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A B S T R A C T 

Detailed understanding of the formation and evolution of globular clusters (GCs) has been recently advanced through a 
combination of numerical simulations and analytical models. We employ a state-of-the-art model to create a comprehensive 
catalogue of simulated clusters in three Milky Way (MW) and three Andromeda (M31) analogue galaxies. Our catalogue aims 
to connect the chemical and kinematic properties of GCs to the assembly histories of their host galaxies. We apply the model to 

a selected sample of simulated galaxies that closely match the virial mass, circular velocity profile, and defining assembly events 
of the MW and M31. The resulting catalogue has been calibrated to successfully reproduce key characteristics of the observed 

GC systems, including total cluster mass, mass function, metallicity distribution, radial profile, and velocity dispersion. We find 

that clusters in M31 span a wider range of age and metallicity, relative to the MW, possibly due to M31’s recent major merger. 
Such a merger also heated up the in-situ GC population to higher orbital energy and introduced a large number of ex-situ clusters 
at large radii. Understanding the impacts of galaxy mergers and accretion on the GC populations is crucial for unco v ering the 
galaxy assembly histories. 

Key words: Galaxy: formation – globular clusters: general – galaxies: individual: M31 – galaxies: star clusters: general. 
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 INTRODUCTION  

ver the past decade, significant observ ational ef forts have been
ade to unco v er the origins of globular clusters (GCs) in the local
niv erse. Spectroscopic surv e ys like the Apache Point Observatory
alactic Evolution Experiment (APOGEE, Majewski et al. 2017 )
ave of fered v aluable insights into the chemical compositions of
hese ancient stellar clusters. P articularly, the adv ent of the Gaia

ission (Gaia Collaboration 2016 , 2018 , 2023 ) has revolutionized
ur understanding of the GC spatial and kinematic properties,
nd their stellar populations. Studies such as Massari, Koppel-
an & Helmi ( 2019 ) and Malhan et al. ( 2022 ) took advantage

f the Gaia data to paint a comprehensive picture of the origins
f Galactic GCs, shedding light on key questions related to the
ormation and evolutionary history of GCs, including where GCs
ormed and how they were brought to their current locations in the
alaxy. 
At the same time, numerous observational and theoretical studies

av e impro v ed our understanding of the formation history of the
ilky Way (MW) and Andromeda (M31) galaxies. For example,
eason, Belokurov & Weisz ( 2015 ) investigated the ratio of blue

traggler stars to blue horizontal branch stars in the MW halo and
uggested the accretion of massive satellite galaxies as progenitors of
he stellar halo. Inspired by this, subsequent chemical and kinematic
tudies focused on disc and halo stars (Belokurov et al. 2018 ; Deason
t al. 2018 ; Helmi et al. 2018 ) and confirmed the likely major merger
t lookback time � 10 Gyr. The progenitor galaxy of this merger is
 E-mail: ybchen@umich.edu 
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eferred to as the Gaia–Sausage/Enceladus (GS/E). Analysis of the
inematics of MW stars (Belokurov & Kravtsov 2022 ) showed that
fter this early bursty star forming epoch, the Galaxy transitioned
o a steady stage of disc formation within 1–2 Gyr. Cosmological
imulations of galaxy formation also supported the early bursty stage
nd the subsequent transition to a steady state (Semenov et al. 2023 ;
u et al. 2023 ). On the other hand, recent studies found that M31
alaxy had a distinct assembly history from the MW, characterized
y a massive merger with an M32-like progenitor around 2 Gyr ago
D’Souza & Bell 2018 ). 

Our understanding of the formation and evolution of star clusters
hroughout cosmic time has also been greatly advanced o v er the
ast decade. Some of the young massive clusters formed in high-
edshift galaxies may survive tidal disruption, becoming GCs at the
resent. In this framework, theoretical modelling of GCs has become
ossible by embedding necessary recipes of cluster formation and
volution as sub-grid prescriptions into cosmological simulations.
 or e xample, Li et al. ( 2017 ), Li, Gnedin & Gnedin ( 2018 ), and
i & Gnedin ( 2019 ) treated forming star clusters ef fecti vely as sink
articles centred on giant molecular clouds in a suite of zoom-in
ydrodynamical simulations. The MOdelling Star cluster population
ssembly In Cosmological Simulations within EAGLE project (E-
OSAICS, Pfeffer et al. 2018 ; Kruijssen et al. 2019 ) applied the
OSAICS model for cluster formation and evolution (Kruijssen &

amers 2008 ; Kruijssen 2009 ; Kruijssen et al. 2011 ) to a rerun of
he Evolution and Assembly of GaLaxies and their Environments
EAGLE) simulations (Crain et al. 2015 ; Schaye et al. 2015 ). The
MP- Pathfinder project (Reina-Campos et al. 2022 ) further updated

he E-MOSAICS physics recipes with new prescriptions for cluster
© The Author(s) 2023. 
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ch permits unrestricted reuse, distribution, and reproduction in any medium, 
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ormation and the multiphase interstellar medium (ISM). These 
orks were able to match various observational properties of both 
oung and old clusters. They also offered insights to the links
etween GC properties and the assembly history of their host galaxy 
Kruijssen et al. 2019 ; Pfeffer et al. 2020 ; Reina-Campos et al. 2020 ;
rujillo-Gomez et al. 2021 ). 
In addition to these direct simulations, post-processing methods 

ave also gained traction in the field. Such methods employ analytical 
rescriptions for GC formation and evolution, applying them to the 
erger trees and particle outputs of existing cosmological simula- 

ions. Unlike full galaxy formation simulations, these models are not 
ensitive to the specific baryonic prescriptions used in simulations, 
nd do not require costly reruns. Such robustness and flexibility 
ake them particularly advantageous when applied to large samples 

f galaxies. Examples of these methods are Renaud, Agertz & Gieles 
 2017 ), Creasey et al. ( 2019 ), Halbesma et al. ( 2020 ), Phipps et al.
 2020 ), Valenzuela et al. ( 2021 , 2023 ), including previous versions
f our model (Muratov & Gnedin 2010 ; Li & Gnedin 2014 ; Choksi,
nedin & Li 2018 ; Choksi & Gnedin 2019a , b ). 
Our model takes the halo merger tree as the input and triggers

C formation when the specific mass accretion rate exceeds a 
redefined threshold. Utilizing a sequence of scaling relations, 
he model analytically calculates the mass and metallicity of the 
ewly formed GCs. It also accounts for mass-loss due to stellar
volution and tidal disruption. Starting in Chen & Gnedin ( 2022 ,
ereafter CG22 ), we hav e impro v ed the model by including the
patial and kinematic information for GCs using tracer star particles 
rom the simulations. This enabled a comprehensive comparison 
etween model predictions and the nine-dimensional (mass + age + 

etallicity + 3D positions + 3D velocities) characteristics of MW 

Cs. A subsequent extension by Chen & Gnedin ( 2023 , hereafter
G23 ) incorporated dark matter (DM) particles to represent GCs in 
ollisionless simulations. Our refined model successfully replicated 
ey statistics of observed GC systems, including the distributions 
f GC mass, metallicity, distance from the galaxy centre, velocity 
ispersion, and anisotropy. By applying this model across a wide 
ange of galaxy mass, we reproduced global scaling relations such 
s the ef fecti ve radius–galaxy mass and the nearly linear GC mass–
alaxy mass correlations. 

In this work, we use the model results to produce a catalogue of
odel GCs with the properties that match the observations of the GC

ystems in MW and M31. The primary use of this catalogue is to help
he analysis of observations to reveal the relationship between GC 

eatures and the assembly histories of the MW and M31. To achieve
his, we start by selecting a set of simulated galaxies that meet all
ajor observational constraints, including the virial mass, circular 

elocity profile, and the defining assembly events, such as the GS/E-
ike merger for the MW and the M32-progenitor-like merger for M31. 
ext, we calibrate our model parameters by comparing observed 
C attributes with those in our model systems. These attributes 

nclude total GC number, mass function, metallicity distribution, 
adial profile, and velocity dispersion. The resulting catalogue can 
nhance our understanding of how galaxy assembly events influence 
he current distribution of GCs in the property space, such as the
ge–metallicity plane and the integral of motion (IOM) space. The 
atalogue enables us to assess the accuracy of various classification 
lgorithms in these spaces to identify the original progenitors for 
x-situ GCs and, ultimately, reconstruct the host galaxy’s assembly 
istory. 
The rest of the paper is organized as follows. We outline the

ackground simulations and detail all updates made to the CG22 
nd CG23 models in Section 2 . Next, we define the criteria used
o select the best-matching MW and M31 analogues within our 
imulations in Section 3 . In Section 4 , we present the GC systems in
he selected analogues and compare them with the observational 
ata. We also explore the influence of the last major merger in
31 on the spatial distribution of GCs. The discussion in Section

 focuses on the potential application of the model to unco v er
alaxy assembly histories and addresses known caveats. We conclude 
nd summarize the study in Section 6 . In addition, we present a
ew functional form for the time-dependent galactic stellar mass–
etallicity relation (MZR), used to determine the metallicity of 
odel GCs, in Appendix A . 

 MODEL  SET-UP  

o create model catalogues of GC systems in the MW and M31, we
pply our GC formation model to six carefully selected galaxies from
he cosmological Illustris TNG50-1 simulation (hereafter TNG50; 
elson et al. 2019 ; 2021 Pillepich et al. 2019 ) and from a suite
f collisionless simulations of a Local Group (LG) environment 
 CG23 ). These simulated galaxies have assembly histories similar 
o the MW or M31 and reproduce most of the observable properties
f their GC systems. In this section, we provide an overview of the
imulations and the model set-up. We describe the criteria used to
elect the best MW/M31 analogues in the next section. 

.1 Background cosmological simulation 

e apply our model on two suites of simulations. The first suite
s TNG50, performed with the moving mesh hydrodynamic code 
REPO (Springel 2010 ). TNG50 employs the IllustrisTNG model of 
alaxy formation (Pillepich et al. 2018 ) in a (51.7 Mpc) 3 comoving
ox, adopting a flat Lambda cold dark matter cosmology with �b =
.0486, �m = 0.3089, �� = 0 . 6911, h = 0.6774, σ 8 = 0.8159, and
 s = 0.9667 (Planck Collaboration 2016 ). TNG50 is initiated with
160 3 DM particles and the same number of gas particles, yielding
n average DM particle mass ∼4 . 5 × 10 5 M � and an average gas
ell mass ∼8 . 5 × 10 4 M �. The gas cells in star-forming regions have
ypical sizes ∼100 pc (Pillepich et al. 2019 ). 

TNG50 applies the Friends-of-Friends algorithm and the SUBFIND 

ode (Springel et al. 2001 ) to identify haloes and subhaloes. We use
he term ‘galaxy’ to refer to subhaloes throughout the paper. Ad-
itionally, TNG50 provides galaxy merger trees using the SUBLINK 

ode (Rodriguez-Gomez et al. 2015 ). 
The second suite contains two collisionless zoom-in simulations, 

hich we ran in CG23 . We performed the simulations with the
daptive refinement tree ( ART ; Kravtsov, Klypin & Khokhlov 1997 )
ode on the modified initial conditions (ICs) from the Exploring the
ocal Volume in Simulations (ELVIS, Garrison-Kimmel et al. 2014 ). 
he ICs are Thelma & Louise and Romeo & Juliet , each
roducing a galaxy environment similar to the LG. We refer to this
imulation suite as the ‘LG simulations’ hereafter. 

We run the ROCKSTAR (Behroozi, Wechsler & Wu 2013a ) halo
nder and the CONSISTENT TREE code to construct halo catalogues 
nd merger trees for the LG simulations, respectively. The two LG
imulations each produces two main galaxies. We find the Louise ,
omeo , and Juliet galaxies have a quiescent ‘MW-like’ mass 
ssembly history after z ∼ 5 with no major merger with a mass ratio
ess than 4:1. This feature is similar to the formation history of the

W (Hammer et al. 2007 ). On the other hand, Thelma has more
ajor mergers at later times. 
MNRAS 527, 3692–3708 (2024) 
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.2 Modelling cluster formation and evolution 

ur GC formation and evolution model is based on CG22 , where
e modified the previous versions of the model (Muratov & Gnedin
010 ; Li & Gnedin 2014 ; Choksi, Gnedin & Li 2018 ) to include
ositional and kinematic information by tagging simulation particles
s ‘GC tracer particles’. In this section, we briefly describe the set-
p of the CG22 model and further modifications we make in this
ork. 
Our model consists of four steps: (1) cluster formation, (2) cluster

ampling, (3) particle assignment, and (4) cluster evolution. The
ormation of GCs is triggered by rapid mass growth of the host
alaxy (e.g. major mergers or intense mass accretion), quantified
y the specific mass accretion rate Ṁ h /M h exceeding a threshold
alue p 3 , which is an adjustable model parameter. We then apply
he empirical stellar mass–halo mass (SMHM) relation (Behroozi,

echsler & Conroy 2013b ) to compute the stellar mass M � from the
alo merger history; the gas mass–stellar mass relation (Lilly et al.
013 ; Genzel et al. 2015 ; Tacconi et al. 2018 ; Wang et al. 2022 )
o calculate gas mass M gas from stellar mass; and finally the linear
as mass–cluster mass relation (Kravtsov & Gnedin 2005 ), M tot =
.8 × 10 −4 p 2 M gas , to compute the total GC mass M tot , where p 2 
s another model parameter quantifying the cluster formation rate.

e also use the time-dependent MZR to assign the host galaxy
etallicity to its population of GCs forming at a given epoch. We
ake some modifications to the scaling relations employed in CG22

o match the updates in the theoretical and observational results and
o impro v e the modelling of scatter evolution. We provide details of
hese modifications in Section 2.2.1 . 

Next, we sample the masses of individual clusters from the
chechter ( 1976 ) initial cluster mass function (ICMF) derived from
bservations of young star clusters. We extend the range of cluster
asses down to 10 4 M � instead of 10 5 M � in CG22 . This allows us to

apture some surviving low-mass GCs in the outskirts of the galaxies.
e do not model clusters with initial mass below 10 4 M � for two

rimary reasons. First, the lowest mass galaxies we consider have
alo masses around 10 8 M � (resolved by ∼200 particles in TNG50),
nd typically produce clusters with masses close to 10 4 M �, see
g. 5 in CG23 . Secondly, our tidal disruption model is ef fecti ve

n disrupting clusters of this mass within a few Gyr. According to
alculations in CG23 , a 10 4 M � cluster located at a galactocentric
adius = 3 kpc would likely survive less than 1 Gyr. Therefore,
xtending the mass function below this limit is meaningless. 

After obtaining the list of newly formed clusters, we assign them
o certain types of simulation particles depending on the simulation.
or the hydrodynamic simulations like TNG50, we first select
oung (age < 10 Myr) stellar particles within an initial radius of
 kpc from the galactic centre. We have tested different initial radii
nd found that a larger radius leads to a final spatial distribution
ore extended than observ ations. Ho we ver, reducing the initial

adius does not significantly impact the final spatial distribution
f the clusters. When there are not enough newly formed stellar
articles, we also use older stellar particles formed between the
djacent snapshots. In the rare cases ( ∼10 per cent), when there
re still not enough stellar particles, we use DM particles near the
alactic centre as GC tracer particles. We only use the positions and
elocities of these particles to passively track individual GCs but
alculate all other properties analytically. This minimizes the model
ependence on the baryon physics employed in the hydrodynamic
imulation. 

On the other hand, for the collisionless LG simulations we follow
G23 to select collisionless particles in local density peaks near the
NRAS 527, 3692–3708 (2024) 

t  
alaxy centre, corresponding to surviving dense cores of satellite
alaxies or other galactic structure with deep potential wells where
assive clusters are more likely to form than elsewhere. We identify

eaks within the scale radius of the best-fitting Navarro–Frenk–White
alo profile. We also require the peak to be denser than any of the 16
losest grid cells and 30 times the mean density enclosed within the
cale radius. 

Finally, we compute the GC mass-loss due to the stellar evolution
nd dynamical disruption based on the local tidal field along their
rbits. Different from CG22 , we update the prescription for tidal
isruption following Gieles & Gnedin ( 2023 ), where the disruption
ate is a multi v ariate po wer-law function of the cluster initial mass
nd current mass. In Section 2.2.2 , we describe the modifications
ade to the cluster evolution step in greater detail. 
To choose the best model parameters, we calibrate the model to
atch the metallicity distribution, mass function, total GC mass–halo
ass relation, and the spatial distribution. We describe the calibration

n Section 3.2 . 

.2.1 Modifications to the scaling relations 

ome of the scaling relations in the CG22 model are modified. First,
e modify the gas mass–stellar mass relation by updating the upper
ound of the gas mass constrained by the extragalactic ultraviolet
ackground after reionization. Following the more recent CG23
odel, we require the sum of the gas fraction f gas = M gas / M h and

he stellar fraction f ∗ = M � / M h to be less than the total accreted
aryon fraction f in parametrized by Kravtsov & Manwadkar ( 2022 ): 

 in = f b s( M ch ( z) /M h , 2) , (1) 

here f b = �b / �m is the universal baryon fraction, s ( x , y ) = [1 +
2 y /3 − 1) x y ] −3/ y is a soft step-function, and M ch is the characteristic
ass scale at which f in = 0.5 f b : 

 ch ( z) = 1 . 69 × 10 10 M �
exp ( −0 . 63 z ) 

1 + exp [( z/β) γ ] 
, (2) 

here 

= z rei 

[
ln 
(
1 . 82 × 10 3 exp ( −0 . 63 z rei ) − 1 

)]−1 /γ
. (3) 

e adopt the reionization epoch at z rei = 6 and γ = 15 as in
ravtsov & Manwadkar ( 2022 ). If f gas + f ∗ > f in , we enforce f gas =

 in − f ∗ by setting M gas = ( f in − f ∗) M h . 
Next, although we still use the Behroozi, Wechsler & Conroy

 2013b ) SMHM relation, we change the way we model and evolve
he scatter. In our previous models since Choksi, Gnedin & Li ( 2018 ),
he scatter was modelled as the cumulative scatter of short-term star
ormation periods. Such a technique guarantees the stellar mass M � to
e a monotonic function of time but may underestimate the resultant
catter at present day. Also, this method computes the final M � as the
ummation of a series of lognormal distributions at each epoch, which
ay not result in a final lognormal distribution to match the present-

ay observations. Instead, in this work we model the evolution of
catter by a Gaussian process, 

log M � ( M h , z) ∼ GP { log SMHM ( M h , z) , K( t 1 , t 2 ) } . (4) 

or simplicity, we drop the ‘10’ subscript in the base-10 logarithm for
his expression and hereafter. A Gaussian process is a probabilistic
odel that represents a function as a probability distribution o v er all

ossible functions that are consistent with a given relation. It is fully
pecified by its mean function (in our case, log SMHM( M h , z)) and
ovariance function, or kernel, K ( t 1 , t 2 ). The mean function provides
he expected value of the function at any epoch, and the covariance
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unction determines how the values at different epochs are related to 
ach other. We choose a squared exponential kernel 

( t 1 , t 2 ) = ξ 2 ( z) exp 

[
− ( t 1 − t 2 ) 2 

2 τ 2 

]
(5) 

ith the scatter of the Behroozi, Wechsler & Conroy ( 2013b ) relation:
( z) = 0 . 218 + 0 . 023 z/ (1 + z). The parameter τ characterizes the
utocorrelation time-scale. The limit of τ → 0 represents a pure 
aussian noise. We set τ = 2 Gyr to reflect a typical gas depletion

ime-scale in galaxies. Ho we v er, we hav e v erified that an y value
n the range τ = 1–4 Gyr does not noticeably affect any property
e analyse. The Gaussian process technique solves all the caveats 
f the previous methods. In addition, the non-zero autocorrelation 
reserves memory of M � at previous epochs, leading to a smoother 
volution of M � . This provides a monotonic function M � ( z) during
he peak of GC formation at z = 1–6. At z � 1, when the galactic
tar formation rate drops and the growth of M h slows, the calculated
alue of M � ( z) may also decrease. In this case, we set M � to equal
he pre vious v alue as we do not expect the stellar mass to decrease
n reality (aside from the mass-loss due to stellar evolution, which is
lready incorporated in the SMHM relation). 

Lastly, we update the galactic MZR to the following expression: 

Fe / H] ( M � , z) = 0 . 3 log 
M � 

10 9 M �
− 1 . 0 log (1 + z) − 0 . 5 . (6) 

his relation is updated from the previous version (Choksi, Gnedin & 

i 2018 ) by recalibrating with the new observational data spanning a
road range of mass ( M � = 10 7 –10 11 M �) and redshift ( z = 0.7–12).
he low- M � and high- z data are mainly from the recent programmes
btained with the JWST , see Appendix A for a detailed description. 
Similarly to SMHM, we model the scatter of [Fe/H] and its

volution via the Gaussian process, 

Fe / H] g ( M � , z) ∼ GP 

{
[Fe / H] ( M � , z) , K g ( t 1 , t 2 ) 

}
, (7) 

here K g is also a squared exponential function, 

 g ( t 1 , t 2 ) = σ 2 
g exp 

[
− ( t 1 − t 2 ) 2 

2 τ 2 

]
. (8) 

he scatter of MZR is characterized by the parameter σ g , which 
e set σ g = 0.3 dex to be consistent with the observed scatter

Appendix A ). Note that [Fe/H] g refers to the mean metallicity of
he galaxy. Clusters formed within this galaxy do not necessarily 
nherit exactly the same metallicity because of spatial variation and 
radients within the ISM. We add an additional Gaussian noise to 
quation ( 7 ) to account for the internal metallicity dispersion: 

Fe / H] c ( M � , z) ∼ N 

{
[Fe / H] g ( M � , z) , σ 2 

c 

}
, (9) 

here [Fe/H] c stands for the metallicity of individual clusters formed 
ithin a galaxy of stellar mass M � at redshift z. The internal scatter

s quantified by the parameter σ c . While σ g can be measured directly 
rom galaxy surv e ys, we must calibrate σ c to match the observations
f nearby GC systems. We achieve this by running the model with
ifferent σ c to search for the model realizations that reproduce the 
otal metallicity dispersion observed in the Virgo Cluster Surv e y 
Peng et al. 2006 ). We find that σ c = 0.2–0.35 dex can match
bservations within one standard deviation. We adopt the smaller 
c = 0.2 dex in this work. 

.2.2 Modifications to cluster evolution 

n the cluster evolution step, we follow the trajectories of GC particles 
aking into account two main processes of mass evolution: stellar 
ass-loss and tidal disruption. Since most mass-loss due to stellar 
volution happens in the first tens of Myr, which is much shorter than
he lifetime of a typical GC ( ∼10 Gyr), we treat stellar evolution as
n instantaneous mass-loss at formation: 

 i = μsev M 0 , (10) 

here M 0 is the cluster mass at formation and M i is the cluster mass
fter stellar evolution. The remaining mass fraction μsev is a function 
f the stellar initial mass function (IMF) and metallicity. Here, we
ssume that the IMF is constant for all clusters. Metallicity affects
he exact duration of the stellar evolution but not the final remaining
raction (only by ∼1 per cent for −4 < [Fe/H] < 1). Therefore,

sev is close to a constant. We follow Gieles & Gnedin ( 2023 ) to set
sev = 0.55. 
After accounting for stellar evolution, we can consider M i as the

initial’ mass before tidal disruption. Following CG23 , we express 
he tidal disruption rate of a cluster with mass M as 

d M( t) 

d t 
= −20 

M �
Myr 

[
M i 

2 × 10 5 M �

]1 −x [
M( t) 

M i 

]1 −y [
�tid ( t) 

150 Gyr −1 

]

(11) 

ith the parameters x = 2/3 and y = 4/3 that match the low-density
 -body models of Gieles & Gnedin ( 2023 ). This is different from
G22 , where we used x = y = 2/3 (which is appropriate only for
ery concentrated clusters). 

The disruption rate also depends directly on the local tidal field
trength (Gieles & Baumgardt 2008 ). We parametrize the tidal field
trength by the angular frequency �tid via the ef fecti ve eigenv alue
1,e that takes into account the centrifugal, Euler, and Coriolis forces 
Renaud, Gieles & Boily 2011 ): 

2 
tid � λ1 , e � λ1 − λ3 , (12) 

here λ1 , λ2 , and λ3 are the eigenvalues of the tidal tensor in
escending order. This expression describes the mass-loss rate more 
ccurately than the expression in CG22 . 

We derive the tidal tensor numerically following the same method 
s in CG22 : we compute the second-order deri v ati ves of the gravita-
ional potential on a 3 × 3 × 3 cubic grid centred on the GC tracer
article, with side length = 300 pc. Although the side length is still
oo large compared to a typical tidal radius of GCs, we cannot adopt
 lo wer v alue because of limited spatial resolution of simulations.
o distinguish between the true eigenvalues λ and those we derive 
umerically, we use the notation ˆ λ for the latter. To correct for the
ystematic deviation of the derived value from the true �tid , we use
he third adjustable model parameter κ as a correction: 

2 
tid = κ ( ̂ λ1 − ˆ λ3 ) . (13) 

 GALAXY  SELECTION  

o find GC systems in TNG50 and the LG simulations that can match
he observational properties of the GC systems in the MW and M31,
e first select two samples of galaxies that have properties similar to

he MW and M31, respectiv ely. Ne xt, we apply our model to these
alaxies to obtain the model GC systems at present day . Finally ,
y comparing the model GC systems to the MW and M31 systems
pecifically, we rank the model GC systems and output the three best
nalogues to the MW and M31. In the following subsections, we
escribe the criteria to select the galaxy samples and rank model GC
ystems. 
MNRAS 527, 3692–3708 (2024) 
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Figure 1. Mass growth histories of the main progenitor branch for the samples of 10 MW analogues ( left ) and 14 M31 analogues ( right ). The dashed vertical 
lines label the epochs for key assembly events required by our selection criteria, including the GS/E-like merger (10–12 Gyr) and the subsequent quiescent stage 
( < 10 Gyr) for MW, and the M32-progenitor-like merger ( < 6 Gyr) for M31. We show each galaxy as a thin grey curve and highlight the three best-matching 
galaxies in each set with thick coloured curves. We keep the same colour scheme in all plots hereafter when referring to these galaxies. 
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.1 Galaxy samples 

e apply the following criteria to select MW analogues in TNG50: 

(i) Galaxies with total mass 1 between 10 11.9 and 10 12 . 3 M �. 
(ii) Galaxies with maximum circular velocity V c,max between 210

nd 270 km s −1 . 
(iii) Galaxies with at least one major merger between

0 and 12 Gyr ago to match the accretion of the GS/E satellite. 
(iv) Galaxies with no major merger in the last 10 Gyr. 
(v) Galaxies formed 25 –35 per cent of their present-day stellar
ass (calculated from halo mass via the SMHM relation of Behroozi,
echsler & Conroy 2013b ) at t lookback = 10 Gyr. 

Our virial mass range includes the result (9 × 10 11 M �) of the most
ecent modelling of the Sagittarius stream (Vasiliev, Belokurov &
rkal 2021 ), but some deviation at the virial radius is expected
ecause the simulated haloes are not likely to have exactly the same
ensity profile as the MW. We keep the mass variation within a factor
f ∼2. We also add the circular velocity criterion to match the inner
ass distribution, which may be more rele v ant for modelling star and

luster formation. The range of V c,max is chosen to match the observed
otation curve (Eilers et al. 2019 ) with a variation ±30 km s −1 . The
ircular velocity value at Sun’s location at 8.5 kpc from the centre is
onstrained to be within 200 –240 km s −1 . The stellar mass constraint
t 10 Gyr is from Leitner ( 2012 ). 

We define a major merger as the mass ratio less than 4:1. That is,
he total mass of the incoming galaxy is greater than 1/4 of the main
alaxy when the incoming galaxy reaches its maximum mass. Our
wo merger criteria select galaxies that assembled early. To illustrate
his, we plot the mass growth histories of the main progenitor branch
f these galaxies in the left panel of Fig. 1 . In TNG50, there are six
alaxies that match the abo v e criteria. Additionally, we include one
NRAS 527, 3692–3708 (2024) 

 The galaxy total mass refers to the SubhaloMass in TNG50 SUBFIND 

atalogue. This corresponds to the total mass of all member particles bound 
o this galaxy. 

G  

p  

f  

2

ore galaxy (ID 519311 
2 ) from the sample of ‘early-spin up’ MW-

ike disc galaxies by Semenov et al. ( 2023 ). Our best MW analogue
 523889 ) is also included in their sample. 

We include the Louise , Romeo , and Juliet galaxies from the
G simulations since the y hav e MW-like mass assembly histories.
he small group environment of the LG simulations provides a more

ealistic background for the satellite accretion. In total, the MW
ample has 10 (7 from TNG50 + 3 from LG simulations) galaxy
andidates with similar properties to the MW. 

For the M31 sample, we follow the criteria below: 

(i) Galaxies with total mass between 10 12 and 10 12 . 5 M �. 
(ii) Galaxies with at least one major merger in the recent 6 Gyr to

esemble the recent merger with the M32 progenitor as suggested by
’Souza & Bell ( 2018 ). 

Since M31 contains a much richer system of GCs and its total
ass is less certain than in the MW, we allow a wider range of
ass. We find 14 analogues of M31 satisfying the criteria. In the

ight panel of Fig. 1 , we show the mass growth histories of the main
rogenitor branch of these galaxies. The M31 analogues are typically
ssembled later and have more variable mass growth at late times
ompared to the MW analogues. This is directly linked to the last
election criterion. 

When selecting samples of the MW and M31 analogues, we only
ocus on the mass assembly history and do not take into account
ny baryonic properties such as the luminosity, surface brightness,
r metallicity (even the stellar mass criterion for selecting MW
nalogues is derived from M h using SMHM relation). This minimizes
he dependence on the specific prescriptions used in the TNG50

odel. Ho we ver, as we sho w later, e ven the dif ferences only in the
ass assembly history can lead to a wide range of properties of the
C systems. Some of these realizations correctly match the observed
roperties of GC systems in the MW and M31, suggesting that GC
ormation is strongly related to the hierarchical assembly of galaxies.
 The galaxy ID refers to the SubhaloID in TNG50 SUBFIND catalogue. 
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.2 Model calibration 

efore going into details about how we calibrate the model parame- 
ers, we introduce the observational data with which we compare the 
odel systems. 
The mass and spatial distributions for the MW GCs are from the

hird version of the Hilker et al. ( 2019 ) catalogue. 3 The metallicities
re from the 2010 version of the Harris ( 1996 ) catalogue. 

The magnitude and position data for the M31 GCs are from
he Revised Bologna Catalogue 4 (RBC) of Galleti et al. ( 2004 ;
ersion V.5, August 2012). We compute the cluster mass from the 
 magnitudes using a mass-to-light ratio M/L V = 1 . 83 M �/L V , �

Baumgardt, Sollima & Hilker 2020 ). The metallicities are from the 
AMOST spectroscopy surv e y of star clusters in M31 (Chen et al.
016 ) using spectral fitting with the models of Vazdekis et al. ( 2010 ).
We limit the MW sample to clusters with M > 10 4 M � to a v oid

he potentially incomplete low-mass clusters. For the M31 sample, 
e require the clusters to have M > 10 4 . 5 M � and locate outside the

entral 1 kpc (projected radius) annulus to a v oid contamination near
he centre of M31. We also apply the same criteria to the model GC
ystems to consistently compare them with the observations. Since 
he inclination angle of the M31 galaxy is 77 ◦ (Simien et al. 1978 ),
e project the model coordinates for M31 analogues using the same 

nclination angle with respect to the disc plane. We define the disc
lane using the direction of the angular momentum of all stellar
articles in the galaxy. We al w ays refer to this inclination angle for
rojected radius throughout the rest of the work, unless specified 
therwise. 
Our model has three adjustable parameters: p 2 , p 3 , and κ . To find

he best values for these parameters, we need to calibrate the model
o match important observable features. For this purpose, we use a 
erit function that quantifies the discrepancy between the model and 

bservations: 

 ≡ 1 

N 

N ∑ 

i= 1 

G i , (14) 

here G i is a gauge function of the i -th simulated galaxy. We calculate
he merit function separately for the MW and M31 samples. We 
ake into account five features of the GC system: total GC mass,
he metallicity distribution, mass function, radial distribution, and 
 elocity dispersion. The y correspond to the fiv e independent terms: 

 ≡ −χ2 
M 

− χ2 
σ + 

∑ 

x 

∑ 

th 

θ ( p x − p th ) . (15) 

The first term is the χ2 function to e v aluate the total mass of
urviving clusters, 

2 
M 

= 

(
log M GC − log M GC , obs 

)2 

σ 2 
M 

, (16) 

here M GC represents the total GC mass of the i -th galaxy, and
 GC , obs = 3 . 7 × 10 7 M � when compared with the MW. This number

omes from the sum of individual MW cluster masses greater 
han 10 4 M �. Ho we ver, since the M31 data are incomplete belo w
0 4 . 5 M �, we cannot simply sum up the mass of GCs greater than
0 4 M �. Instead, we fit the M31 mass function greater than 10 4 . 5 M �
ith a lognormal function, and integrate this function down to 
0 4 M � to get the total GC mass. This gives a correction � 2 per cent
nd yields M GC , obs = 9 . 5 × 10 7 M � for M31. The denominator is
 https:// people.smp.uq.edu.au/ HolgerBaumgardt/ globular/ 
 http:// www.bo.astro.it/ M31/ 

u
e  

b  

p

he uncertainty of the number of clusters. We set σM = 0.2 dex to
pproximate the uncertainty of total GC mass. 

The second term is similar to the first term but e v aluates the
elocity dispersion of GCs, 

2 
σ = 

(
log σGC − log σGC , obs 

)2 

σ 2 
σ

, (17) 

here σ GC represents the 3D velocity dispersion of all surviving 
Cs in i -th galaxy, and σGC , obs = 200 km s −1 (calculated from the
ilker et al. 2019 catalogue of Galactic GCs) when compared with

o MW. In M31, due to background contamination near the galaxy
entre, most velocity measurements are limited to the outer region. 
 or e xample, Macke y et al. ( 2019 ) studied the kinematics of clusters
 25 kpc and found σGC , obs = 134 km s −1 at R = 25 kpc. To properly

ompare the model M31 analogues with the observations, we only 
alculate σ GC of the 32 GCs closest to 25 kpc. The intrinsic scatter
f the dispersion can be approximated as σσ = 0.3 dex. 
Inside the summation, p x ∈ { p M , p Z , p R } stands for the

olmogoro v–Smirno v (KS) p -value for the mass function, metallic-
ty distribution, and radial distribution. The radial distribution refers 
o the 3D galactocentric radius when calibrating for the MW. It
efers to the projected radius for the M31. The Heaviside θ function
eturns 1 if p x is greater than a threshold value p th , otherwise 0. We
mploy p th ∈ { 0.1, 0.03, 0.01 } . In other words, p x > 0.1 contributes
 points to the final G, 0.03 < p x < 0.1 contributes 2 points, and
.01 < p x < 0.03 contributes 1 point. For example, the greatest
ossible G is 9 if all p M , p Z , p R > 0.1, M GC = M GC,obs and σ GC =
GC,obs . We employ three threshold values instead of one (as in
ur previous model versions) to provide a finer grading hierarchy 
ith more possible grades contributed by the three KS tests. This
ner grading system a v oids the discreteness that too many galaxies
eceive the same grade, and thus allows more nuanced calibration 
nd selection. 

F or an y set of model parameters, we can compute G of all MW
nalogues by comparing their properties to the MW. The average of
 yields the merit function for the MW sample. Similarly, we can
btain the merit function for the M31 sample by comparing to M31.
e then span the parameter space and select the parameters that
aximize the merit functions. 
It is worth noting that due to the different numerical resolution

nd output frequencies in TNG50 and the LG simulations, the best
odel parameters for the two sets of simulations are not necessarily

he same. Therefore, we calibrate the model parameters separately 
or the two simulation sets. For TNG50, we first compute the merit
unctions on a grid of model parameters. The best parameters for the

W and M31 differ slightly but systematically: the merit function 
f the M31 maximizes at greater p 2 and smaller κ compared to that
f the MW. Ho we ver, the merit function flattens near the maximum,
llowing us to vary the parameters near the peak values without
ignificantly affecting the model performance. We then select a single 
et of best parameters between the peak values of both merit functions
or the MW and M31 samples: ( p 2 , p 3 , κ) = (18, 0.5 Gyr −1 , 1.5). 

Since the LG simulations only contain MW analogues, we simply 
ompute the merit function for the three MW-like galaxies and 
elect the parameters that maximize the merit function. This gives 
 p 2 , p 3 , κ) = (14, 0.5 Gyr −1 , 1.5). These values differ from our
re vious v alues ( CG23 , which has p 3 = 0.7 Gyr −1 ) because we have
pdated the model set-ups, especially the new prescription for cluster 
 volution, which ef fecti vely leads to stronger tidal disruption. To
alance the decrease of clusters due to disruption, we need a smaller
 3 to enable more GC formation at later times. 
MNRAS 527, 3692–3708 (2024) 
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Figure 2. Cumulative distributions of the cluster mass ( upper row ), metallicity ( middle row ), and distance from the centre (projected for M31; lower row ) for 
the 50 realizations of 10 MW analogues ( left column ) and 14 M31 analogues ( right column ), represented by the grey shaded regions as the 16–84th percentiles. 
We highlight the three best-matching galaxies in each panel with the coloured curv es. F or comparison, we o v erplot the observational data for the MW and M31 
systems as thick black curves. 
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 SELECTED  MW  AND  M31  ANALOGUES  

e run our model 50 times on each model galaxy with different
andom seeds to generate an ensemble of 50 realizations. Having
ultiple random realizations offers two major advantages. First, the
odel randomness, which includes the scatter in scaling relations and

he stochasticity involved in sampling clusters from the ICMF and
ssigning clusters to simulation particles, can result in GC systems
ith diverse properties when the same model is rerun for the same
alaxy. Analysing the average properties of these 50 realizations
eveals their systematic dependence on the model’s input and the
odel itself. 
Furthermore, having multiple random realizations enables us to

earch for the best MW/M31 analogues from significantly larger
amples. For each MW/M31 analogue, we calculate G for the 50
ealizations and identify the one with the highest G as the best
epresentative. In this section, we present the three best-matching
NRAS 527, 3692–3708 (2024) 

a

epresentatives from all sample galaxies, considering these galaxies
s the best MW/M31 analogues. 

.1 Properties of globular clusters in model galaxies 

he three best MW analogues are Romeo from the LG simulations
nd 523889 and 519311 from TNG50. The IDs of the three best
31 analogues are 532301 , 474008 , and 441709 . In Fig. 1 , we

lot the mass growth history of these analogues as coloured curves.
he G function of the three M31 analogues is generally lower than

hat of their MW counterparts, indicating that our model is more
f fecti ve in matching the MW system compared to M31. We note
hat the two TNG50 MW analogues and three M31 analogues are also
ncluded in the TNG50 MW/M31 sample by Pillepich et al. ( 2023 ),
ho selected 198 galaxies based on stellar mass, stellar morphology,

nd environment. 
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Next, we study the distributions of important GC properties. In 
he upper panel of Fig. 2 , we plot the cumulative mass function for
lusters in each galaxy. The GC systems of MW analogues in TNG50
ave slightly more abundant low-mass clusters ( M � 10 5 M �) com-
ared to the observations. This is likely because the tidal disruption
s underestimated for the low-mass clusters due to the limited spatial 
esolution of TNG50 ∼100 pc. We do not find such a deviation for
omeo because the LG simulations have higher spatial resolution 
60 pc, and because the surviving GCs in Romeo are formed mainly

n-situ , which subjects them to stronger tidal disruption. 
On the other hand, the mass functions of all M31 analogues are

onsistent with the mass function of M31 for M > 10 4 . 5 M �. 
In the middle panel of Fig. 2 , we plot the cumulative cluster
etallicity distribution. Our model can match the observed metal- 

icity distributions of both MW and M31 very well. The observed 
W metallicity distribution completely falls into the 1 σ region of 

ll MW sample galaxies. Our model also predicts that the M31
lusters have systematically broader metallicity distribution with 
igher abundance of metal-rich clusters compared to the MW. This 
s likely due to the younger GC population in M31 caused by the last
ajor merger. 
The abundance of [Fe/H] � −1.5 clusters in the full M31 sample

s slightly higher but still within the 1 σ region of the observations.
ince [Fe/H] � −1.5 corresponds to GCs formed in smaller galaxies 
nd at early epochs ( z � 3, see equation 6 ) such a mismatch may
ndicate the need for additional constraints on the early assembly 
istory of M31 (our M31 selection criteria have no constraint at 
 lookback > 6 Gyr). 

Finally, we plot the cumulative distribution of distance from the 
alaxy centre in the lower panel of Fig. 2 . Although the radial profile
f Romeo can closely match the observed profile of the MW GCs
ith KS p -value > 0.1, our model applied to TNG50 tends to produce
ore spatially extended GC distribution than the MW system. The 

alf-number radii for the two best-matching MW analogues in TNG 

re 8–9 kpc, which is close to twice the observational value ∼5 kpc.
imilarly, we find that only 532301 can match the radial profile 
f M31 GCs. The other two best-matching M31 analogues are also 
patially more extended than the M31 GC system: the half-number 
adius of M31 GCs is ∼6 kpc, whereas the two TNG50 galaxies
ield 8–9 kpc. The only model setting directly related to the spatial
istribution is the initial boundary radius to distribute newly formed 
lusters. Ho we ver, as we have verified in Section 2.2 , changing this
arameter does not impro v e the final result significantly. As we
iscuss later in Section 5.2 , this mismatch is likely because TNG50
alaxies have more abundant mergers than the galaxies in the LG 

nvironment. 

.2 Cluster catalogues 

ased on the abo v e comparison, the three MW analogues and three
31 analogues are consistent with all the observable properties 

f their GC systems. We release the catalogues of model GCs
n our model site www.github.com/ ognedin/ gc model mw . The 
atalogues include the following properties: galaxy ID, cluster for- 
ation/disruption/accretion time, cluster mass at formation/current, 

osition, velocity, orbital actions, pericentre/apocentre radii, gravita- 
ional potential, metallicity, progenitor galaxy IDs, galaxy total mass 
t formation/current, and galaxy stellar mass at formation/current. 
e summarize these properties in Table 1 with a brief description 

or each entry. 
Except for the orbital parameters (orbital actions, pericen- 

re/apocentre radii, and gravitational potential), all other properties 
re direct outputs of the model. We describe the calculation of orbital
arameters in the following section. 

.2.1 Orbital properties 

e calculate the orbital properties of GCs using the same methods
s in CG22 . We first employ the AGAMA code (Vasiliev 2019 ) to
odel the galactic potential with the multipole expansion and spline 

pproximation methods. Since the potential of MW can be described 
y spheroids and discs (e.g. McMillan 2017 ), we model the present-
ay potentials of TNG50 galaxies with these two components. A 

argely spheroidal DM potential is modelled by the axisymmetric 
pherical harmonic expansion, 

 ( r, θ ) = 

l max ∑ 

l= 0 

� l ( r) Y 
0 
l ( θ ) , (18) 

here Y 
m 

l are the real-valued spherical harmonics. We only take 
nto account the axisymmetric terms with m = 0. The r -dependent
oefficient � l ( r ) is calculated on 20 grid points evenly spaced in
og r . The AGAMA code employs a quintic spline to connect � l ( r )
alues on grid points. 

The discy baryonic (stars + gas) potential is modelled as an
xisymmetric form in a cylindrical coordinate system � ( R , z). We
se a 2D quintic spline to approximate the potential on a 20 × 20
rid evenly spaced in the log R –log z space. 
We find l max = 2 is sufficient to describe the simulation-provided

otential to < 2 per cent accuracy. Such an error is so small that we
an ignore its influence on the subsequent calculation of the orbital
arameters. 
Next, we input the present-day positions and velocities of 
odel GCs to AGAMA to calculate the orbital actions and pericen-

re/apocentre radii. The orbital actions of a closed orbit are defined
s 

 q ≡ 1 

2 π

∮ 
v q d q, (19) 

here q ∈ { r , φ, z} is the radial, azimuthal, and vertical coordinates.
 r and J z characterize the oscillations in radial and azimuthal 
irections, whereas J φ equals the z component of angular momentum 

 z . In separable potentials, 5 the actions are functions of the IOMs,
 i = J i ( I 1 , I 2 , I 3 ), where I 1 = E is the total energy. The AGAMA code
omputes actions using the St ̈ackel fudge method (see section 3.2
n Vasiliev 2019 ). This approach assumes the potential is a St ̈ackel
orm (which is not necessarily true) so that we can analytically find
he second and third integrals: the second integral in this case is
 z , while the third integral is non-classical. AGAMA speeds up the
alculation by using a pre-computed interpolation table of J i = J i ( I 1 ,
 2 , I 3 ). Vasiliev ( 2019 ) showed that this approximation is accurate to
0 –99 per cent even for extremely eccentric orbits. 
We calculate the pericentre/apocentre radii by computing the 

losest/farthest possible distances the cluster can reach with the 
urrent energy and angular momentum. They are the two roots of
he equation E = � ( r , θ = 0) + L 2 /2 r 2 , where � ( r , θ = 0) is the
n-plane axisymmetric potential. 

We do not calculate orbital properties for Romeo because it is
rom a collisionless simulation with no baryon physics. Since the 
aryonic matter should become dominant near the galaxy centre 
MNRAS 527, 3692–3708 (2024) 
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Table 1. Cluster properties in the catalogue. 

Key Unit Description 

galaxy id SUBFIND (TNG) or CONSISTENT TREE (LG) ID of the current central galaxy. 
t form Gyr Formation time (lookback) of the cluster. 
t disrupt Gyr Disruption time (lookback) of the cluster; −1 for surviving clusters. 
t accrete Gyr Accretion time (lookback) of the cluster’s host satellite galaxy; −1 for in-situ clusters. 
log m form M � log 10 of the cluster mass at formation. 
log m gc M � log 10 of the current cluster mass; −1 for disrupted clusters. 
x , y , z kpc Galactocentric coordinates, with z as the stellar disc (TNG) or total (LG) angular momentum axis. a 

vx , vy , vz km s −1 Galactocentric velocity components. b 

Jr , Jz , Jp kpc km s −1 Orbital actions J r , J Z , and J φ (equation 19 ); 0 for LG. 
rapo , rperi kpc Apocentre and pericentre radii; 0 for LG. 
Ep km 

2 s −2 Gravitational potential by multiple expansion (equation 18 ) and spline approximation; 0 for LG. 
feh dex Iron abundance [Fe / H]. 
host id form SUBLINK or CONSISTENT TREE ID (main leaf) for the host galaxy at cluster formation. 
host id accrete SUBLINK or CONSISTENT TREE ID (main leaf) for the host satellite galaxy at accretion; −1 for in-situ clusters. 
log mh form M � log 10 of host galaxy total mass at cluster formation. 
log ms form M � log 10 of host galaxy stellar mass at cluster formation, from Behroozi, Wechsler & Conroy ( 2013b ) SMHM 

relation. c 

log mh M � log 10 of current central total mass. 
log ms M � log 10 of current central stellar mass, from Behroozi, Wechsler & Conroy ( 2013b ) SMHM relation. c 

log ms k18 M � log 10 of current central stellar mass, from Kravtsov, Vikhlinin & Meshcheryakov ( 2018 ) SMHM relation. 

Notes . a The galactocentric coordinates are the simulation particle positions relative to the current central galaxy, oriented face-on . 
b The galactocentric velocity components are the simulation particle velocities relative to the current central galaxy, oriented face-on . 
c Scatter from equation ( 4 ) is also included in stellar mass. 
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here most in-situ clusters reside, the orbital parameters would be
everely miscalculated. Therefore, all entries for the orbital properties
n the Romeo catalogue are set to zero. 

.2.2 Pro g enitor br anc h ID 

n the simulation merger trees, it is common for the same galaxy
t different snapshots to be assigned different IDs. It is thus more
ppropriate to refer to this galaxy as a ‘branch’ rather than a ‘galaxy’
ithin the terminology of merger trees. To establish a clear and
nique identifier for each branch, an ef fecti ve approach is to label
his branch with the ID of the ‘main leaf’ galaxy. The main leaf
alaxy corresponds to the first instance of the galaxy in this branch.
his labelling technique guarantees a one-to-one mapping between
ach branch and its main leaf ID without any ambiguity. 

We provide the host id form and host id accrete entries
o identify the progenitor branches for the ex-situ clusters. The
ost id form specifies the main leaf ID of the host galaxy at

he time of cluster formation. This host galaxy may either merge
irectly into the central galaxy or first merge with another satellite,
hich is subsequently accreted on to the central galaxy. In the first

ase, the host galaxy at cluster formation is the same as the galaxy
hat ultimately delivered the cluster to the central galaxy. Ho we ver,
n the second scenario, the two are different. To account for this,
e introduce host id accrete as the main leaf ID of the last

atellite responsible for bringing the cluster into the central galaxy.
e also provide the t accrete entry specifying its accretion time.
In a major merger event, the accreted satellite is likely to

ave its own merger history prior to joining the central galaxy.
ince we expect all GCs from such a satellite to exhibit similar
inematics at present, regardless of their specific progenitors, the
ost id accrete entry provides a more straightforward way to
uery all GCs brought to the main galaxy by that satellite. Conversely,
uring the early stages of galaxy formation when the main galaxy
as not dominant in its local environment, distinguishing all satellites
ecomes important. In such a scenario, the host id form entry is
NRAS 527, 3692–3708 (2024) 
ore rele v ant. This entry is also useful for studying the multiple
opulations of GCs in the same progenitor galaxy, under the
ssumption that GCs originating from different satellites lead to
istinct populations. 

.3 Impact of the last major merger of M31 on the cluster 
patial distribution 

n our selection, the M31 sample is characterized by a major merger
n the last 6 Gyr, whereas the MW analogues did not experience
ny major merger in the last 10 Gyr. The former correspond to the
late-assembled’ galaxies, while the latter correspond to the ‘early-
ssembled’ galaxies. In this section, we investigate the impact of the
ast major merger on the observable properties of the resulting GC
opulation. Without loss of generality, we study the recent merger
vent of the best-matching M31 analogue 532301 as an example.
ll other M31 analogues lead to similar conclusions. 
In Fig. 3 , we plot the face-on (not 77 ◦ inclination angle) projection

f surviving GCs (defined as M > 10 4 . 5 M �) before the merger, at
he satellite apocentre after the first passage, and at the end of the
er ger. The mer ger happens at t lookback = 3–4 Gyr, with a mer ger

atio close to unity. It can be easily noticed that the clusters brought
y the recent merger have broader spatial distribution than the in-situ
lusters at the end of the merger. 

To quantify such a difference in the spatial distribution, we split
he clusters into three categories: clusters formed in the satellite prior
o the merger (or ‘satellite’ clusters), clusters formed or accreted into
he central galaxy prior to this merger ( t form > 6 Gyr, or ‘central’
lusters), and new clusters formed during this merger ( t form < 6 Gyr,
r ‘new’ clusters). We plot the evolution of the face-on radial profiles
or the three categories in Fig. 4 . The radial profiles are obtained
y kernel density estimation using an Epanechnikov ( 1969 ) kernel:
 ( x ) = 0.75[1 − ( x / h ) 2 ] with h = 0.25 dex. The peak at R ∼ 1 kpc

n the middle panel is contributed by just one cluster captured by the
entral galaxy during the first passage. Since most satellite clusters



Catalogue of model star clusters 3701 

Figure 3. Face-on projection plots of GCs during the recent major merger of the best-matching M31 analogue 532301 . From left to right, the three panels 
correspond to the epochs before the merger, at the satellite apocentre after the first passage, and at the end of the merger, respectively. Each panel in the top row 

corresponds to a (200 comoving kpc) 3 cube centred on the main galaxy. We plot the DM column density as background using the quadtree-based projection 
code PRJ PLOTTER (Chen 2023 ). The in-situ and ex-situ clusters are shown as red and blue circles, respectively. The size of the circles increases with cluster mass. 
We also plot the trajectory (smoothed with cubic splines) of the incoming satellite as the blue curve. In the bottom row , we zoom-in to the central (20 ckpc) 3 

region of each galaxy to show the GC distribution near the galactic centre. 

Figure 4. Evolution of the GC number density profile during the recent major merger of 532301 . From left to right, the three panels correspond to the epochs 
before the merger, at the satellite apocentre after the first passage, and at the end of the merger, respectively. We plot the profiles of all surviving clusters at each 
epoch as the solid black curve, with individual contributions of clusters brought by the satellite as blue, clusters formed in the central galaxy or accreted prior to 
this merger as grey, and new clusters formed during this merger as red. For comparison, we plot the present-day profile as the dashed curve. 
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re still bound to the satellite at this stage, we do not analyse this
utlier further. 
As the satellite approaches the main galaxy around t lookback = 

.6 Gyr, it does not largely alter the spatial distribution of central
lusters � 10 kpc (approximately the pericentre distance of the 
atellite’s first passage). In contrast, it pulls the clusters in the outer
egion � 10 kpc outwards, as the satellite is massive enough that it
erturbs the potential of the central galaxy significantly in this region.
MNRAS 527, 3692–3708 (2024) 
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M

Figure 5. Cluster age–metallicity relation (AMR) for a typical MW analogue ( 523889 , left panel ) and a typical M31 analogue ( 532301 , right panel ). Each 
dot represents a surviving cluster either formed in-situ (red) or ex-situ (blue). We calculate the contours using Gaussian KDE with bandwidth = 0.1 dex for 
horizontal axis, and 0.3 Gyr for vertical axis. The contours from dark to light enclose 10, 50, and 90 per cent of total number, respectively. 
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he formation of about 110 new clusters increases the number density
ithin � 3 kpc. Ho we ver, strong tidal disruption quickly brings the
umbers down by the end of the merger ( t lookback = 3.2 Gyr). In
ontrast to such dramatic early disruption, the number of new clusters
nly drops gradually in the next 3.2 Gyr until the present. Similarly,
he early tidal disruption remo v es around 40 central clusters during
he merger, whereas the subsequent evolution only disrupts less than
0 central clusters in the next 3.2 Gyr, leaving ∼90 central clusters
urviving until the present. 

Despite the change in the normalization, the radial profile of the
entral clusters does not change significantly during the merger. The
erger only raises the ef fecti ve radius of the central clusters from

.5 to 3.7 kpc. Ho we ver, the satellite clusters have a radial profile
ignificantly more outspread than the centrals: the ef fecti ve radius of
he satellite clusters is 6.1 kpc at the end of the merger, raising the
 v erall ef fecti ve radius to 4.6 kpc. 
In the subsequent 3.2 Gyr, the radial profile does not change much,

xcept for the inner part being lowered by tidal disruption, slightly
ncreasing the final ef fecti ve radius to 5.2 kpc. 

By adding a large number of ex-situ clusters with distinct radial
istribution from the central cluster population, the recent major
erger can significantly enlarge the GC ef fecti ve radius by a factor

f 2 in less than 1 Gyr. Ho we ver, the merger does not significantly
lter the spatial distribution of central clusters � 10 kpc. Also, the
erger triggers the formation of a young in-situ GC population within
 3 kpc. Combining these tw o f actors may explain why many M31

lusters are still located around the disc without being stripped away
y the merger. But as we sho w belo w in Section 5.1 , the last major
erger can still heat up the in-situ clusters to higher energy. 

 DISCUSSION  

.1 Investigating galaxy assembly with the catalogue 

he main goal of constructing this catalogue is to investigate connec-
ions between the galaxy assembly history and the properties of GCs.
 or e xample, we show the AMRs of surviving clusters for a typical
W analogue ( 523889 ) and a typical M31 analogue ( 532301 ) in

ig. 5 . GCs in the MW analogue are in general older than the M31
NRAS 527, 3692–3708 (2024) 
ounterparts because of the early assembly history of MW. This leads
o almost no GC formation after t lookback = 10 Gyr. In contrast, GCs
n M31 span a wider range of ages. For 532301 specifically, there
re four bursts of GC formation: (1) ∼40 ex-situ GCs formed at
 lookback ≈ 12 Gyr, corresponding to active cluster formation in the
arly Universe when galaxy mergers are frequent; (2) subsequent
bottom-up’ assembly of satellites contributed a significant amount
f mass to the main galaxy, leading to the formation of majority of
n-situ GCs at ≈10 Gyr; (3) similar growth of the largest companion
alaxy at ≈8 Gyr, forming ∼130 GCs; (4) the major merger between
he main galaxy and its companion boosted in-situ GC formation at

4 Gyr (as illustrated in Section 4.3 ). Other M31 analogues also have
ore extended and discrete GC formation histories, but the timing

nd order for each GC population may differ among galaxies. 
Another noticeable difference is the larger metallicity separation

etween in-situ and ex-situ clusters in the MW analogue. Because
he assembly of MW is less hierarchical than that of M31, the main
rogenitor galaxy of MW is more dominant in the GC populations.
his enlarges the gap between the metallicity of clusters formed in the
ain galaxy and the satellites. In contrast, most of ex-situ clusters in

he M31 analogue formed in the largest companion galaxy which had
ass and metallicity comparable to the main galaxy. The metallicity

f these ex-situ clusters is thus similar to the in-situ clusters formed
efore the merger. 
In addition to the AMR, galaxy assembly histories shape the orbits

f GCs. For example, Fig. 6 shows the normalized IOM space for the
W and M31 analogues ( 523889 and 532301 ). The circularity

arameter ε is defined as L z / L circ ( E ), where L circ ( E ) is the angular
omentum of an in-plane circular orbit with the same energy E as

he cluster. The normalized energy e is defined as E / | E 0 | , where E 0 

s the gravitational potential at the galaxy centre. We have ε ∈ [ −1,
] and e ∈ [ −1, 0). Perfectly circular and in-plane orbits have ε = 1
prograde) or ε = −1 (retrograde), while purely radial or polar orbits
ave ε = 0. 
We find that the ex-situ populations in both MW and M31

nalogues have similar distribution around ( ε, e ) = (0, −0.3).
o we ver, the in-situ populations have quite different distributions: in

he MW in-situ GCs are located near ( ε, e ) = (0.5, −0.6), indicating
ignificantly lower energy and more discy orbits. The in-situ GCs
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Figure 6. Normalized IOM space for clusters in a typical MW analogue ( 523889 , left panel ) and a typical M31 analogue ( 532301 , right panel ). Each dot 
represents a surviving cluster either formed in-situ (red) or ex-situ (blue). We calculate the contours using Gaussian KDE with bandwidth = 0.2 for horizontal 
axis, and 0.1 for vertical axis. The contours from dark to light enclose 10, 50, and 90 per cent of total number, respectively. 
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f the M31, ho we v er, hav e a more similar distribution to the ex-
itu population and centre around ( ε, e ) = (0.2, −0.4). Considering
he significant scatter �ε = 0.3–0.4 and � e = 0.1–0.15 in each
opulation, the distributions of in-situ and ex-situ clusters in the 
31 analogue largely o v erlap in the normalized IOM space. This

s likely due to the recent major merger which heated up the in-situ
lusters to higher energy and mo v ed some of them away from the
isc. 
Since GCs formed in different progenitor galaxies are located in 

istinct regions within the chemical and kinematic property space, 
umerous attempts (e.g. Massari, Koppelman & Helmi 2019 ; Malhan 
t al. 2022 ; Belokurov & Kravtsov 2023 ) have been made to identify
Cs of various origins by classifying isolated clusters/groups in the 
MR, IOM, and chemistry spaces. Ho we ver, these studies often yield

onflicting results. Our catalogue can serve as a tool to assess the
ccuracy of the classification algorithms employed in these studies 
ince our model provides ‘true’ labels from the simulations (as 
ndicated by the host id from and host id accrete entries 
n Table 1 ). Furthermore, our catalogue offers a unique opportunity to
nvestigate the spread of properties among GCs originating from the 
ame progenitor and to explore how much GCs retain their original 
inematic signatures during galaxy assembly. Finding the answers to 
hese questions is crucial for characterizing the accuracy of current 
lassification schemes. 

.2 Why are TNG50 GC systems more extended? 

s shown in Section 4.1 , the GC systems in TNG50 galaxies tend
o have more radially extended distribution than the observations: 
he half-number radii of the two best-matching MW analogues in 
NG50 are around 1.7 times the observational value ∼5 kpc. In

act, all seven TNG50 galaxies in the MW sample have greater half-
umber radii, with a median value ∼12 kpc. We find a similar trend
or the M31 sample. In contrast, all three MW-like galaxies in the
G simulations can match the radial profile of MW GCs with half-
umber radii ∼5 kpc. 
These extended distributions of the TNG50 systems may be 

 general outcome of the large-scale environment probed by the 
NG50 simulation. For example, Semenov et al. ( 2023 ) showed 

hat approximately 90 per cent of TNG50 galaxies developed their 
isc later than the MW. This difference arises from TNG50 lacking
 quiescent, merger-free environment, which is necessary for the 
urvi v al of an early-formed disc. While we limit our MW sample
alaxies to those without major mergers with a mass ratio less than
:1 in the last 10 Gyr, we do not impose constraints on higher merger
atios ( ∼10:1) which can still play a significant role in structure
ormation. 

Additional evidence indicating that MW may be less merger- 
ominated than typical TNG50 galaxies lies in the high in-situ 
raction of MW GCs. Observational classification studies suggest 
hat the in-situ fraction may range from about 40 per cent (Massari,
oppelman & Helmi 2019 ) to 56 per cent (Malhan et al. 2022 ) and
p to 66 per cent (Belokurov & Kravtsov 2023 ). In contrast, the
NG50 galaxies in the MW sample typically have in-situ fractions 
etween 20 per cent and 50 per cent, once again suggesting that even
he selected MW sample galaxies may be too merger-dominated 
ompared to the real MW. 

The relatively low fraction of in-situ clusters in TNG50 leads to
wo discrepancies between the model and observed data. First, the 
ow in-situ fraction accounts for the too extended distribution of TNG
Cs, as shown in the lower-left panel of Fig. 2 . This is because the
edian radius of ex-situ clusters is approximately four times larger 

han that of the in-situ clusters (see CG22 ). Secondly, the low in-
itu fraction in TNG50 also explains why the AMR of TNG GCs
acks a sequence of old, metal-poor in-situ clusters (as shown in the
eft panel of Fig. 5 ), which is a robust feature of the MW assembly
istory. To align the simulations more closely with observed data, a
ore realistic simulation of the MW assembly is needed, particularly 

o match the observed AMR of the in-situ clusters. 

 SUMMARY  

e introduce a catalogue of model star clusters in the MW and M31
nalogues, drawn from the TNG50 and LG simulations. By applying 
riteria based on galaxy virial mass, circular velocity profile, and 
efining assembly events, we select a sample comprising 10 MW 

nalogues and 14 M31 analogues. We then apply an analytical 
odel of GC formation and evolution to the merger trees and

article outputs of these simulated galaxies. This enables us to 
btain key observables such as the mass, age, metallicity, positions, 
MNRAS 527, 3692–3708 (2024) 
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nd velocities of the surviving cluster population. We calibrate the
odel parameters to optimize agreement with the observed total

luster mass, mass function, metallicity distribution, radial profile,
nd velocity dispersion. From these model results, we select the three
est-matching GC systems each for MW and M31. One of the best-
atching MW analogues is from the LG simulations; the other five

re from TNG50 (see Fig. 1 for the mass growth histories of the six
alaxies). 

The GC systems in the three best-matching MW analogues
uccessfully reproduce the observed mass function and metallicity
istribution (Fig. 2 ) after model calibration. The galaxy from the LG
imulations also matches the observed radial distribution, yielding
 KS p -value > 0.1. However, the radial profiles of the other two
C systems from TNG50 are more extended, with ef fecti ve radii

pproximately 1.7 times the observed v alue. Like wise, the three best-
atching M31 analogues have mass and metallicity distributions

hat agree with observ ational data. Ho we ver, only one M31 analogue
eproduces the observed radial distribution, while the remaining two
 xhibit more e xtended profiles, with ef fecti ve radii ∼1.5 times the
bserved value. This discrepancy may arise from the higher rate of
ergers in TNG50 compared to the LG environment. Such mergers

ypically introduce a significant population of ex-situ clusters, which
end to be located ∼4 times father away from the galaxy centre than
heir in-situ counterparts. 

An in-depth study of the last major merger in M31 analogues also
upports the abo v e conclusion. We find that ev en a 1:1 merger has
 limited impact on the spatial distribution of in-situ clusters within
 10 kpc (Fig. 4 ). Ho we ver, such a merger can notably enlarge the
 v erall GC ef fecti ve radius by a factor of 2 in a short period � 1 Gyr,
rimarily by bringing in a large number of ex-situ clusters. Moreo v er,
he merger triggers the formation of a new population of young in-
itu clusters near the galactic centre. This population, in addition to
lder clusters brought in by the merger, forms distinct groups in the
MR (Fig. 5 ). These groups have lower age and higher metallicity

ompared to the central clusters formed prior to the merger, resulting
n an AMR spanning a wide range in both age and metallicity. 

Furthermore, we show that the galaxy assembly history sig-
ificantly influences GC kinematics. The MW analogues have a
uiescent formation history o v er the past 10 Gyr. Such a long period
reserves the original location of clusters in the IOM space (Fig. 6 ).
n this space, in-situ clusters tend to have lower energy and angular
omentum L z closer to L circ ( E ), whereas ex-situ clusters generally

ave higher energy and L z ≈ 0. This distinction is particularly helpful
hen using the GC properties to decode the merger history of their
ost galaxy . Conversely , the last major merger of M31 ele v ates the
n-situ populations to higher energy, making the in-situ and ex-situ
opulations less distinguishable in the IOM space. 
We make our catalogue available in a machine-readable format.

long with all the variables directly output by the model, the
atalogue also includes several orbital parameters: the gravitational
otential, actions, and pericentre/apocentre radii. A comprehensive
ist of keys and descriptions for these variables is provided in
able 1 . The catalogue can be accessed at www.github.com/ognedin/
c model mw . 
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PPENDIX:  THE  REDSHIFT-DEPENDENT  

ASS–METALLICITY  RELATION  

e calculate the metallicity of GCs using a redshift-dependent 
ZR. Before introducing the MZR in depth, we first introduce 

he definition of metallicity . Traditionally , metallicity is expressed 
n the logarithmic abundance ratio log ( X / Y ), which is short for
og( N X / N Y ). A common practice is to normalize this value with a
xed offset of 12 (e.g. log εX ≡ 12 + log ( X / H )), or with the solar
alue: [X / Y] ≡ log ( X / Y ) − log ( X / Y ) �. The former is often used
o describe gas-phase metallicity, while the latter is more frequently 
sed for stellar metallicity. In this work, we use the solar reference
alues from Asplund, Amarsi & Grevesse ( 2021 ): 

12 + log ( O / H ) � = 8 . 69 

12 + log ( Fe / H ) � = 7 . 46 . 
(A1) 

The MZR used to be poorly constrained for dwarf galaxies ( M � �
0 8 M �) and in the early Universe ( z � 6). The launch of JWST
as significantly extended the observed galaxy metallicity in both 
irections, enabling us to recalibrate the MZR. We use the following
actorized power-law relation: 

Fe / H] = αM log 
M � 

M 0 
− αz log (1 + z) + [Fe / H] 0 , (A2) 

here αM and αz are the logarithmic slopes of the stellar mass and
edshift dependence, respectively. [Fe/H] 0 is the metallicity at some 
haracteristic mass scale M 0 at z = 0. We take M 0 = 10 9 M � to
epresent the typical mass of host galaxies at the formation time of
he majority of surviving clusters. Note that such a simple power-law
caling is not valid for most massive galaxies ( M � � 10 11 M �), where
etallicity saturates at a slight supersolar value (see e.g. Tremonti 

t al. 2004 ). Therefore, we follow Choksi, Gnedin & Li ( 2018 ) to
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M

Figure A1. [O/Fe]–[Fe/H] relation of stars in nearby GCs. We plot the 
GC stars from the Gaia-ESO surv e y as red symbols (Pancino et al. 2017 ) 
and the SDSS-IV APOGEE-2 surv e y as blue (excluding ω Cen, M ́esz ́aros 
et al. 2020 ) and green symbols ( ω Cen only, M ́esz ́aros et al. 2021 ) with 
errorbars representing the measurement uncertainty. We show the linear fit of 
the combined data as the grey shaded region with a 0.3 dex scatter. 
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ap the maximum value [Fe/H] max = + 0.3 dex to a v oid unreasonably
arge [Fe/H] of GCs in massive galaxies. 

We assume that the metallicity of GCs is directly inherited from
he surrounding gas at formation. Since most measurements of the
as-phase metallicity in high-redshift galaxies provide the oxygen
bundance rather than the iron abundance, we need to convert
he oxygen abundance to [Fe/H] using the observed [O/Fe]–[Fe/H]
elation. Combining the observational data of nearby GCs from the
aia-ESO surv e y (P ancino et al. 2017 ) and the Sloan Digital Sky
urv e y (SDSS-IV) APOGEE-2 surv e y (M ́esz ́aros et al. 2020 , 2021 ),
e find an anticorrelation between [O/Fe] and [Fe/H], see Fig. A1 .
his relation can be quantified by a linear relation: [O/Fe] = 0.37–
.17[Fe/H], with a 0.3 dex scatter, in the range of −2 � [Fe/H] �
. We emphasize that this relation is only valid for stars in GCs as
hese works only in analysed stellar abundances in nearby GCs. 

Given log(O/Fe), we can now convert the measured oxygen
bundance to the gas-phase iron abundance: 

log ( Fe / H ) = log ( O / H ) − log ( O / Fe ) . (A3) 

e then rewrite this equation in terms of [Fe/H] and [O/Fe]: 

Fe / H] = log ( O / H ) − [O / Fe] − log ( O / H ) �. (A4) 

ombining equations ( A1 ) and ( A4 ), and the linear anticorrelation
etween [O/Fe] and [Fe/H], we obtain 

Fe / H] = 1 . 20 (12 + log ( O / H )) − 10 . 92 . (A5) 

Although the MZR is well constrained for nearby ( z ∼ 0) galaxies
cross a wide range of stellar mass, we must calibrate the parameters
f equation ( A2 ) specifically at earlier times when GC formation
s most active. Therefore, we incorporate observational gas-phase

ZR from z ∼ 0.7 up to z ∼ 12 from multiple surv e ys as described
elow. 
NRAS 527, 3692–3708 (2024) 
Maiolino et al. ( 2008 ) combined MZR measurements from earlier
orks (Tremonti et al. 2004 ; Savaglio et al. 2005 ; Erb et al. 2006 ;
 e wley & Ellison 2008 ) at z ∼ 0–3 and the Assessing the Mass-
b undance redshift[-Z] Ev olution programme at z ∼ 3.5. These

uthors used several emission line ratios as metallicity diagnostics to
erive the gas-phase metallicity. Note that their data at z ∼ 3.5 are
rimarily star forming Lyman-break galaxies, which may introduce
 systematic bias in the derived MZR. 

Zahid et al. ( 2014 ) put together observational data from the
DSS, Smithsonian Hectospec Lensing Surv e y, Deep Extragalactic
volutionary Probe 2, and the Fiber Multi-Object Spectrograph-
osmic Evolution Surv e y (FMOS-COSMOS) spanning a redshift

ange 0 < z < 1.7. They obtained the gas-phase oxygen abundance
ia metallicity–line ratio scaling. 
Lewis et al. ( 2023 ) measured oxygen abundances for 145 galaxies

t z ∼ 0.7. They estimated the metallicity via a Bayesian framework
sing emission lines from the Large Early Galaxy Astrophysics
ensus surv e y. 
Strom et al. ( 2022 ) calculated the gas-phase metallicity of a

ubsample of the Keck Baryonic Structure Surv e y galaxies at z ∼ 2–
. They tested various methods to determine the oxygen abundance
nd found noticeable discrepancy. Here, we apply the metallicity
ndicated by their photoionization model. 

Li et al. ( 2023 ) measured the metallicity of 55 galaxies in the
bell 2744 (by the GLASS JWST Early Release Science programme)

nd SMACS J0723 −3732 (by the JWST Early Release Observations
rogramme) galaxy cluster fields. These galaxies span a redshift
ange z = 2–3. They also employed metallicity–line ratio scaling to
erive the gas-phase metallicity. 
Sanders et al. ( 2021 ) analysed the metallicity for about 300

alaxies at z ∼ 2.3 and 150 galaxies at z ∼ 3.3 in the MOSFIRE
eep Evolution Field (MOSDEF) surv e y. The y obtained the oxygen

bundance first by fitting various line ratios as a function of log(O/H),
nd then searching for the best-fitting oxygen abundance using the
2 minimization technique. 
Sanders et al. ( 2023 ) incorporated the earlier data (Zahid, K e w-

ey & Bresolin 2011 ; Curti et al. 2020 ; Sanders et al. 2021 ; Topping
t al. 2021 ) and fitted a functional form to match the MZR from z =
.08 to 3.3. 
Curti et al. ( 2023 ) calculated the gas-phase metallicity of 66 galax-

es at z = 3–10. These galaxies are observed with the JWST /NIRSpec
s part of the JWST Advanced Deep Extragalactic Surv e y. These
uthors also used line ratio fitting to obtain metallicity via the minimal
ikelihood technique. They presented their results in combination
ith Nakajima et al. ( 2023 ). 
Nakajima et al. ( 2023 ) focused on 135 galaxies at z = 4–10

rom the JWST /NIRSpec data by the ERO, GLASS, and Cosmic
volution Early Release Science (CEERS) programmes. They used
 combination of direct T e (electron temperature) method and
etallicity–line ratio scaling to estimate log(O/H). 
Faisst et al. ( 2016 ) measured the metallicity of 224 galaxies at z
5 from COSMOS. They estimated the gas-phase oxygen abun-

ance using the ultraviolet equi v alent width–metallicity correlation.
heir sample includes Ly α emitting galaxies and galaxies without
y α emission. Here, we only consider the average MZR of both
ategories. 

Matthee et al. ( 2023 ) analysed 117 galaxies at z = 5.33–6.93 from
he Emission-line galaxies and the Intergalactic Gas in the Epoch
f Reionization (EIGER) programme using JWST /NIRSpec. These
uthors employed photoionization modelling for spectral energy
istribution fitting to calculate the gas-phase metallicity along with
he stellar mass and other model parameters. 
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Figure A2. Galaxy stellar mass–gas-phase metallicity relations in different redshift ranges: z = 0.7–1 ( upper left ), 1–3 ( upper right ), 3–6 ( lower left ), and 6–12 
( lower right ). Points with black errorbars show data for individual galaxies (Curti et al. 2022 ; Boyett et al. 2023 ; Hsiao et al. 2023 ; Jung et al. 2023 ; Williams 
et al. 2023 ). The observational compilations that fit the data with functional forms are shown as coloured curves or bands (Maiolino et al. 2008 ; Zahid et al. 
2014 ; Faisst et al. 2016 ; Sanders et al. 2021 ; Strom et al. 2022 ; Curti et al. 2023 ; Heintz et al. 2023 ; Lewis et al. 2023 ; Li et al. 2023 ; Matthee et al. 2023 ; 
Nakajima et al. 2023 ). We convert the observed oxygen abundance 12 + log(O/H) to iron abundance [Fe/H] using equation ( A5 ). The mean MZR adopted in 
this paper is represented by two black lines in each panel, e v aluated at the lower/upper redshift bounds of the panel. The grey shaded ranges show the scatter 
σ g = 0.3 dex around the bounding mean relations. 
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Heintz et al. ( 2023 ) measured the metallicity of 16 galaxies
t z = 7–10 with JWST /NIRSpec from the gravitational lensing 
lusters Abell 2744 and RXJ-2129, and the CEERS surv e y. The y also
etermined the metallicity using direct T e method and metallicity–
ine ratio scaling. 

In addition to the abo v e surv e ys, we also include JWST mea-
urements from Birkin et al. ( 2023 , two galaxies at z ∼ 4), Jung
t al. ( 2023 , three galaxies at z = 7.47–7.75), Curti et al. ( 2022 , three
alaxies at z ∼ 8), Boyett et al. ( 2023 , a galaxy at z = 9.31), Williams
t al. ( 2023 , a galaxy at z = 9.51), and Hsiao et al. ( 2023 , a galaxy
t z = 11.7). 
e

In Fig. A2 , we plot these observational data grouped by redshift
ins. Galaxies at different redshifts and from different surv e ys show
lopes of the [Fe/H]–M � relation between 0.2 and 0.4. We find a
ingle value ∼0.3 can match the observational data at 1 � z � 6
hen our model forms majority of surviving clusters. We therefore 

et αM = 0.3 for the model MZR. 
In addition, we find a dependence on redshift from z ∼ 0.7 to

 ∼ 12, which can be characterized by αz = 1.0. This value is
lightly greater than what was employed in the previous version of
he model, αz = 0.9, which accounts for the approximately 0.6 dex
rop of metallicity from z = 0 to z = 4 at a fixed mass (Mannucci
t al. 2009 ). 
MNRAS 527, 3692–3708 (2024) 
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Finally, we normalize the model MZR by selecting [Fe/H] 0 that
rings equation ( A2 ) to the correct scale. The resulting functional
orm for the shape and evolution of MZR is 

Fe / H] = 0 . 3 log 
M � 

10 9 M �
− 1 . 0 log (1 + z) − 0 . 5 . (A6) 

We plot the final relation in Fig. A2 for comparison with the
ata. Our MZR can match the observations across a broad mass
ange ( M � = 10 7 –10 11 M �) and redshift range ( z= 0.7–12). The
NRAS 527, 3692–3708 (2024) 

Published by Oxford University Press on behalf of Royal Astronomical Society. This is an 
( http://cr eativecommons.or g/licenses/by/4.0/), which permits unrestricted reus
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