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POST-PROCESSING GC MODELS:  
STATE OF THE ART

Ramos +20, Park +22,  
Rodriguez +23, Doppel +23,  
Chen+23, Chen +24 

Formation efficiency parameter based on gas and stellar 
quantities resolved in the simulation 

Identification of the most DM bound particles 

DM halo properties 

Defining GC candidates as all star particles older than 10 Gyr

Tagging methods in post-treatment:

Pfeffer +17, Reina-Campos +22,  
Grudic +23, Rodriguez +23

Halbesma +20

Creasey+18

Doppel +23

Simulations: Illustris TNG-50, FIRE, EAGLE, AURIGA, …

Methods: 

Statistics: 2-8000 galaxies

GCs in TNG50 2459 

MNRAS 518, 2453–2470 (2023) 

Figure 4. Spatial maps of one realization of our GC catalogue (pink and light blue points) o v erplotted on a visualization of the stellar density (background 
greyscale) for the most massive galaxy group (a Virgo or Hydra 1 analogue) (top left), a galaxy group with a viral mass around 1.5 × 10 13 M ⊙ (top right), and 
one low-mass galaxy group with a virial mass ∼5 × 10 12 M ⊙ (bottom left). The bottom right shows a zoom-in of the GC particles associated with the stellar 
stream in the bottom left image. We find that the GCs distribute as expected, with the red population more spatially concentrated about their hosts and the blue 
component more spatially extended. We also find the presence of intracluster GCs, see Section 3 for a more detailed discussion. 
in GC numbers) compared to the accreted ICGCs acquired from 
tidal stripping and merging of the satellite galaxies. The study of 
the ICGC component is therefore an important benchmark of our 
GC model. 

In this work, we define ICGCs to be GCs within the virial radius of 
a group or cluster host that are not currently gravitationally associated 
with any satellite as measured using Subfind. We note that while this 
dif fers from observ ational methods of determining GC membership 
to the ICL, which includes fitting profiles to distinguish the ICGCs 
from the GCs associated with the BCG (e.g. Taylor et al. 2017 ), 
employing radial cuts to remo v e the contribution of GCs of satellite 
galaxies (e.g. Lee et al. 2010 ), or using kinematic data of GCs when 
available (Longobardi et al. 2018 ), this is a definition that is best 
physically moti v ated for our purposes. We have explicitly checked 
that using different radius cuts for satellite galaxies to distinguish 

between the ICGCs from the GCs of satellites, as done in some 
observational studies, does not substantially change the properties of 
the ICGCs reported here. 

The top row of Fig. 5 shows projections of GCs (associated with 
galaxies and part of the ICGCs) tagged in the second most massive 
group in our sample (FoF group 1), with M 200 ∼ 9 × 10 13 M ⊙, 
comparable to the Virgo or Fornax clusters. As before, pink and light 
blue dots correspond to tagged red or blue GCs and the greyscale 
indicates the stellar component. Because GCs are now assigned 
individual masses (see Section 2.4 ), we can create different maps 
mimicking different luminosity (or mass) cuts: the left-hand panel 
shows all tagged GCs in FoF 1 (or equi v alent all GCs abo v e a mass 
cut 7 × 10 3 M ⊙), while the right-hand panel illustrates what would be 
observed in a shallower survey only able to map GCs more massive 
than ≥10 6 M ⊙. 
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GAIA-CONSTRAINED  
GC FORMATION AND EVOLUTION MODEL 

CNES postdoctoral fellowship 2024 Pierre Boldrini

other models which apply it solely to mass loss rather than dynamics. My new approach enables a more
realistic tracking of dynamics of the GC populations in galaxies, spanning from the early cosmic epochs
to the present day, while also remaining computationally viable. The physical quantities describing the
GCs that Iwill be able to accurately track over a Hubble time in simulations are: the 3D positions, 3D
velocities, mass, and metallicity. The final part of this approach is to constrain all free parameters of our
post-processing model of GC formation and evolution. Our finely tuned model must be capable of repro-
ducing some specific metrics of the MW GC population, that was observed with Gaia. They have been
selected to highlight differences in the dynamics of GCs between the different cosmological simulations:
1) GC radial density profile , 2) GC absolute mean radial velocity as function of the galactocentric radius
, 3) GC mass function & 4) GC metallicity distribution. All metrics will be calculated at z = 0, based
on observations of the MW GC population that will be made of a catalog of 170 GCs. The significant
advantage of Gaia lies in its ability to provide not only the kinematics of clusters but also their masses,
sizes, and metallicities. Masses of the GCs were derived by fitting N-body models (Baumgardt et al.,
2018). I will also use GC as reported in the Harris et al., 2010 and APOGEE DR17 (Schiavon et al.,
2024) catalogs. Our study can be further refined with the upcoming Gaia DR4 release, expected in 2025.

Milestone: The first step is to develop and integrate as post-processing our new Gaia-constrained GC
model into Illustris TNG-50 (see Table 1). With 198 MW-like galaxies in Illustris, I will have access to
a vast dataset generated by our model, allowing for comprehensive comparisons with Gaia data. Indeed,
the significance of our approach lies in obtaining, for the first time, a statistical perspective on GC
populations in MW-like galaxies.

Deliverable: Two scientific papers. The first publication will focus on the new multi-parametric model
of growth and evolution of GC populations for MW systems. The second paper will be more centered on
the results of GC physics in Illustris TNG-50.

Risk and mitigation: Low. Both semi-analytic models and the Illustris simulation are available. I
have already used GALPY to track the dynamics of point masses such as black holes within galaxies
from z = 2 to z = 0 using Illustris simulation (Chu et al., 2022). Besides, most of my work has re-
quired the intensive use of simulations of GC dynamics (Boldrini et al., 2019, Boldrini et al., 2020b,
Boldrini & Vitral, 2021, Boldrini & Bovy, 2022, Vitral & Boldrini, 2022).

During the second year,

• To highlight the diverse accretion histories of the Milky Way

Once our new GC model is developed and tested, I plan to implement it in the VINTERGATAN,
HESTIA, and ELVIS on FIRE simulations. I will adopt the same calibration method with Gaia as
detailed previously. The interest of my approach with this finely tuned Gaia-constrained model is to
test the impact of differences within these simulations. That’s why I carefully selected the simulations
from Table 1 in order to have a diversity of parameters for MW-like galaxy simulations. A first phase
will ensure that the differences do not arise from variations in simulation techniques (code, resolution),
aiming to highlight only the effects of the adopted galaxy formation model and the environment of MW-
like galaxies. It is important to verify that the outputs of our new model are non-degenerate to ensure
that your interpretations are based on robust data

Simulation Code Resolution #MW-like MW Galaxy Data
[103M�] galaxies environment formation availability

model
Illustris TNG-50 AREPO ⇠ 85 198 cosmological TNG P

(Pillepich et al., 2018) box
VINTERGATAN (VTG) RAMSES ⇠ 7 1 isolated VTG C

(Agertz et al., 2021)
HESTIA AREPO ⇠ 200 13 local group AURIGA C

(Libeskind et al., 2020)
ELVIS on FIRE GIZMO ⇠ 4 3 local group FIRE C

(Garrison-Kimmel et al., 2019)
Table 1: Simulations of MW-like galaxies (Public (P), Collaboration (C))
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200 MW systems, 40 000 GCs, from redshift z=3 to z=0, 5 physical properties

GC MULTI-PARAMETIC MODEL 

 5

z=2-3 z=0

Progenitor Milky Way

(Position,Velocity)

(Mass, Metallicity 
Size)

Kruijssen et al. +11 
model

GALPY 
Bovy +15

Doppel et al. +22 
method

Globular cluster        Star

Large statistic : 200 galaxies, 40 000 globular clusters, z=3 à z=0, 5 physical parameters

The E-MOSAICS project 4317

Figure 1. Visualization of the E-MOSAICS simulations. The main panel shows the dark matter distribution at z = 0 from the EAGLE Recal-L025N0752
simulation. Yellow circles highlight the positions of the 10 L⋆ galaxies that we have resimulated, where solid lines show the two haloes in the inset on the
right. Radii of the circles show the virial radii of the galaxies. The three panels on the right show successive zoom-ins of Gal004: the top panel shows gas
density coloured by temperature in the zoom simulation; the lower two panels show mock optical images of face-on and edge-on views of the galaxy (blue
for young stars (<300 Myr), brown for dense star-forming gas). The bottom panel also shows the locations of massive star clusters (>5 × 104 M⊙) coloured
by their formation location (in situ or accreted). The five panels in the bottom row show the formation history of the galaxy and its star cluster population,
where grey-scale shows the gas surface density and the points show positions of star clusters (with masses >5 × 104 M⊙) coloured by metallicity (yellow for
[Z/H] = 0.5, blue for [Z/H] = −2.5) and with point area scaling with cluster mass.

many of these are also uncontaminated by boundary particles. The
bonus galaxies are mostly sub-L⋆ with M∗ ∼ 108–109 M⊙, although
the Gal000 simulation also contains an uncontaminated elliptical
galaxy with M200 = 1012.7 M⊙ and M∗ = 1010.6 M⊙, located at a
distance of 3 Mpc from the targeted galaxy at z = 0. Each L⋆ galaxy
is the most massive galaxy within a distance of 1 Mpc.

The star formation histories of the 10 targeted galaxies are shown
in Fig. 2. The histories are similar and typically reach a peak SFR
at redshifts 2 ! z ! 3. Gal006 and Gal007, however, peak much
later at z < 1. The maximum SFRs achieved are between 2 and

10 M⊙ yr−1, and the galaxies that peak earlier achieve higher peak
SFRs. For reference, the MW SFR determined from a chemical
evolution model by Snaith et al. (2014, 2015), normalized such that
the total MW mass at z = 0 is 5 × 1010 M⊙ (Bland-Hawthorn &
Gerhard 2016) and accounting for stellar evolution mass-loss, is
shown by a solid black line. The grey shaded region shows the stan-
dard deviation of the model. We do not show data from >13 Gyr
as the SFR is poorly constrained due to a lack of stars. The simu-
lations are in good agreement with the MW SFR and sSFR. With
the exception of the brief dip at z ≈ 1, which is required to fit

MNRAS 475, 4309–4346 (2018)
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Cosmological simulation

z=2-3
Mission 

Gaia 

170 GCs 
3D positions + 
3D velocities 
Mass, 
Metallicity & 
Size

Dylan Nelson et al. Page 8 of 30
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Temperature [log K]
4.3 5.8 7.2

Gas  Density [log Msun kpcƈ2]
4.3 5.8 7.3

Shock Mach Number
0.0 1.5 3.0
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X-ray  Lbol  [log erg sƈ1 kpcƈ2]
29.0 33.2 37.5

Magnetic Field  [log ƙG]
-9.0 -4.0 0.5

Figure 3 Overview of the variety of physical information accessible in the di↵erent matter components of the TNG simulations. From
top to bottom: dark matter density, gas density, gas velocity field, stellar mass density, gas temperature, gas-phase metallicity, shock
mach number, magnetic field strength, and x-ray luminosity. Each panel shows the same ⇠ 110⇥ 14⇥ 37 Mpc volume of TNG100-1
at z = 0.

Credits : Illustrious TNG-50

Our approach
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Figure 1 The three IllustrisTNG simulation volumes: TNG50, TNG100, and TNG300. In each case the name denotes the box side-length in comoving
Mpc, and all three are shown in projected dark matter density. The largest, TNG300, enables the study of rare, massive objects such as galaxy clusters,
and provides unparalleled statistics of the galaxy population as a whole. TNG50, with a mass resolution more than one hundred times better,
provides for the detailed examination of internal, structural properties and small-scale phenomena. In the middle, TNG100 uses the same initial
conditions as the original Illustris simulation, providing a useful balance of resolution and volume for studying many aspects of galaxy evolution

2 Description of the simulations
IllustrisTNG is a suite of large volume, cosmological,
gravo-magnetohydrodynamical simulations run with the
moving-mesh code AREPO (Springel 2010). The TNG
project is made up of three simulation volumes: TNG50,
TNG100, and TNG300, shown in Fig. 1. The first two
simulations, TNG100 and TNG300, were recently intro-
duced in a series of five presentation papers (Springel et al.
2018; Pillepich et al. 2018a; Naiman et al. 2018; Nelson
et al. 2018a; Marinacci et al. 2018), and these are here
publicly released in full. The third and final simulation of
the project is TNG50 (Pillepich et al. 2019; Nelson et al.
2019a) which will also be publicly released in the future.
TNG includes a comprehensive model for galaxy forma-
tion physics, which is able to realistically follow the forma-
tion and evolution of galaxies across cosmic time (Wein-
berger et al. 2017; Pillepich et al. 2018b). Each TNG sim-
ulation solves for the coupled evolution of dark matter,
cosmic gas, luminous stars, and supermassive black holes
from a starting redshift of z = 127 to the present day, z = 0.

The IllustrisTNG projecta is the successor of the orig-
inal Illustris simulationb (Genel et al. 2014; Sijacki et al.
2015; Vogelsberger et al. 2014b, 2014a) and its associated
galaxy formation model (Vogelsberger et al. 2013; Torrey

et al. 2014). Illustris was publicly released in its entirety
roughly three and a half years ago (Nelson et al. 2015).
TNG incorporates an updated ‘next generation’ galaxy for-
mation model which includes new physics and numeri-
cal improvements, as well as refinements to the original
model. TNG newly includes a treatment of cosmic mag-
netism, following the amplification and dynamical impact
of magnetic fields, as described below.

The three flagship runs of IllustrisTNG are each accom-
panied by lower-resolution and dark-matter only counter-
parts. Three physical simulation box sizes are employed:
cubic volumes of roughly 50, 100, and 300 Mpc side length,
which we refer to as TNG50, TNG100, and TNG300, re-
spectively. The three boxes complement each other by en-
abling investigations of various aspects of galaxy forma-
tion. The large physical volume associated with the largest
simulation box (TNG300) enables, for instance, the study
of galaxy clustering, the analysis of rare and massive ob-
jects such as galaxy clusters, and provides the largest sta-
tistical galaxy sample. In contrast, the smaller physical vol-
ume simulation of TNG50 enables a mass resolution which
is more than a hundred times better than in the TNG300
simulation, providing a more detailed look at, for example,
the structural properties of galaxies, and small-scale gas
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PROJET 1
Ingredients of our approach

z=2

MW progenitor

Illustris-TNG 50
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TNG50 MW/M31 analogs 7

Figure 3. Selection criteria and numbers of MW/M31-like galaxies in the TNG50 simulation at I = 0. Top: fiducial selection proposed in this paper, based
on observable quantities: galaxy stellar mass, stellar disky morphology and 500 kpc-scale environment. Bottom left: alternative selection that mimics what is
often done in the context of zoom-in projects, chiefly based on selecting DM haloes of a certain mass and their central galaxy. Bottom right: comparison between
the two selection approaches in the context of TNG50 at I = 0. In the top panel, by “massive galaxy”, we mean "⇤ > 1010.5M� ; in the bottom left, "host,200c
is the total virial halo mass of the host or parent halo of any galaxy, satellite or central. According to our fiducial selection (top panel), there are 198 galaxies in
TNG50 that can be considered analogs of our Galaxy and Andromeda.

isons between the real and simulated systems. For example, it has
been shown that, at fixed galaxy mass, disky galaxies are surrounded
by less centrally-concentrated stellar haloes (Pillepich et al. 2014).

The morphological selection is implemented in a two-pronged ap-
proach. On the one hand, we impose a constraint on the 3D ellipticity
of the stellar mass distribution, i.e. on the minor-to-major stellar axis
ratio, measured as in Pillepich et al. (2019). On the other hand, as
we do not want to miss any disky and spiral galaxy of the relevant
mass, we also visually inspect all the TNG50 galaxies that satisfy
the stellar mass and environment constraints enunciated above. The

fiducial set of disky galaxies is given by the union of the two lists, as
shown in terms of Venn diagram in the bottom panel of Fig.4.

Now, the reasons to choose the stellar minor-to-major axis ratio
as morphological indicator are multifold. Firstly, this is a popular
proxy for morphology with large galaxy samples, such as in extra-
galactic population studies (e.g. Wel et al. 2014; Zhang et al. 2019).
Secondly, di�erently than circularity-based selections (Abadi et al.
2003; Scannapieco et al. 2009; Emami et al. 2021), it does not require
kinematic information of the stars: on the one hand, this would not be
easily available for e.g. M31; on the other hand, disk-to-total (D/T)
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PROJET 1
MW and its merging satellites

z=3 z=0

One MW galaxy and 5 merging satellites

 M* ≃ 1010 M☉ 

 Mh ≃ 1012 M☉ 
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PROJET 1
TNG50 MW formation and history

z=2 z=0

MW Potential  
(Mdm, rdm, M*, rh*)   

at z=2

MW Potential  
(Mdm, rdm, M*, rh*)   

at z=0

 75 snapshots from TNG-50 (75 different MW potentials) 

All main progenitor of the MW between z=2 and z=0 

 All the merging satellites of the MW between z=2 and z=0 

(M* > 107 M☉)

Galactic potential = Bulge + DM halo ( no disc and no gas component)
6
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PROJET 1
GC dynamics

z=2 z=0

MW progenitor Milky Way galaxy

Position,Velocity

Mass

Kruijssen et al. +11 
model

GALPY 
Bovy +15

Illustris-TNG 50

 200 GCs over 10 Gyr 

 106 M☉ with rhm = 10 pc  

 Time resolution: 500 steps per Gyr (2 

Myr) 

  0.5 CPU hrs for 200 GCs over 10 Gyr 

in a MW+environment potential            

(4 min on my laptop with 8 CPUs)

 fast and flexible GC model
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PROJET 1

The most important perturber is the evolved MW potential

Dynamical perturbers: 

Evolved MW potential 

Dynamical friction 

Mass loss 

Satellite galaxies

What are the dynamical perturbers of the in-situ 
GC population?

Observed from Gaia DR3
Random initial conditions



PROJET 1: 
RESULTS

Fixed versus evolved MW potential
z=3 z=0

 M* ≃ 1010 M☉ 

 Mh ≃ 1012 M☉ 
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Fixed MW potential
Evolved MW potential



PROJET 1: 
RESULTS

Dynamical friction efficiency?
z=3 z=0

 M* ≃ 1010 M☉ 

 Mh ≃ 1012 M☉ 
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Fgravity

MW potential  
center

Fdynamical frictionEvolved MW potential
Evolved MW potential + constant dynamical friction on GCs

DF ∝ MW potential, GC mass

DF ∝ GC mass/MW mass << 1



PROJET 1: 
RESULTS

Mass loss efficiency?
z=3 z=0

 M* ≃ 1010 M☉ 

 Mh ≃ 1012 M☉ 
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DF ∝ MW potential, GC mass
Evolved MW potential + constant DF on GCs
Evolved MW potential + DF on GCs + GC mass loss

60%

DF ∝ GC mass/MW mass << 1



PROJET 1: 
RESULTS

Merging satellites have a impact or not?
z=3

 M* ≃ 1010 M☉ 

 Mh ≃ 1012 M☉ 
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Fgravity

MW potential  
center

Satellite
Evolved MW potential + DF on GCs + GC mass loss
Evolved MW potential + satellite potentials + DF on GCs + GC mass loss
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HOME MESSAGE

The most important perturber is the evolved full MW potential

What are the dynamical perturbers of the in-situ 
GC population?

Observed from Gaia DR3

Random initial conditions

Dynamical perturbers: 

Evolved MW potential 

Dynamical friction 

Mass loss 

Satellite galaxies

Evolved MW potential 
 + satellite potentials  
+ DF on GCs  
+ GC mass loss
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NEXT STEPS

• Incorporating dark satellites 

• Incorporating disk components  

• Adding tagging methods 

• Simulating the GC dynamics for 198 MW galaxies 

• Constraining with Gaia data 

• Non spherical potential?

Comments and suggestions are welcome 

Dylan Nelson et al. Page 8 of 30
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Figure 3 Overview of the variety of physical information accessible in the di↵erent matter components of the TNG simulations. From
top to bottom: dark matter density, gas density, gas velocity field, stellar mass density, gas temperature, gas-phase metallicity, shock
mach number, magnetic field strength, and x-ray luminosity. Each panel shows the same ⇠ 110⇥ 14⇥ 37 Mpc volume of TNG100-1
at z = 0.

Credits : Illustrious TNG-50
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GAIA-CONSTRAINED  
GC FORMATION AND EVOLUTION MODEL 

Previous models for MW Our approach
Simulations:  

Number of MW galaxies:  

Tagging time:  

Tagging method: 

Dynamical friction: 

Mass loss: 

Observational constraints: 

References:

unique 

2 - 50 

GC tagged at different redshift 

unique 

no or analytically 

no or analytically 

No or mass, metallicity, 
distribution 

Several simulations 

200 

GC tagged at z=2 and then follow their dynamics 

Several methods 

yes 

yes 

Gaia and Apogee 

Boldrini & Di Matteo, 2025, in prepHalbesma +20, Doppel +23, Chen +24 
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GC IN A COSMOLOGICAL CONTEXT 
A CHALLENGING PROBLEM

Spatial resolution ~ sub-pc 

Mass resolution ~ 1 M☉  

Cosmological context:                                          
large range of space (pc - Mpc) and                    
time-scales (Myr - Gyr)

Resolution requirements make this presently impossible to do in direct 
calculations that track the formation of individual stars
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ionization equilibrium

Interparticle distances within:
Scales treated with subgrid routines

Scales treated num
erically in simulations of the galaxy population  
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Intergalactic
medium
~102 cm

Interstellar
medium
~100 cm
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medium
~1024 cm

Interstellar
medium
structure
~1021 cm

Stars
~10–8 cm

Stellar radii
~1011 cm

Galaxies
~1023 cm

Galaxy clusters
~1025 cm
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Black hole
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of binary stars
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Large-scale
structure of

the observable
Universe
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Separation
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Figure 2
Schematic illustration of the extreme dynamic range of the length scales of the physical processes influencing the formation and
evolution of galaxies. Cosmological, hydrodynamical simulations are able to follow cosmic structure formation up to O(100 Mpc) scales
and have to resort to subgrid models on small scales. Future simulations of the galaxy population will push both of these boundaries,
increasing their dynamic range, but the need for subgrid models will remain for years to come.

scale need to occupy these large core counts for prohibitively long periods (often several months).
The challenge of accommodating the germane physical processes into simulations is illustrated
schematically by Figure 2, which shows their characteristic length scales and highlights that
subgrid models remain a critical component of simulations of the galaxy population for the
foreseeable future. We review the key physical processes treated with subgrid methods below.

2.3.1. Radiative processes in cosmic gas. Radiative processes enable cosmic gas to dissipate
its internal energy. In the absence of an incident radiation field, the ionization balance and cool-
ing rate of diffuse cosmic gas is governed by two-body processes (e.g., collisional excitation and
ionization, collisional recombination, and free–free emission). The cooling rate due to these pro-
cesses scales as the square of the gas density, and the contribution of each elemental species scales
linearly with its abundance, enabling convenient tabulation of collisional ionization equilibrium
(CIE) cooling rates as a function of temperature and composition (e.g.,Dalgarno&McCray 1972).

www.annualreviews.org • Simulations of the Galaxy Population 481

Crain+23
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GC IN A COSMOLOGICAL CONTEXT 
CURRENT STRATEGIES & METHODS 

IDEALIZED 
GALAXY  

SIMULATIONS

COSMOLOGICAL  
SIMULATIONS  

+ 

POST-PROCESSING MODELS

HIGH-RESOLUTION  
COSMOLOGICAL 

SIMULATIONS  

Young massive clusters in galaxy mergers 3

Figure 1. Bound GMCs and YMCs identified in the simulated merger of two Milky Way-sized galaxies after the first passage at C = 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 ⇥ 105 M� are labeled 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 105 M� are labeled as red stars.

ISM structure, generates galactic fountain flows self-consistently,
and maintains feedback-regulated ine�cient 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 disk
are described in L20. In the current work, we construct new initial
conditions of the galaxy merger by putting two identical isolated
galaxies together in a pre-merger state. We specify the spin axis
of each disc with parameters \ and q in spherical coordinates for
each galaxy. We follow the work done by Cox et al. (2006); Hopkins
et al. (2013) and choose to simulate a near-prograde merger with the
disc spin parameters (\1, q1, \2, q2) = (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 e�ects 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 di�erent 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); Jesseit et al. (2009).

The mass resolution for both gas and stars is ⇠ 1.4 ⇥ 103 M� ,
which allows us to resolve GMCs and YMCs more massive than
4⇥104 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 ����������� algorithm (Rosolowsky et al.
2008) to identify GMCs in 2D molecular gas surface density maps of
the simulated disk 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 di�erent model parameters. In contrast, the goal of this
paper is to investigate the physical e�ects 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 remove GMCs or YMCs that contains less than 30
resolution elements as these low mass objects su�er low number
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Figure 1. Top: Time evolution of the gas surface density of the progenitor gas cloud that gives birth to a bound stellar cluster in m10l galaxy at I = 8.1. Each
smaller sub-panel is (4 kpc)2 with a depth of 1 kpc, centered on the center of mass of the gas progenitors that eventually give birth to the cluster members.
The time relative to the cluster formation epoch is noted in each frame and the pre-existing galaxy is indicated with a white circle with size equal to its stellar
half-mass radius. The larger sub-panel on the right-hand side, spanning (1 kpc)2 with a depth of 0.5 kpc, zooms into the region where the cluster forms just prior
to its birth. At this epoch, a substantial amount of gas, ⇡ 107 M� , reaches a surface density of ⌃gas ⇠ 104 M� pc�2, a necessary condition for cluster formation,
as a result of a cloud-cloud collision. The cluster itself is shown at �C = 13 Myr as a gold circle with size equal to the cluster half-mass radius (20 pc). Bottom:
(2 kpc)2 gas surface density maps, with depth of 1 kpc, at the last three times shown in the upper panels. Pre-existing stars are shown in cyan, stars that are part
of the bound cluster that forms are shown in red, and stars forming from �C = �17 Myr to the snapshot in question that are not bound to the cluster are shown
in orange. The cloud-cloud collision results in a very high surface density outside of the pre-existing galaxy (whose stellar half-mass radius is shown in black
in each panel). This gas is further compressed by supernovae resulting from stars born in the colliding gas (orange in left panel), leading to the formation of the
stellar cluster. Many stars that are not formally identified as cluster members are formed at the same time in the immediate vicinity of the cluster as well (right
panel), and feedback from the cluster formation launches a compressive shock that causes star formation within the pre-existing galaxy.

additional force from SN feedback near the collision will likely be
su�cient to achieve %thresh.

The gas surface density can occasionally exceed ⌃thresh at times
that are not linked to the formation of the massive and bound stellar
clusters studied in this work. In all of those times, we find lower-
mass ("¢ < 5 ⇥ 104 M�) clusters forming, and we also find that
the amount of mass above ⌃thresh is commensurately lower: the mass
of the cluster(s) that form is roughly a constant fraction of the high
surface density gas, "¢ ⇡ 0.01 "gas (> ⌃thresh). We defer a more
thorough investigation of the connection between gas surface density
and cluster formation e�ciency (and star formation rate) to a future
paper.

3.2 Cluster evolution after formation

While the formation of star clusters is an important topic in and of
itself, the subsequent survival of those clusters is a crucial consid-
eration when attempting to connect compact, bound stellar systems
at high redshifts to GCs at I = 0. We study the evolution of the
star clusters formed at high redshift in our simulations by tracking
clusters across simulation snapshots. To do so, we run P������ sep-
arately at each snapshot and then use the IDs of the each cluster at
birth (the highest-redshift snapshot at which it is identified) to find
its descendant at each later time. The bound clusters formed in the
simulations lose mass with time owing to both tidal interactions with
their environment and numerical e�ects. We quantify cluster life-
times via C50, the time relative to its birth at which a cluster has lost
50% of its original stellar mass; the clusters typically disrupt com-
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Figure 1. The galactic environment and dynamical evolution of three typical clusters – one formed in situ , one formed ex situ , and one formed recently – with 
properties similar to GCs in the MW. We follow each cluster from their births to the present day. The top two panels show face-on and edge-on mock HST 
images (generated using the FIRE Studio, Gurvich 2021 ) of an MHD FIRE simulation of a MW-mass galaxy ( m12i ), with the surviving GC population in 
blue (for clusters born in situ in the main galaxy) and green (for clusters born ex situ in dwarf galaxies accreted by the main galaxy) while younger clusters are 
shown in red. Circle size corresponds to present-day cluster mass. We also show three mock HST images typical clusters at z = 0 (generated with the Fresco 
package, Rieder & Pelupessy 2019 ). The bottom left-hand panel shows the mass and the total number of particles in each cluster as a function of galactic cosmic 
time. The middle right-hand panel shows the galactocentric radius of the clusters o v er their orbits, while the bottom right-hand panel shows the effective tidal 
strengths they experiences over their lifetimes (see Section 2.4 ). The sharp decreases in cluster mass are caused by peaks in λ1, e , as the outer parts of the clusters 
are stripped away by changing tidal fields as the clusters pass through the disc and near the galactic bulge. 
cluster until a single T df has elapsed: 
∫ 

d t 
T df > 1 , (7) 

using the same orbits extracted in the previous section. Once equation 
( 7 ) is satisfied, we assume the cluster has been destroyed. Note that 
this is different than the approach used in Pfeffer et al. ( 2018 ), where 
a cluster is assumed to have spiraled into the galactic centre when its 
age is greater than T df . We explore the implications of equation ( 7 ) 
in Section 5.3 . 

Finally, we do not include any prescription for the work done by the 
time-dependent tidal field on cluster itself. This periodic injection of 
energy, known as tidal shocking , has been argued to have significantly 
shaped the evolution of the cluster mass function in the MW and other 
galaxies, particularly for clusters with lower masses and larger radii 
(e.g. Spitzer 1958 ; Ostriker, Spitzer & Che v alier 1972 ; Spitzer 1987 ). 
This process is particularly difficult to implement successfully in a 
Monte-Carlo code such as CMC , where the assumptions of spherical 
symmetry, virial equilibrium, and a time-step that is a fraction of 
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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 C = 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 ⇥ 105 M� are labeled 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 105 M� are labeled as red stars.

ISM structure, generates galactic fountain flows self-consistently,
and maintains feedback-regulated ine�cient 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 disk
are described in L20. In the current work, we construct new initial
conditions of the galaxy merger by putting two identical isolated
galaxies together in a pre-merger state. We specify the spin axis
of each disc with parameters \ and q in spherical coordinates for
each galaxy. We follow the work done by Cox et al. (2006); Hopkins
et al. (2013) and choose to simulate a near-prograde merger with the
disc spin parameters (\1, q1, \2, q2) = (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 e�ects 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 di�erent 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); Jesseit et al. (2009).

The mass resolution for both gas and stars is ⇠ 1.4 ⇥ 103 M� ,
which allows us to resolve GMCs and YMCs more massive than
4⇥104 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 ����������� algorithm (Rosolowsky et al.
2008) to identify GMCs in 2D molecular gas surface density maps of
the simulated disk 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 di�erent model parameters. In contrast, the goal of this
paper is to investigate the physical e�ects 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 remove GMCs or YMCs that contains less than 30
resolution elements as these low mass objects su�er low number
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Figure 1. Top: Time evolution of the gas surface density of the progenitor gas cloud that gives birth to a bound stellar cluster in m10l galaxy at I = 8.1. Each
smaller sub-panel is (4 kpc)2 with a depth of 1 kpc, centered on the center of mass of the gas progenitors that eventually give birth to the cluster members.
The time relative to the cluster formation epoch is noted in each frame and the pre-existing galaxy is indicated with a white circle with size equal to its stellar
half-mass radius. The larger sub-panel on the right-hand side, spanning (1 kpc)2 with a depth of 0.5 kpc, zooms into the region where the cluster forms just prior
to its birth. At this epoch, a substantial amount of gas, ⇡ 107 M� , reaches a surface density of ⌃gas ⇠ 104 M� pc�2, a necessary condition for cluster formation,
as a result of a cloud-cloud collision. The cluster itself is shown at �C = 13 Myr as a gold circle with size equal to the cluster half-mass radius (20 pc). Bottom:
(2 kpc)2 gas surface density maps, with depth of 1 kpc, at the last three times shown in the upper panels. Pre-existing stars are shown in cyan, stars that are part
of the bound cluster that forms are shown in red, and stars forming from �C = �17 Myr to the snapshot in question that are not bound to the cluster are shown
in orange. The cloud-cloud collision results in a very high surface density outside of the pre-existing galaxy (whose stellar half-mass radius is shown in black
in each panel). This gas is further compressed by supernovae resulting from stars born in the colliding gas (orange in left panel), leading to the formation of the
stellar cluster. Many stars that are not formally identified as cluster members are formed at the same time in the immediate vicinity of the cluster as well (right
panel), and feedback from the cluster formation launches a compressive shock that causes star formation within the pre-existing galaxy.

additional force from SN feedback near the collision will likely be
su�cient to achieve %thresh.

The gas surface density can occasionally exceed ⌃thresh at times
that are not linked to the formation of the massive and bound stellar
clusters studied in this work. In all of those times, we find lower-
mass ("¢ < 5 ⇥ 104 M�) clusters forming, and we also find that
the amount of mass above ⌃thresh is commensurately lower: the mass
of the cluster(s) that form is roughly a constant fraction of the high
surface density gas, "¢ ⇡ 0.01 "gas (> ⌃thresh). We defer a more
thorough investigation of the connection between gas surface density
and cluster formation e�ciency (and star formation rate) to a future
paper.

3.2 Cluster evolution after formation

While the formation of star clusters is an important topic in and of
itself, the subsequent survival of those clusters is a crucial consid-
eration when attempting to connect compact, bound stellar systems
at high redshifts to GCs at I = 0. We study the evolution of the
star clusters formed at high redshift in our simulations by tracking
clusters across simulation snapshots. To do so, we run P������ sep-
arately at each snapshot and then use the IDs of the each cluster at
birth (the highest-redshift snapshot at which it is identified) to find
its descendant at each later time. The bound clusters formed in the
simulations lose mass with time owing to both tidal interactions with
their environment and numerical e�ects. We quantify cluster life-
times via C50, the time relative to its birth at which a cluster has lost
50% of its original stellar mass; the clusters typically disrupt com-
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Figure 1. The galactic environment and dynamical evolution of three typical clusters – one formed in situ , one formed ex situ , and one formed recently – with 
properties similar to GCs in the MW. We follow each cluster from their births to the present day. The top two panels show face-on and edge-on mock HST 
images (generated using the FIRE Studio, Gurvich 2021 ) of an MHD FIRE simulation of a MW-mass galaxy ( m12i ), with the surviving GC population in 
blue (for clusters born in situ in the main galaxy) and green (for clusters born ex situ in dwarf galaxies accreted by the main galaxy) while younger clusters are 
shown in red. Circle size corresponds to present-day cluster mass. We also show three mock HST images typical clusters at z = 0 (generated with the Fresco 
package, Rieder & Pelupessy 2019 ). The bottom left-hand panel shows the mass and the total number of particles in each cluster as a function of galactic cosmic 
time. The middle right-hand panel shows the galactocentric radius of the clusters o v er their orbits, while the bottom right-hand panel shows the effective tidal 
strengths they experiences over their lifetimes (see Section 2.4 ). The sharp decreases in cluster mass are caused by peaks in λ1, e , as the outer parts of the clusters 
are stripped away by changing tidal fields as the clusters pass through the disc and near the galactic bulge. 
cluster until a single T df has elapsed: 
∫ 

d t 
T df > 1 , (7) 

using the same orbits extracted in the previous section. Once equation 
( 7 ) is satisfied, we assume the cluster has been destroyed. Note that 
this is different than the approach used in Pfeffer et al. ( 2018 ), where 
a cluster is assumed to have spiraled into the galactic centre when its 
age is greater than T df . We explore the implications of equation ( 7 ) 
in Section 5.3 . 

Finally, we do not include any prescription for the work done by the 
time-dependent tidal field on cluster itself. This periodic injection of 
energy, known as tidal shocking , has been argued to have significantly 
shaped the evolution of the cluster mass function in the MW and other 
galaxies, particularly for clusters with lower masses and larger radii 
(e.g. Spitzer 1958 ; Ostriker, Spitzer & Che v alier 1972 ; Spitzer 1987 ). 
This process is particularly difficult to implement successfully in a 
Monte-Carlo code such as CMC , where the assumptions of spherical 
symmetry, virial equilibrium, and a time-step that is a fraction of 
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