND minimum number of particles. For the 
1e4 run, only YMCs with masses higher than 2 − 3 × 10 5 M � are 
resolved because of these limits, as well as artificial tidal disruptions. 
The 1e4 run also shows a mass function extending to higher masses 
than the 1e3 run, probably because of the inability to resolve the 
turbulent cascade and fragmentation of GMCs in dense regions, 
especially at the centre of the merger remnant. Interestingly, despite 
the dif ferences, the po wer-law slopes of the mass functions of the 
1e4 runs are consistent with the 1e3 run for all three merger stages, 
with the same trend of shallower slope during mergers than those 
in isolation. Consequently, the o v erall CFE is significantly enhanced 
during mergers in the 1e4 run as well. These similarities suggest 
that the main conclusions in this paper are robust to numerical 
resolution. 

It should be noted that we cannot perform higher resolution sim- 
ulations than the 1e3 runs (e.g. mass resolution of 100 M �) because 
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Figur e A1. Numerical conver gence of the YMC mass functions for simula- 
tions with mass resolution of 10 3 M � (solid) and 10 4 M � (dashed) for three 
dif ferent e volutionary stages. 

(1) such simulation is unfeasible because the computational cost 
would become prohibitiv ely e xpensiv e to reach the final coalescence 
stage for a fair comparison (2) not suitable for the SMUGGLE model 
because each star particle in SMUGGLE represents a single stellar 
population that fully samples the IMF. 

APPENDIX  B:  TIME  E VO L U T I O N  O F  T H E  Y M C  

POPULATIONS  IN  A  MASS-DEPENDENT  TIDAL  

FIELD  

Stars are formed in clustered environments (Lada & Lada 2003 ). 
Right after their formation, most clusters are disrupted and their 
member stars join the field. The disruption process strongly depends 
on the local environments around the clusters. Previous works have 
shown that young cluster populations in different galaxies experience 
drastically different tidal interactions (e.g. Boutloukos & Lamers 
2003 ; Lamers, Gieles & Portegies Zw art 2005a ; Randriamanak oto 
et al. 2019 ). In Section 4.1 , we show that, even within a single galaxy, 
clusters with different initial masses experience systematically dif- 
ferent tidal disruptions during the early stage of their evolution 
because they emerge from different overdensities in the hierarchical 
ISM. This mass-dependency inevitably leave its imprint on the time 
evolution of the total number and mass function of surviving clusters 
and can be tested by future observations of YMC populations. 

Here, we derive an analytical formalism for the time evolution 
of cluster populations from a general scaling between the tidal 
disruption time-scale and cluster mass 

t tid ( M) = t 0 

(
M 

M �

)γ

(B1) 

with γ > 0. If, for simplicity, we ignore the mass loss from stellar 
e volution of indi vidual stars, the mass loss of clusters only comes 
from tidal disruption that is characterized by tidal disruption time- 
scale in equation ( B1 ): 

d M 

d t 
= 

(
d M 

d t 

)
tid 

= − M 

t tid 
= −M �

t 0 

(
M 

M �

)1 −γ

. (B2) 

For a cluster with an initial mass M i , the time evolution of its mass 
can be obtained by integrating equation ( B2 ) over t: 

M( t) 

M i 
= 

[
1 − γ t 

t 0 

(
M �
M i 

)γ ]1 /γ

. (B3) 

This relation is only valid when t < t 0 ( M i / M �) γ /γ . Older clusters 
are completed disrupted. The deri v ation belo w largely follo ws 
Lamers et al. ( 2005b ). 

B0.1 Impulsive injection case 

First, we examine the time evolution of a single population of 
YMCs that are formed at the same epoch with a power-law CIMF, 
d N /d M ∝ M 

−α . We call this the instantaneous injection case. 
The evolved mass function at an age t can be derived from the 
conservation of the number of clusters: d N ( M , t )d M = d N ( M i , t )d M i . 
Therefore, the mass function at time t is: 

d N imp ( M, t) 

d M 

∝ M 

−α

[ 

1 + 

γ t 

t 0 

(
M 

M �

)−γ
] 

1 −α−γ
γ

. (B4) 

The upper panel of Fig. B1 shows the mass function of surviving 
clusters. F or more massiv e (or younger) clusters when γ t 

t 0 
( M 

M � ) −γ 

1, the slope of the mass function is α, the same as the CIMF. On 
the other hand, for less massive (or older) clusters, the slope of the 
mass function becomes γ − 1 and completely loses its memory 
of the initial v alue. K eep in mind that, if there exists a maximum 

cluster mass, M max , for the CIMF, equation ( B4 ) is only valid for 
cluster masses below M up = M max [1 − γ t 

t 0 
( M max 

M � ) −γ ] 1 /γ . This upper 
limit can also be clearly seen in the figure. 

The time evolution of the total number of surviving clusters at an 
age t can be obtained by integrating equation ( B4 ) o v er a mass range 
between M min and M up (valid only when M up > M min ), where M min 

can be interpreted as the observational limit: 

N imp ( t) = 

∫ M up 

M min 

d N imp ( M, t) 

d M 

d M ∝ 

1 

1 − α

{ (
M max 

M �

)1 −α

−
[(

M min 

M �

)γ

+ 

γ t 

t 0 

](1 −α) /γ
} 

. 

(B5) 

The lower panel of Fig. B1 summarizes several key features of 
the evolution in different regimes with different values of γ . In 
the very early stage when γ t 

t 0 

 ( M min 

M � ) γ , the number of clusters is 

nearly constant N imp ( t) ∼ 1 
1 −α

[( M max 
M � ) 1 −α − ( M min 

M � ) 1 −α]. Later when 

( M max 
M � ) γ − ( M min 

M � ) γ > 

γ t 

t 0 
� ( M min 

M � ) γ , the total number of clusters is 

N imp ( t) ∼ 1 
1 −α

[( M max 
M � ) 1 −α − ( γ t 

t 0 
) (1 −α) /γ ] and decreases with time as 

t (1 − α)/ γ . Finally, when t > t max ≡ t 0 
γ

[( M max 
M � ) γ − ( M min 

M � ) γ ] (equi v alent 
to M up < M min ), all clusters evolve to a mass below M min and therefore 
N imp ( t ) = 0. 

B0.2 Continuous injection case 

Now we study the time evolution of the mass function and number of 
clusters with a constant cluster formation rate o v er time by assuming 
all clusters follow the same CIMF (d N /d M ∝ M 

−α). We call this 
the continuous injection case. The evolved mass function at time 
T for the whole cluster population can be obtained by integrating 
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Figure B1. Upper: evolved YMC mass functions for different values of 
the mass-dependent tidal disruption time-scale index γ , for the impulsive 
injection case. The normalization of the mass function is arbitrary, but in 
order to better show the behaviour of the slope changes with γ , we enforce 
that t 4 = 10 4 γ t 0 is a constant at M = 10 4 M � for all lines. We also write 
down the asymptotic power-law slopes in both the low- and high- mass 
ends of the mass function together with the location of the upper limit, 
M up . Lo wer: the time e volution of the total number of clusters abo v e a 
given minimum mass M min for the impulsive injection case. All lines are 
normalized so that d N /d t = 1 at t = 0. For both panels, the colour of 
the lines represent results with different values of γ . In particular, the 
case of γ = 2/3 and 0.31 are highlighted as thick lines, see Section B 

in detail. 

Figure B2. The same as Fig. B1 , but for the continuous injection case. 

equation ( B4 ) the whole YMC age range from 0 to T : 

d N cont 

d M 

= 

∫ Min [ T ,t up ( M)] 

0 

d N imp ( M, t) 

d Md t 
d t, (B6) 

where t up ( M) = 

t 0 
γ

[( M max 
M � ) γ − ( M 

M � ) γ ] is the time when the mass of 
most massive clusters evolves from M max to M . If T > t up ( M ), 

d N cont 

d M 

= 

∫ t up 

0 

d N imp ( M, t) 

d Md t 
d t ∝ 

t 0 

1 − α

(
M 

M �

)γ−α
[ (

M max 

M �

)1 −α

− 1 

] 

. (B7) 

On the other hand, if T < t up ( M ), 

d N cont 

d M 

= 

∫ T 

0 

d N imp ( M, t) 

d Md t 
d t ∝ 

t 0 

1 − α

(
M 

M �

)γ−α

⎧ ⎨ 

⎩ 

[ 

1 + 

γ T 

t 0 

(
M 

M �

)−γ
] 

1 −α
γ

− 1 

⎫ ⎬ 

⎭ 

(B8) 

In the high-mass end (or younger population) of the mass function 
where γ T / t 0 ( M / M �) −γ 
 1, the slope of the mass function is α, the 
same as the CIMF. In the low-mass end (or older population), the 
slope of the mass function becomes α − γ , and depends on both the 
power-law slope of the CIMF and the index of the mass-dependent 
tidal disruption time-scale. 

The time evolution of the number of clusters can be obtained by 
integrating equation ( B5 ) over time: 

N ( T ) = 

∫ Min [ T ,t max ] 

0 
N imp ( t)d t ∝ 

1 

1 − α

[ (
M max 

M �

)1 −α

t 

− t 0 

1 − α + γ

((
M min 

M �

)γ

+ 

γ t 

t 0 

)(1 −α+ γ ) /γ
] ∣∣∣∣

Min [ T ,t max ] 

0 

. 

(B9) 

For T < t max , 

N ( T ) = 

∫ T 

0 
N imp ( t)d t ∝ 

1 

1 − α

{
M 

1 −α
max T 

−M 

1 −α+ γ
min 

t 0 

1 − α + γ

[
(1 + 

γ T 

t 0 
M 

−γ
min ) 

(1 −α+ γ ) /γ − 1 

]}
. 

(B10) 

Therefore, at early times, when t 
 t 0 
γ

( M min 
M � ) −γ , the number of 

clusters, N ( T ) ∝ 

T 
1 −α

( M 

1 −α
max − M 

1 −α
min ) ∝ T , increases linearly with 

time. On the other hand, for T ≥ t max , the total number of clusters, 

N ( T ) = 

∫ t max 

0 
N imp ( t)d t ∝ 

t 0 

γ (1 − α)(1 − α + γ ) [
(1 − α) M 

1 −α
max ( M 

γ
max − M 

γ
min ) − γM 

γ
max ( M 

1 −α
max − M 

1 −α
min ) 

]
, 

(B11) 

is a constant, suggesting the number of clusters reaches an equilib- 
rium as the cluster injection rate equals the disruption rate. 
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