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ABSTRACT

Globular clusters (GCs) are long time survivors of galaxy assembly and evolution yet their emergence from an initial cluster population
is still poorly constrained. We present the Auriga GLOBular clustEr Simulations (AuriGLOBES) a physically motivated subgrid
model for star cluster (SC) formation and evolution that includes enhanced mass loss from compact object remnants. With this model,
implemented in the Auriga cosmological galaxy formation model, we run a suite of zoom-in cosmological simulations comprising
9 Milky Way mass and 5 lower mass galaxies. We demonstrate that our model produces plausible GC populations compared to the
Milky Way/M31 systems and reproduces the empirical GC system mass – halo mass relation within a 2σ scatter. We show that the
formation of SCs in tidally compressive, high-pressure gas in addition to enhanced mass loss from compact object remnants heating
is required to capture the transformation of an initial Schechter mass function to the characteristic observed GC mass function in the
Milky Way/M31 systems. The resulting GC populations show spatial and metallicity distributions qualitatively similar to the Milky
Way/M31 systems, as well as a variety of age distributions that correlate with the star formation history of the simulated galaxies.
However, the peak of the age distribution of Milky Way GCs is older than any of our simulated Milky Way-mass galaxies, which is
attributed to unrepresented star formation and galaxy assembly histories. AuriGLOBES represents a reliable framework for the study
of GC populations through cosmic history and a robust foundation for future applications for a model of stellar streams arising from
GCs disruption.
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1. Introduction

Star clusters (SCs) are fundamental building blocks of galax-
ies and powerful tracers of their formation and assembly his-
tory. Among these, globular clusters (GCs) are particularly puz-
zling due to their old ages, ≳ 6 Gyr (e.g. Strader et al. 2005;
Forbes & Bridges 2010; VandenBerg et al. 2013), and near uni-
versal presence in galaxies across a wide mass range (Harris
1991; Brodie & Strader 2006; Harris et al. 2017; Forbes et al.
2018; Dornan & Harris 2025; Forbes & Gannon 2025). The old
ages of many GCs mean they formed early in the universe and
survived until low-redshift, offering a unique window into the
physical conditions of high-redshift star formation and the hier-
archical growth of galaxies. Their metallicities, ages, kinemat-
ics, and spatial distributions encode information about their host
galaxy assembly, making them valuable tools for studying both
early galaxy formation and late-time galactic dynamics (e.g.
Searle & Zinn 1978; Ibata et al. 1994; Forbes & Bridges 2010).

How the present-day GC population emerged from its ini-
tial cluster population remains an open question. Observations
of GC-like young massive clusters (YMCs) forming in the lo-
cal Universe (e.g. Holtzman et al. 1992; Whitmore & Schweizer

1995; Zepf et al. 1999; Adamo et al. 2017) have suggested that
SC formation is a byproduct of star formation in high-pressure
regions (e.g. Harris & Pudritz 1994; Elmegreen & Efremov
1997; Kruijssen 2014). In this picture, GCs are the long-term
survivors of YMCs formed early in the universe. This has been
reinforced by recent JWST observations of compact, dense,
clusters and clumps at high redshift, i.e. 0.5 < z < 10, in
the context of sites of proto-GCs formation (e.g. Adamo et al.
2024; Mowla et al. 2024; Claeyssens et al. 2025, 2026). The
mass functions (MFs) of YMCs follow a power-law with an
exponential cutoff at high masses (Portegies Zwart et al. 2010;
Johnson et al. 2017; Adamo et al. 2020; Wainer et al. 2022).
Furthermore, this MF seems to be already in place from the early
universe throughout cosmic history (Claeyssens et al. 2026). In
contrast, the GC mass function (GCMF) across galaxies is re-
markably uniform and log-normal-like, with the peak, at M ∼

105M⊙, weakly depending on the host galaxy stellar mass and
galactocentric radius (Harris 1991; Jordán et al. 2007). This sug-
gests a transformation driven by dynamical evolution –including
mass loss from stellar evolution, internal two-body relaxation,
and tidal stripping– affecting preferentially low-density clus-
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ters (Fall & Zhang 2001; Vesperini 2001; Elmegreen & Hunter
2010; Kruijssen 2015; Gieles & Gnedin 2023).

Capturing this transformation within a full cosmological
framework is a major challenge due the vast dynamic range in-
volved. The formation and evolution of SCs depend on parsec-
scale processes, yet these must be modeled within their host
galaxies evolving on kiloparsec and gigayear scales. Different
approaches have been used to tackle this issue, with coarser
methods allowing for wider cosmic time and larger number of
galaxies to be explored.

First, high-resolution simulations with improved physics
prescriptions have allowed to resolve the formation of
clumps, proto clusters, and star clusters at high redshift
(e.g. Mandelker et al. 2014; Kim et al. 2018; Ma et al. 2020;
Williams et al. 2025), in galaxy mergers (e.g. Lahén et al. 2020;
Li et al. 2022), and in dwarf galaxy systems (e.g. Gutcke 2024;
Deng et al. 2024; Taylor et al. 2025). These simulations, how-
ever, are computationally extremely expensive and are usually
limited to high redshifts and/or small volumes. Second, semi-
analytic models offer computationally efficient frameworks to
follow SCs formation and disruption across cosmic time by
populating N-body, or full galaxy simulations, with SCs via
post-processing (e.g. Renaud et al. 2017; Creasey et al. 2019;
Phipps et al. 2020; Halbesma et al. 2020; Valenzuela et al. 2021;
Rodriguez et al. 2023; Chen & Gnedin 2024a; De Lucia et al.
2024). Unlike models baked in galaxy simulations, these do not
require complete reruns allowing to simulate SCs populations in
large samples of galaxies and an efficient exploration of model
parameters. Nevertheless, these could represent an incomplete
SC model from not having the full information of the tidal envi-
ronment shaping their disruption at all times.

Third, subgrid models embed simplified prescription for SCs
formation and evolution directly within cosmological galaxy
simulations enabling a consistent interaction between the SCs
and their host galaxies. The results, however, can be sensitive to
the specific galaxy model of choice, interstellar medium (ISM)
structure, or disruption mechanisms/prescriptions. Important
contributions under this approach include the models of Li et al.
(2017, 2018); Li & Gnedin (2019), which use sink particle tech-
niques to model SC formation in giant molecular clouds (GMC),
the E-MOSAICS project (Pfeffer et al. 2018; Kruijssen et al.
2019a) including the MOSAICS1 model for cluster forma-
tion and evolution (Kruijssen & Lamers 2008; Kruijssen 2009;
Kruijssen et al. 2011) in a rerun of the EAGLE2 simulations
(Crain et al. 2015; Schaye et al. 2015), and the EMP-Pathfinder
simulations (Reina-Campos et al. 2022a, 2023) implementing an
updated MOSAICS prescription under a new galaxy formation
model that includes a cold, dense phase of the ISM.

Despite significantly different numerical setups and physi-
cal processes included, previous efforts are demonstrating that
the process of regular cluster formation, combined with that
of hierarchical galaxy assembly, produce diverse populations
of SCs that broadly resemble the observed clusters in the Lo-
cal Universe. However, as highlighted in Reina-Campos et al.
(2022a), uncertainties in the formation and evolution of SCs
produce degeneracies in several of their properties, like their
mass distribution (see their fig. 8). In particular, matching
any observed GCMF involves considerations on the ability to
capture tidal disruption (e.g. Pfeffer et al. 2018; Li & Gnedin
2019; Rodriguez et al. 2023; Reina-Campos et al. 2022a), as-

1 MOdelling Star cluster population Assembly in Cosmological Simu-
lations
2 Evolution and Assembly of GaLaxies and their Environments

sumed SCs size/density prescriptions (e.g. Reina-Campos et al.
2023), and compatible assembly histories (e.g Chen & Gnedin
2024a). These uncertainties motivate to further study the for-
mation and evolution of GCs under different galaxy formation
models.

To this end, we present AuriGLOBES: Auriga GLOBular
clustEr Simulations, a physically motivated subgrid model for
the formation and evolution of star clusters implemented within
the Auriga suite of cosmological zoom-in simulations. These are
evolved in a Lambda Cold Dark Matter (ΛCDM) cosmology in-
cluding a comprehensive galaxy formation physics model giving
predictions that compare well with many observed scaling rela-
tions, such as the Tully-Fisher relation, the star-forming main
sequence, and HI gas fraction/disc thickness (Grand et al. 2017,
2024). Our model incorporates four updates to the SC modelling
used in previous works:

First, (i) it includes a novel criterion for constraining SC for-
mation to tidally compressive gas environments only and (ii) im-
plements an empirically-motivated initial mass-radius relation
(MRR). Such compressive regions conductive to the formation
of gravitationally bound clusters (Renaud et al. 2014, 2015) are
consistent with theoretical expectations and observations linking
cluster formation to dynamically driven, high-pressure environ-
ments (Renaud et al. 2009; Whitmore et al. 2010; Johnson et al.
2015). The SCs are then dynamically evolved in mass through
two-body relaxation and tidal shocks. In particular, (iii) our
two-body relaxation mass loss prescription accounts for the
enhanced two-body scattering expected from clusters that re-
tain a fraction of their compact stellar remnants. The inclu-
sion of this enhancement is motivated by recent studies show-
ing that SCs could retain populations of black holes (BHs)
and their role as a source of energy for the clusters dy-
namical evolution (Gieles & Gnedin 2023; Della Croce et al.
2024). This is further motivated by increasing detections of
BHs in MW GCs (e.g. Giesers et al. 2018; Kremer et al. 2020;
Weatherford et al. 2020; Dickson et al. 2024) and extragalac-
tic GCs (e.g. Maccarone et al. 2007, 2011; Barnard et al. 2012;
Saracino et al. 2022). Finally, (iv) we implement a size evolution
prescription that is coupled to the mass evolution of the SCs. To-
gether, these ingredients provide a reliable framework to model
the formation and long-term evolution of SC populations in a
cosmological context.

This paper is structured as follows: in section 2 we describe
the simulation setup including the description of the Auriga sim-
ulations and of our AuriGLOBES model; in section 3 we present
the suite of simulations run with our model and in section 4 we
show the results of the simulated SC and GC populations; finally,
we give the discussion and conclusions in sections 5 and 6.

2. Simulation Setup

In this section, we describe our AuriGLOBES sub-grid SC
model, which is implemented into the Auriga galaxy formation
model (Grand et al. 2017). We first describe the Auriga model in
section 2.1, and then give a full description of AuriGLOBES in
section 2.2. The complete schematic of the model workflow, and
its relation with Auriga, is shown in fig. 1.

2.1. The Auriga galaxy formation model

The Auriga formation model is implemented in the second-order
accurate gravo-magnetohydrodynamic (MHD) code AREPO
(Springel 2010), which follows MHD and collisionless dy-
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Magnetohydrodynamics
+ Gravity (AREPO)

Auriga Galaxy
Formation Model

Ti j = −∂i∂ jΦ =
∑N

n=0 −∂i∂ jϕn(x − xn)

Star Formation

Star Evolution

Cluster Formation

Cluster Evolution

Star Cluster
population at z = 0 GC Population

AuriGLOBES

• Tidally compressive regions
• Environmental CFE
• Environmental CIMF
• Empirical initial MRR

• Two-body relaxation with
compact object remnants heating
• Tidal shocks
• Half-mass radius evolution
• DF at post-processing

GCs
selection

Local Gas
Properties

Fig. 1: The AuriGLOBES star cluster formation and evolution model. The base simulation code and the Auriga galaxy formation
model, with star formation and evolution stages, are depicted in lightblue boxes. The AuriGLOBES extension to the base simulation
is depicted in darkblue boxes. Continuous arrows represent a direct relation while dashed arrows represent a dependency relation.
Bold fonts highlight extensions with respect to previous models. The used acronyms are: cluster formation efficiency (CFE), cluster
initial mass function (CIMF), mass radius relation (MRR), dynamical friction (DF), and globular clusters (GCs).

namics in a cosmological context. AREPO calculates grav-
itational forces with a standard Tree Particle-Mesh method
(Springel 2005) comprising a hierarchical oct-tree algorithm
(Barnes & Hut 1986) for short range forces and a fast Fourier
treatment for long range forces. The timestep is adaptive and
MHD is solved in an unstructured Voronoi mesh that moves
approximately with the fluid. This way, AREPO performs as a
“hybrid” Eulerian and Langrangian code reducing errors accu-
mulating from large relative bulk velocities inherent to galaxy
formation (Wadsley et al. 2008) while retaining the ability to
capture shocks to a good accuracy (Schaal & Springel 2015;
Schaal et al. 2016).

The simulations follow a comprehensive galaxy formation
model including the evolution of gas, dark matter, stars, and
BHs. It is described in detail in Grand et al. (2017), and builds
on top of models presented in Vogelsberger et al. (2013) and
Marinacci et al. (2014). The model implements:

– a pressurized two phase ISM model consisting of cold,
dense, clouds embedded in a hot, ambient medium
Springel & Hernquist (2003),

– stochastic star formation for dense ISM gas above a thresh-
old density of nth = 0.13 cm−3 with a Chabrier (2003) initial
mass function (IMF). This threshold is derived from the pa-
rameters of the two gas phases and a desired star formation
time-scale of tSF = 2.2 Gyr,

– primordial and metal-line cooling and heating from
a uniform ultraviolet background radiation field
(Faucher-Giguère et al. 2009),

– stellar evolution from asymptotic giant branch stars and su-
pernovae type Ia and II with a stellar feedback scheme for
thermal and kinetic energy injection,

– supermassive black holes seeding and growth,
– active galactic nuclei thermal feedback in quasar and radio

modes, and
– magnetic fields seeded uniformly at the starting redshift

of the simulation at a comoving strength of 10−14 G
(Pakmor et al. 2017).

The Auriga galaxy formation model has been employed to
run large suites of cosmological MHD simulations for the for-

mation and evolution of Milky Way-mass and dwarf-mass galax-
ies in the ΛCDM cosmogony (Grand et al. 2024). The simula-
tions use the “zoom-in” technique, which resimulates galaxy ha-
los from the Eagle Dark Matter Only simulation of comoving
side length 100 cMpc (L100N1504 in Schaye et al. 2015, 1.15×
107M⊙ mass resolution) at high resolution. The initial condi-
tions of these resimulations are created with the public Gaussian
white noise field realization Panphasia (Jenkins 2013) adopting
the cosmological parameters from Planck Collaboration et al.
(2014), i.e. Ωm = 0.307, Ωb = 0.048, ΩΛ = 0.693, σ8 = 0.8288,
and Hubble constant of H0 = 100h km s−1 Mpc−1, where h =
0.6777. For each identified halo, the particles inside four times
its virial radius at z = 0 where traced back to their initial position
at z = 127 and resampled to a higher mass resolution while low-
ering the resolution of particles at larger distances. This reduces
computational cost while maintaining the correct cosmological
tidal field. For more details on the Auriga simulation suite, please
refer to Grand et al. (2017, 2024). In this paper, we apply our
SCs formation and evolution model, described in the next sub-
section, by re-running some of these cosmological simulations
(see section 3).

2.2. The AuriGLOBES sub-grid star cluster model

The SCs formation and evolution model largely follows sub-
grid prescriptions available in the literature (e.g. Pfeffer et al.
2018; Reina-Campos et al. 2022a) adapting them to work with
our galaxy formation setting and extending the covered physi-
cal processes to cover compressive natal environments, empiri-
cal initial sizes, enhanced mass loss from compact object heat-
ing, and size evolution. In the following subsections, we describe
in detail the physics and numerical implementation of the Au-
riGLOBES SC model.

2.2.1. Cluster Formation

In our fiducial model, a newly created star particle is eligible to
host SCs based on the properties of the natal gas cell. In addi-
tion to high gas density and pressure leading to bound systems
to likely form, we also require the gas environment to be tidally
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compressive. The latter is determined from calculating the tidal
tensor, T. We do it in a similar way as in Grudić & Hopkins
(2020), by using the linearity of T to sum the contributions of
each particle in the simulation:

Ti j =

N∑
n=0

−∂i∂ jΦn(x − xn) =
N∑

n=0

∂ign, j(x − xn), (1)

where Φn is the gravitational potential, and gn, j the acceleration
( j-th component) contribution of the particle n as a function of
the separation x − xn, and the partial derivatives are with respect
to the target position x. The evaluation of the tidal tensor is done
in the same tree walk as the evaluation of g.

Once T is defined3, its eigenvalues λi describe whether the
gravity field stretches or squeezes a region in each of the three
spatial directions: negative values mean that gravity is compres-
sive in a given direction, whereas positive values reflect the op-
posite. Therefore, whether the medium is compressive or not
is ensured by having all three negative eigenvalues. We further
strengthen this condition to having all three eigenvalues less than
a certain negative threshold, i.e. ∀λi ≤ −1 Gyr−2. This threshold
was chosen by visually inspecting the tidal tensor eigenvalues
distribution and finding that the negative eigenvalues are gener-
ally well below this value (see appendix B.2).

Once a star particle is identified to be born in a tidally com-
pressive region, the formation of SCs is determined by three in-
gredients: (i) the Cluster Formation Efficiency (CFE, Γ), i.e. the
fraction of star formation happening in bound structures (Bastian
2008), estimated from the physical properties of the parent gas
cell; (ii) a locally defined Cluster Initial Mass Function (CIMF)
from which the individual SC masses are drawn; and (iii) an em-
pirical initial MRR from which the individual SC sizes are de-
termined. These are explained in the following paragraphs. As
previous papers have reported, the numerical details of how star
formation is modelled affect the resulting cluster population (e.g.
Pfeffer et al. 2018; Reina-Campos et al. 2022a). Thus, we per-
form additional simulation tests to assess the influence of includ-
ing or not this compressive criterion (see section section 3.1).

We estimate the CFE by implementing the Kruijssen (2012)
model, which estimates the fraction of star formation happen-
ing in bound structures from integrating the density spectrum
of the ISM. In particular, we use the model formulation based
on the local properties of the gas, i.e. fbound = Γ(ρg, σloc, cs),
with ρg the gas density, σloc the gas velocity dispersion, and
cs its sound speed. Equivalent to E-MOSAICS (Pfeffer et al.
2018), we estimate the one-dimensional velocity dispersion from
σloc =

√
Pg/ρg, with Pg the local gas pressure, and assume a

thermal sound speed corresponding to a cold interstellar gas at
∼ 10 K, i.e. cs = 0.3 km s−1. The implementation of the local
formulation of Kruijssen (2012) model is justified given that the
local gas properties are a good description of the global state of
the gas, mainly from the ISM model not explicitly modeling a
cold, clumpy, structure.

The fraction Γ sets the mass budget for SC masses to be
drawn from the CIMF which is given by a Schechter (1976)
function

dN ∝ m−α exp
(
−m/mcl,max

)
dm, (2)

3 Note that long range, Fourier based, gravitational contributions are
not taken into account for the tidal tensor calculus in favor of decreas-
ing the computational time. We tested its inclusion and found negligible
differences in the resulting tidal tensor. Both the test of the correct cal-
culation of T and how negligible is the error when ignoring long range
contributions are shown in the appendices B.1 and B.2.

where α ≃ 2 (Zhang & Fall 1999) is the power-law index,
mcl,max the CIMF truncation mass, and m the individual SC
mass. This CIMF has been shown to be consistent with pop-
ulations of Young Star Clusters (YSC) in the local Universe
(Portegies Zwart et al. 2010; Johnson et al. 2017; Adamo et al.
2020; Wainer et al. 2022). High-resolution simulations follow-
ing star-by-star compact SC formation agree with this power-
law, whereas the exponential cut-off has been difficult to char-
acterize due the size-of-sampling effect (e.g. Lahén et al. 2020;
Andersson et al. 2024; Pascale et al. 2025).

The truncation mass is set by the mass of the GMC
from which clusters originate (Kruijssen 2014), MGMC,max. To
estimate this, we use the environment dependent model of
Reina-Campos & Kruijssen (2017), i.e.

mcl,max = ϵΓMGMC,max ; MGMC,max = fcollMT, (3)

where ϵ = 0.1 is the integrated star formation efficiency for
an entire molecular cloud4 (Duerr et al. 1982; Murray 2011;
Kruijssen et al. 2019c; Sun et al. 2023), MT is the Toomre (1964)
mass, i.e. the highest mass on a region that can collapse under its
own gravity, and fcoll is the collapse fraction before stellar feed-
back stops this process:

fcoll = min
(
1,

tfb,g
tff,2D

)4

, (4)

where tfb,g is the gas feedback time-scale, and tff,2D the two-
dimensional cloud free-fall time. Following Kruijssen (2012),
the gas feedback time-scale is

tfb,g =
tsn

2

1 +
√

1 +
4tffσ2

loc

ϕfbϵff t2
sn

 , (5)

where tff =
√

3π/32Gρg is the gas free-fall time, ϵff = 0.012
the star formation efficiency per free-fall time (Elmegreen 2002;
Utomo et al. 2018; Grisdale et al. 2019), tsn = 3Myr is the typ-
ical time of the first supernova (Ekström et al. 2012), and ϕfb =
0.16 cm2s−3 is the rate of energy injection per unit stellar mass
into the ISM from feedback of a simple stellar population with a
normal IMF (Kruijssen 2012). Lastly, the cloud free-fall time is
defined as

tff,2D =

√
2π
κ
, (6)

where κ is the epicyclic frequency that is computed from the
tidal tensor at the location of the particle (see appendix B.1),
as demonstrated by Pfeffer et al. (2018) and Reina-Campos et al.
(2022a).

The Toomre mass is obtained from the parent gas cell for
each new star particle through

MT = 4π5G2
Σ3

g

κ4
, (7)

where Σg is the local surface gas density estimated assuming
hydrostatic equilibrium, i.e. equating the mid-plane pressure
of an equilibrium disc to the pressure of the parent gas cell
(Krumholz & McKee 2005):

Σg =

√
2Pg

πGϕP
, (8)

4 As noted by Pfeffer et al. (2018), the variation of ϵ estimates is much
smaller than the dynamical range of the product ΓMGMC,max making it
reasonable to set as a constant.
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with ϕP being the contribution of the gravity of stars to the mid-
plane pressure. Following Pfeffer et al. (2018), this contribution
is expressed as

ϕP = 1 +
σg

σ⋆

(
1

fgas
− 1

)
, (9)

with fgas the gas mass fraction, and σg (σ⋆) the velocity dis-
persion of the gas (stars) in the vicinity region where ϕP is de-
termined. This region is up to three times the parent gas cell
smoothing length until a minimum of 64 gas cells are enclosed.

Clusters are formed by stochastically drawing from the
CIMF. The number of clusters expected to form in a new star
particle of mass m⋆ is given by the mass budget defined by Γ
over the mean cluster mass, i.e. Nclus = Γm⋆/m̄cl. This mean
cluster mass is defined by integrating the normalized CIMF over
the mass range for cluster formation:

m̄cl =

∫ 108M⊙

102M⊙
m

dN
dm

dm. (10)

Note that the mass range is set to be consistent with YSCs in the
Local Universe (e.g. Brown & Gnedin 2021). Finally, the actual
number of cluster masses to be drawn from the CIMF is defined
from a Poisson distribution with the mean given by Nclus. While
the low limit to draw masses is 102 M⊙, clusters below 5×103 M⊙
are discarded to lower the memory consumption. This is justified
given that all of these low mass clusters are expected to disrupt
shortly after their formation (<< 1 Gyr, Kruijssen et al. 2012).
Due to the stochasticity of cluster formation, and depending on
the mass resolution of the simulation, some of the star particles
may contain cluster populations with a total mass exceeding their
actual mass while others may contain no cluster populations. At
the Auriga resolution “level 4”, this accounts for ∼ 10% of the
star particles that host SCs having a total mass in SCs higher
than its mass; for most of the cases it is well bellow the parent
star particle mass and close to the expected Γm⋆ mass budget.

Finally, the created SCs are assigned an effective radius, Reff ,
determining its half-mass radius, rh,cl = 4Reff/3. This is done
by using the empirical mass-radius relation (MRR) for YSCs re-
ported by Brown & Gnedin (2021). This relation corresponds to
SCs in the LEGUS sample in the 1–10 Myr age range with its
intrinsic scatter:

Reff = 2.365pc
(

mcl

104M⊙

)0.18

with σReff = 0.319 dex, (11)

where mcl is the individual SC mass.

2.2.2. Cluster Evolution

Once SCs are formed, their dynamical evolution is immediately
followed determining their mass loss coupled with their size evo-
lution. The mass loss is determined by stellar evolution, two-
body relaxation, and tidal shocks:

dm
dt
=

(
dm
dt

)
sev
+

(
dm
dt

)
rlx
+

(
dm
dt

)
sh
. (12)

The stellar evolution mass loss is directly inherited from the
parent star particle evolution given by the Auriga model. For
the dynamical mass loss mechanisms, we follow, or mod-
ify, available models applicable to sub-grid prescriptions (e.g.
Gnedin & Ostriker 1997; Prieto & Gnedin 2008; Kruijssen et al.
2011; Alexander & Gieles 2012). Both two body relaxation and
tidal shocks mass loss strongly depend on the underlying tidal
field, eq. 1, as described below.

2.2.2.1. Two-body relaxation mass loss enhanced by compact
object heating
The mass loss driven by two-body interactions leading to the

evaporation of the cluster is estimated by5(
dm
dt

)
rlx
= −aξ

m
trh

(
m
mi

)−2/3

, (13)

where ξ is the fraction of stars escaping the SC potential per
relaxation time, a is a boosting parameter, trh is the relaxation
time-scale at the half-mass radius, m is the current mass of the
cluster, and mi ≡ µsevm0 is the initial mass after the stellar
evolution mass loss has occurred (Gieles & Gnedin 2023). For
Auriga, µsev covers a range of µsev ≈ 0.53–1.

The relaxation time-scale, trh, is defined following Spitzer
(1987):

trh =
0.138

√
Nr3/2

h
√

Gm̄ ln(γN)
, (14)

with N = m/m̄ the mean number of stars in the cluster, m̄ the
mean stellar mass in the cluster, and ln(γN) the Coulomb log-
arithm with γ ≈ 0.11(Giersz & Heggie 1994) for clusters of
single-mass stars. For Auriga, which adopts a Chabrier (2003)
IMF in the 0.1 ≤ m/M⊙ ≤ 100 mass range, the mean stel-
lar mass is m̄ = 0.62 M⊙. The escapers fraction ξ is estimated
following the model described in the EMACSS prescription
(Alexander & Gieles 2012; Gieles et al. 2014; Alexander et al.
2014) that fits the evaporation of N-body simulations of SCs sub-
merged in a tidal field6:

ξ = ξ0(1 − P) +
3
5
ζP, (15)

where ξ0 = 0.0142 is the fraction of stars escaping a SC in isola-
tion (Alexander & Gieles 2012), ζ = 0.1 is a dimensionless con-
stant for the fractional energy change per relaxation time-scale
(Hénon 1961, 1965; Gieles et al. 2011), and the effect of the tidal
field is captured in the dimensionless evaporation rate P that is
a function of the half-mass radius, the tidal radius, and the num-
ber of stars in the cluster (eq. 25 in Alexander & Gieles (2012)
with the revised parameter values from Gieles et al. (2014)). The
tidal radius is the boundary at which the gravitational accelera-
tion due to the galactic potential equals the acceleration from the
potential of the cluster and is given by

rt =

(Gm
T

)1/3

. (16)

where T = −∂2Φ/∂r2+Ω2 is the tidal field strength (King 1962),
with the circular frequency, Ω. This is estimated from the tidal
tensor eigenvalues as T = max(λi)+Ω2 = max(λi)+1/3

∣∣∣∑3
i=1 λi

∣∣∣,
following Pfeffer et al. (2018) and Reina-Campos et al. (2022a).

The boosting parameter, a = 1.5, and the last factor in
eq. 13, (m/mi)−2/3, account for the effect of compact object
5 The canonical mass loss rate is given by (dm/dt)rlx = −ξm/trh
6 Alexander et al. (2014) model revision provides a parametrization to
include the effect of an evolving stellar mass spectrum making up the
SCs where the relaxation timescale trh is modified to account for the
effect of such a mass spectrum. It provides a recalibration of the pa-
rameters for multi-mass SCs accounting for the evolution of the mass
spectrum and should, up to some degree, include the effect of the reten-
tion of compact object remnants. We performed tests using this model
prescription with results showing an inconsistent behavior. For simplic-
ity, we adopt the single-mass SCs prescription, with fewer parameters,
and apply the compact objects correction afterwards.
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remnants in the mass loss rates of SCs, following the pa-
rameterization given by Gieles & Gnedin (2023). These au-
thors found that SCs retaining a fraction of their compact
object remnants population experience an accelerated mass
loss rate from two-body interactions and that this effect is
fundamental in evolving an initial Schechter-like CIMF into
a peaked GCMF consistent with observations (targeting the
MW GC population, in particular). In addition, studies point
to BHs populations being present in MW and extragalactic
GCs (e.g. Maccarone et al. 2007, 2011; Barnard et al. 2012;
Kremer et al. 2020; Weatherford et al. 2020; Saracino et al.
2022; Dickson et al. 2024) supporting the inclusion of this ef-
fect. Their parameterization follows from comparing N-body
models of SCs forming and retaining compact object rem-
nants in a galactic tidal field to the baseline N-body models of
Baumgardt & Makino (2003), where SCs do not form BHs. We
test in our results the effect of this enhancement comparing sim-
ulations with and without its inclusion (see section 3.1).

2.2.2.2. Tidal shocks mass loss
Tidal shocks, i.e. perturbations of the gravitational potential
exerted by the passage through the disc or close encounters
with dense structures, increase the kinetic energy of the stars
in the clusters, reducing the binding energy of the cluster,
and could cause stars to escape its potential (Ostriker et al.
1972; Spitzer 1987; Kundic & Ostriker 1995; Gnedin & Ostriker
1997; Murali & Weinberg 1997a,b,c; Gnedin et al. 1999a,b;
Prieto & Gnedin 2008). The mass loss is given by the time-scale
for tidal heating, tsh, to change the energy of the stars at the half-
mass radius by an order of itself (Prieto & Gnedin 2008):(

dm
dt

)
sh
= −

m
tsh
. (17)

Following Prieto & Gnedin (2008), this time-scale is

tsh ≡
|Eh|

(dEh/dt)sh
≃
|Eh|P

2⟨∆Eh⟩
=

3
5

Gm
r3

h

P
Itid
, (18)

where P is the time interval between shocks, Eh is the energy
per unit mass at the half-mass radius, and ⟨∆Eh⟩ its ensemble
average. This energy is approximated as

|Eh| =
v2

h

2
≈ η

Gm
2rh
, (19)

with the proportionality constant η ≃ 0.4 (Spitzer 1987). Its en-
semble average is given by

⟨∆Eh⟩ =
1
2
⟨∆v⟩2 =

1
6

Itidr2
h, (20)

where the tidal heating parameter, Itid, is defined by integrating
the tidal tensor components through the duration of the shocks
and summing over all its components:

Itid ≡
∑
i, j

(∫
Ti jdt

)2 1 + τ2
i j

t2
dyn

−3/2

. (21)

For each pair of coordinates, τi j is the shock duration7, and

tdyn =

√
8πr3

h/Gm is the dynamical time-scale at the half-mass

7 For each component, the start (end) of a shock event is identified by
finding a contrast of at least 88% with respect to the last recorded (last
maximum) component value, and the integral runs over the full duration
of the shock. The contrast is defined by the height ratio of a Gaussian
distribution at 0.5σ and at the mean, defining a full width of 1σ.

radius. The second term in eq. 21 accounts for the Weinberg
(1994a,b,c) adiabatic correction for extended shocks describing
the absorption of energy by adiabatically expanding the cluster.

2.2.3. Half-mass radius evolution

Following Reina-Campos et al. (2022a), we evolve the half-mass
radius of SCs according to their mass evolution. As the stel-
lar populations in SCs lose mass through stellar evolution, SCs
experience an adiabatic expansion given by the inverse ratio
of the parent star particle mass at the current and previous
timestep, giving (drh/rh)sev = |dm⋆,sev|/m⋆. In addition to the
adiabatic expansion, a dynamical evolution is also implemented
where, having dmrlx and dmsh, the size of the cluster is evolved
accordingly. This evolution follows the density evolution de-
rived by Gieles & Renaud (2016) extended to account for mass
loss from two-body interactions (first derived in appendix E in
Reina-Campos et al. 2023):(

drh

rh

)
dyn
=

(
2 −

1
f

)
dmsh

m
+

(
2 −
ζ

ξ

)
dmrlx

m
, (22)

where f = 3/5 is the fraction of the energy gain of the
remaining bound stars8 translated into a change in density
(Gieles & Renaud 2016). The choice of f = 3/5 means that the
density remains constant after the mass loss, adjusting the size
accordingly. We tried different parameters and the results show
no strong dependence on this particular selection (see appendix
C). Eq. 22 describes the shrinking of clusters due to shocks and
their overall expansion from two-body interactions. Note, how-
ever, that in tidally limited scenarios, ξ ≃ 3/5ζ (from eq. 15),
also gives cluster contraction from two-body interactions. Imple-
menting a half-mass radius evolution model corresponding to the
mass evolution allows to explore the different cluster disruption
processes. As both two-body relaxation and tidal shocks mass
loss models are dependent on rh, i.e. trh ∝ r3/2

h and tsh ∝ r−3
h ,

the size evolution of the SCs affects their survivability (e.g.
Reina-Campos et al. 2023). To explore this effect, we compare
simulations with and without evolving the half-mass radius (see
section 3.1).

2.2.4. Dynamical friction

Finally, the effect of dynamical friction is estimated at post-
processing with the same approach of Pfeffer et al. (2018), and
Reina-Campos et al. (2022a). For a star particle hosting more
than one SC, each one with its own mass, applying an on-the-fly
dynamical friction treatment would result in star particles expe-
riencing different forces from those of its SC population. This
is specially relevant when the subgrid population has an impor-
tant mass contrast between the clusters. Therefore, the effect is
estimated by comparing the dynamical friction time-scale with
the age of the cluster and assume SCs are disrupted whenever
this time-scale is shorter. The dynamical friction time-scale is
defined following Lacey & Cole (1993)

tdf =
f (ϵ)

2B(vc/
√

2σ)

√
2σ r2

c

Gm lnΛ
, (23)

8 Not to be confused with the fraction of the energy gain translated into
a mass loss following a shock event introduced by Gieles et al. (2006)
using the same terminology but corresponding to all stars, i.e. including
the ones that become unbound after the shock.
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with rc being the radius of a circular orbit with the same en-
ergy of the particle, σ the stellar velocity dispersion inside rc,
and vc the circular velocity at rc. The Coulomb logarithm is
lnΛ = ln(1 + M(rc)/m), with M(rc) the total mass inside rc,
and B(x) ≡ erf(x) − 2x exp(−x2)/

√
π. Finally, ϵ = J/Jc is the

circularity parameter defined as the angular momentum relative
to the angular momentum of a circular orbit of the same en-
ergy, while f (ϵ) = ϵ0.78 defines the orbital eccentricity of the
SC (Lacey & Cole 1993). This time-scale is estimated at every
snapshot of the simulation data products and identified disrupted
clusters are assigned a mass of zero from that snapshot onward.

3. The AuriGLOBES suite of simulations

In this paper we apply the AuriGLOBES sub-grid star cluster
formation and evolution model to a subset of the simulated halos
from the Auriga suite. The model is run at the baryonic mass
resolution of Mbary ∼ 5 × 104M⊙ and comoving softening length
of ϵcomov ∼ 750 cpc up to a maximum physical softening length
of ϵphys ∼ 375 pc, referred as the “level 4” resolution.

3.1. Auriga re-simulations with AuriGLOBES

Firstly, we explore the effect of model choices on the resulting
SC populations. For this we introduce six different model vari-
ations that we run in one of the halos, labeled as halo 6 in ta-
ble 3 in Grand et al. (2024). This is a disc galaxy with a stellar
mass of ∼ 5 × 1010 M⊙, similar to the estimated stellar mass
of the MW, i.e. ∼ 2 − 6 × 1010 M⊙ (Licquia & Newman 2015;
Lian et al. 2025). Starting from our Fiducial AuriGLOBES
(see section 2.2), we “turn off” part of the model choices and
analyze their effect on the SCs formation and evolution.

All the model variations, summarized in table 1, are: (i)
Fiducial which includes all the physics described in sec-
tion 2.2; (ii) No BH heating where we do not apply the
mass loss enhancement due compact object heating; (iii) No
compressive criterion where cluster formation is not con-
strained to tidally compressive regions only; and a (iv) No
added physics model turning off both the BH heating and
tidally compressive formation. In addition, we repeat the
Fiducial model with two final variations: (v) Enhanced
shocks arbitrarily enhancing the mass loss from tidal shocks by
a factor of 10 during the full evolution of SCs; and (vi) No size
evolution keeping the initial MRR but turning the half-mass
radius evolution off. The purpose of these variations is to fur-
ther test how the model is capturing the tidal disruption of SCs
with an emphasis on the early disruption from their natal envi-
ronments (Kruijssen et al. 2012) and the role of their half-mass
density in their dynamical evolution.

Secondly, we run a suite of simulations comprising 9 ha-
los with our Fiducial model. These simulated halos, in the
1 × 1012M⊙ < M200(z = 0) < 2 × 1012M⊙ mass range, are sum-
marized in table 2. Thus covering a mass range similar to the
MW and M31 systems with a variety of accretion and assembly
histories that can impact the produced SC and GC populations.
Note that the overall halo properties are slightly different com-
pared to those listed in Grand et al. (2024), which is expected
owing to phenomena such as the “Butterfly effect” (Genel et al.
2013; Keller et al. 2019; Pakmor et al. 2025a).

Table 1: Summary table for the halo 6 model variations.

Model Formation Mass loss

Fiducial Compressive
environments BH enhanced

No BH heating Compressive
environments

Canonical
evaporation

No compressive
criterion All environments BH enhanced

No added physics All environments Canonical
evaporation

Additional variations
Model Change description

Enhanced shocks Tidal shocks boosted by 10
No size evolution Keep initial MRR, drh/dt = 0

Notes. The columns are the model variation identifier (i), and
the model variation description in (ii) and (iii).

Table 2: Summary table for the rerun halos at resolution “level
4”, i.e. Mbary ∼ 5 × 104M⊙ and ϵphys ∼ 375 pc, with the Au-
riGLOBES model. We include the properties of the MW and
M31 at the bottom for comparison.

Halo
M200

(1010M⊙)
R200
(kpc)

M∗
(1010M⊙)

MGCs
(106M⊙)

6 104.7 214.1 5.1 197.6
14 157.6 245.3 11.8 248.3
18 120.8 224.5 9.4 266.6
22 100.9 211.5 7.0 66.3
23 156.7 244.9 9.3 258.5
24 155.9 244.4 9.5 316.3
26 153.6 243.2 10.4 455.8
27 178.3 255.6 10.7 389.9
28 156.2 244.6 10.6 273.8

Milky Way 108+20
−14 – 2.6 ± 0.4 29.7

M31 250 ± 30 – 10.3+2.3
−1.7 228.9

Notes. The columns are (i) halo identifier, (ii) total dynamical
mass, (iii) halo radius, (iv) stellar mass, (v) total, cumulative,
mass in GCs (see section. 3.2) older than 8 Gyr. MW properties:
M200 from Cautun et al. (2020), M⋆ from Lian et al. (2025), and
MGCs as calculated from Harris (1996, 2010) catalogue. M31
properties: M200 from Villanueva-Domingo et al. (2023), M⋆
from Sick et al. (2015), and MGCs as calculated from
Caldwell & Romanowsky (2016) catalogue.

3.2. Globular clusters selection

The described formation and evolution model corresponds to
SCs in general. To turn our attention to GCs specifically, we need
to perform a physically motivated candidates selection. Recall-
ing GCs as the products of long term evolution and survival of
SCs that escaped disruptive environments and now populate the
bulge and halo of galaxies, we can restrict our GC selection to
SCs with kinematic signatures resulting in a spheroidal spatial
distribution.

For this, we perform a kinematic decomposition through a
Gaussian Mixture Model fit for a two component (spheroidal and
disc) system over a three dimensional space defined by the cir-
cularity parameter9, ϵ, orbital energy, E, and logarithm of the

9 In this case, the circularity parameter is defined as the z-component of
the angular momentum over the maximum angular momentum allowed
for the orbital energy of the star particle, ϵ = Lz/Lz,max(E), such that
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Fig. 2: Spatial distribution of the modeled SCs in the halo 6 color
coded by their age in spheroidal and disc kinematic components.
Left: SCs identified to be in the spheroidal, i.e. bulge and halo,
component. Right: SCs identified to be in the disc component.
SCs compatible with old GCs are generally scattered around the
bulge and halo while younger SCs are generally concentrated
towards the disc.

height coordinate of the star particles, log |z|. We plot the spa-
tial distribution resulting from the decomposition in fig. 2. The
distribution corresponds to the simulated SCs of halo 6 at red-
shift z = 0 and is color coded by age. We show in the left and
right panels the SCs corresponding to the spheroidal and disc
components, respectively. The SCs located in the disc compo-
nent (right panel in fig. 2) are generally young, consistent with
the observed distribution of YSCs and open clusters. In contrast,
the spheroidal components (left panel in fig. 2) host SCs with
generally older ages, in line with GCs being located mainly in
the bulges and halos of galaxies.

Finally, we further constrain our selection to SCs with cur-
rent masses m > 104 M⊙, well below completeness limits of ex-
tragalactic studies (Jordán et al. 2007), and comparable to the
MW and M31 GCMFs completeness limit (Harris 1996, 2010;
Caldwell & Romanowsky 2016). This limit also restricts our se-
lection to SCs less affected by a potential underestimation of
their tidal shocks disruption.

4. Simulated star clusters in AuriGLOBES

In the following subsections, we describe the general properties
of our simulated SC populations and the effect of the different
model choices.

4.1. Mass Functions under different model variations

As a first step, we explore the effect of modifying the cluster
formation and evolution model. It is instructive to first see the
relative importance of each of the disruption mechanisms when
transforming the CIMF into the evolved SC MF in our model.
We show this in fig. 3, where we plot the fraction of cluster
mass lost via different mechanisms for each initial cluster mass
bin. The relative importance of each mechanism is mass depen-
dent: two-body relaxation is the main disruption mechanism for
low initial SC masses (m0 < 105 M⊙), while dynamical fric-
tion is the major disruption mechanism at the high mass end

circular orbits in the direction of galactic rotation have ϵ = 1, counter-
rotating orbits have ϵ < 0, and non-circular orbits have ϵ ∼ 0.
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Fig. 3: Relative importance of two-body relaxation, tidal shocks,
and dynamical friction disruption processes in the transforma-
tion from the CIMF to the evolved SC MF. We show the total
surviving mass and mass lost by each process in each bin in ini-
tial SC mass, normalized by the CIMF.

(m0 ≳ 106 M⊙). Tidal shocks and two-body relaxation play a
comparable role in the 105 < m0/M⊙ < 106 mass range. This
validation mainly demonstrates that, in our model, the main dis-
ruption processes are two-body relaxation and dynamical fric-
tion. Tidal shocks have a similar, less important, disruption con-
tribution at most scales.

We now move to compare the evolved MFs of the sim-
ulated SCs for the first four model variations of halo 6 and
show them in fig. 4. For comparison, the GCMFs for the MW
and M31 are included (as obtained from Harris 1996, 2010;
Caldwell & Romanowsky 2016).

We first describe the behavior of the MFs of our Fiducial
model (leftmost panel) which includes both the formation con-
straint to tidally compressive environments and the enhanced
mass loss due to compact object heating. Although the MFs
have their peak around an order of magnitude lower than the
observational GCMFs (at 104 M⊙, coinciding with our lower
mass cut for the GC selection) and they retain an extended
tail towards lower masses, they are consistent with a transfor-
mation of an initial Schechter CIMF into a lognomal shaped
GCMF, as expected from the long-term evolution of SCs (also
demonstrated by Elmegreen & Hunter 2010; Pfeffer et al. 2018;
Reina-Campos et al. 2022a). In addition, the simulated GCMFs
are consistent with the observed ones for masses above 105 M⊙,
especially for the τ > 8 Gyr age cut, which matches the M31
GCMF. This behavior highlights the importance of combining
both internal and external cluster evolution processes when mod-
eling the long-term evolution of cluster populations.

To assess the role of each ingredient in shaping the MF, we
progressively remove elements of the fiducial model. The effect
of removing the compact object heating correction on the two-
body relaxation mass loss can be seen in the center-left panel
(No BH heating model). Here, the long-term evolution of the
cluster population becomes significantly less efficient in remov-
ing low-mass clusters. As a consequence, the modeled MFs re-
tain a prominent population of evolved low-mass SCs and the
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Fig. 4: Halo 6 cluster mass functions for the variations of the star cluster model choices (see table 1). From left to right, the cluster
mass functions for: Fiducial model with all the physics described in section 2.2, No BH heating variation of the SCs evolution,
No compressive criterion variation of the SCs formation, and the No added physics base model. The MFs for all SCs and
for the GC selection (see section 3.2) are included for all the model variations, as well as the CIMFs. For comparison, the observed
GCMFs from the MW and M31 are included (as obtained from Harris 1996, 2010; Caldwell & Romanowsky 2016). The shaded
region in all the panels denotes the SC mass range that is excluded in our GC selection.
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Fig. 5: Face-on and edge-on gas surface density projections of
halo 6 at 9 Gyr (top) and 6 Gyr (bottom) of lookback time for
two different model choices for SCs formation. The location of
newly formed SCs, i.e. τ ≲ 200 Myr, is highlighted with black
crosses. Left: Fiducial model with SCs forming only in tidally
compressive gas. Right: No compressive criterion where
SCs formation is not constrained to these environments only.

peak of the distribution shifts toward lower masses compared
to the Fiducial case. This behavior is similar to the MF re-
ported in E-MOSAICS (figs. 16 and 17 in Pfeffer et al. 2018).
This demonstrates that enhanced mass loss driven by the retained
compact object population can play a significant role in accel-
erating cluster evaporation and shaping the evolved MF (as in
Gieles & Gnedin 2023).

If, instead, the constraint to form SCs only in tidally
compressive environments is removed (No compressive
criterion, center-right panel), there is a substantial increase
in the number of clusters formed. Consequently, the normaliza-
tion of both initial and evolved MFs is higher in comparison to
the Fiducial model and the evolved MFs exceed the observa-
tions at all cluster masses, even for our GC selection at the old
age cut. The peak of the old SCs MF is similar to the Fiducial
case although it is at lower masses in the case of all the SCs at
z = 0.

Finally, when both ingredients are removed (No added
physics, rightmost panel), the model reverts to a simpler pre-
scription for cluster formation and evolution, similar to E-
MOSAICS but with the different choice for the initial half-mass
radius and its evolution. In this case, the MFs again lie well
above the observed GCMFs at all masses and the peak is nearly
two orders of magnitude below the observed one.

The excessive number of clusters formed in the last two sce-
narios suggests that, in the absence of additional physical con-
straints, the model allows SCs to form in regions not favorable
for their bound system nature. In particular, tidally compressive
gas environments are known to favor the formation of gravita-
tionally bound clusters (Renaud et al. 2014, 2015). We further il-
lustrate the impact of enforcing this condition in fig. 5, where we
plot the gas surface density and the location of the newly formed
SCs (τ ≲ 200 Myr) at two evolutionary epochs of halo 6. These,
around 9 and 6 Gyr of lookback time, correspond to two episodes
of sustained high star formation, with the t = 9 Gyr being merger
induced. We show this for the Fiducial model (left column)
and the No compressive criterion variation (right column).
Although the number of formed clusters for the Fiducial
model is significantly smaller, the formation constraint ensures
that it happens in high density gas regions, e.g. central region
and spiral arms. For the No compressive criterion varia-
tion, cluster formation is widespread throughout the galaxy, hap-
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Fig. 6: Top: Halo 6 all SCs MFs for the Enhanced shocks
(boosting tidal shocks by a factor of 10) and for the No size
evolution (without evolving the clusters half-mass radius)
variations in comparison to the Fiducial model (see table 1).
The colors correspond to MFs at different age cuts, as described
in the top left corner of the figure. Bottom: ratio of the MFs with
respect to the correspondent MF from the Fiducial model.

pening also in low surface density regions. Consequently, ensur-
ing a compressive environment for SCs formation reduces their
overall formation rate and brings the normalization of the MFs
closer to the observational constraints in fig. 4. Taken together,
these comparisons indicate that both the environmental regu-
lation of cluster formation through the implementation of the
tidally compressive criterion and the enhanced dynamical mass
loss associated with compact object remnants play an important
role in reproducing the observed properties of GC systems in our
model.

We now move to the last two variations, i.e. Enhanced
shocks and No size evolution, and present their MFs in
fig. 6 comparing them to those of the Fiducialmodel. With the
Enhanced shocks variation we aim to see the effect of more
disruptive shocks that could be generated from the inclusion of a
more sophisticated treatment of the ISM, given that tidal shocks
disruption play a minor role in our model. The effect of boosting
the tidal shocks mass loss by 10 is evidenced in lowering the nor-
malization of the MFs in fig. 6. The peak of the MFs, however,
remains at the same location as that of the Fiducial model and
the old SCs MF retains the extended tail towards low masses. We
tested a higher boost factor and the behavior is a further decrease
in normalization but with the same extended tail to low masses
(see appendix D).

Finally, we check the effect of not including the half-mass
radius evolution model, i.e. eq. 22, on the SCs disruption and
we also compare the produced MFs in fig. 6. Interestingly, dis-
ruption becomes more efficient with a higher depletion at the
low mass tail of the MFs, the GCMF has a similar normaliza-
tion as the Enhanced shocks variation but the peak is shifted to
≈ 5 × 104 M⊙. This result is in agreement with Gieles & Renaud
(2016) and Reina-Campos et al. (2023) stating that the compe-
tition between expansion from two-body relaxation and shrink-
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Fig. 7: Top: Halo 6 all SCs MFs for the fiducial run at three
resolution levels: “level 4”, “level 5”, and “level 6”. The colors
correspond to MFs at different age cuts, as described in the top
left corner of the figure. Bottom: ratio of the MFs with respect to
the correspondent MF at “level 4”.

ing from tidal shocks leads to an equilibrium MRR where SCs
have a higher resilience to tidal disruption. With no size evo-
lution, disruption is more effective, leading to an old SCs MF
more similar to observations, in agreement with the results of
Reina-Campos et al. (2022a). In our case, this is driven by the
combined effect of the enhanced mass loss from two-body re-
laxation and the external environmental disruption.

4.2. Numerical Convergence of the Mass Functions

We now assess the numerical convergence of our Fiducial
model by comparing the cluster MFs of halo 6 across three
different resolutions: the fiducial resolution “level 4”, and two
lower resolutions “level 5” and “level 6” with baryonic mass
resolution of ∼ 4 × 105 M⊙ and ∼ 4 × 106 M⊙, respectively. We
present the MFs of all SCs at each resolution in the top panel of
fig. 7, while in the lower panel we show the ratio of “level 5” and
“level 6” MFs with respect to those of “level 4”. The CIMFs for
the three simulations are nearly identical across resolutions. This
is partially an effect of the tidally compressive formation con-
straint making the cluster formation histories comparable across
the three resolutions, even though their star formation histories
are markedly different (behavior across resolutions explained in
Grand et al. 2021; Pakmor et al. 2025a).

The evolved MFs show differences across resolution that
cannot be explained by the differences in the CIMF, given that
the latter shows negligible change. Instead, they show an inter-
esting systematic trend: as resolution increases, tidal shocks dis-
ruption becomes more effective which leads to further depletion
of the low mass tail of the MFs. Furthermore, the peak appears
to slightly shift to higher masses as resolution increases, again
owing to more effective disruption of evolved clusters at higher
resolution. Finally, the MFs for the τ > 8 Gyr cut in fig. 7 show
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Fig. 8: GCMFs for the Fiducialmodel of the 9 rerun halos, and
their median GCMF, at the τ = 8 Gyr age cut. As in fig. 4, the
observed GCMFs for the MW and M31 are included for com-
parison. The halo with the most similar GCMF to the MW for
this age cut is highlighted with black continuous line.

a convergent behavior at the “level 4” and “level 5” resolutions,
with the larger differences being below the m > 104 M⊙ mass
cut selection for our GC candidates. This effect is driven by an
increased ability to capture tidal shocks and a deeper galaxy po-
tential which act to enhance SC disruption.

4.3. Fiducial Globular Cluster Mass Functions

Having motivated our Fiducial model choice, we now present
the GCMFs corresponding to the τ > 8 Gyr age cut of all the
re-simulated halos in fig. 8. We also show the corresponding
median GCMF. There is a consistent general behavior for the
GCMFs for their shape and peak location. Their differences pri-
marily arise from the inherent normalization coming from the
differences in stellar mass and star formation histories (SFHs)
between the systems (see section. 4.4). The median GCMF
is compatible with observational constrains for masses above
105 M⊙ and showing more similarity with M31 than with the
MW population. This is explained as the median age for the ob-
served GCs in the MW is older, i.e. ≈ 12 Gyr (Kruijssen et al.
2019b), than that of M31, i.e. ≈ 10.7 Gyr (Usher et al. 2024).
Finally, we highlight the GCMF of halo 22 as the most sim-
ilar to that of the MW. In particular, this halo was identi-
fied by Fattahi et al. (2019) as one of the MW-analogue halos
with signatures of an early accretion event similar to the Gaia-
Enceladus-Sausage (GES) merger for the MW (Belokurov et al.
2018; Helmi et al. 2018). This connection is particularly rele-
vant as early, massive accretion events are thought to contribute
a significant fraction of the GC population, and to shape the age
and metallicity distributions of GCs (e.g. Kruijssen et al. 2019b;
Massari et al. 2019; Newton et al. 2025).

4.4. Age Distributions

To further characterize the effect of the tidally compressive for-
mation constraint over the formation history of SCs, we plot the
Cluster Formation Rate (CFR) and age distribution for all the

SCs and for the GCs for the halo 6 in the Fiducial and No
compressive criterion models in fig. 9. We determine the
CFR by binning the initial SC (GC selection) masses by age into
175 Myr intervals. For comparison, we include the star forma-
tion rate (SFR) of halo 6, determined binning the initial stellar
masses by age in the same age intervals as for the CFR. The age
distribution corresponds to the sum of normal distributions at the
individual cluster ages assuming a uniform age uncertainty of 0.5
Gyr, following Valenzuela et al. (2025). Note that the CFR corre-
sponds to all the formed SCs while the age distribution lines cor-
respond to only those surviving until redshift z = 0. In the case
of GCs, both curves correspond to surviving populations, given
our m > 104 M⊙ selection. The age distribution of the MW GCs
is also included for comparison and was constructed with the
same methodology using, in this case, the available uncertainties
of the estimated ages. The ages, and their uncertainties, come
from the Kruijssen et al. (2019b) compilation catalogue, aver-
aging GC ages and uncertainty estimates from different studies
(Forbes & Bridges 2010; Dotter et al. 2010; Dotter et al. 2011;
VandenBerg et al. 2013).

The compressive formation constraint has a big impact in in-
hibiting SC formation while maintaining starburst periods and
following the overall SFR of the halo. The biggest impact is at
low redshifts where the SC formation is heavily reduced. This
turns into an age distribution favoring older populations, as seen
in the lower panel of fig. 9. The same effect is visualized for the
GC candidates CFR, retaining, however, mostly the same age
distribution. This demonstrates that the tidally compressive con-
straint is successful not only in reducing SC formation but also
in retaining the formation of potential GC candidates.

We also include the age distributions for all the fiducial runs
in the lower panel of fig. 9. This illustrates how the variety of as-
sembly histories for the different halos drives different age dis-
tributions of their GC populations. However, we note a quali-
tative mismatch between the simulated distributions and that of
the MW. As seen in the lower panel, the empirical distribution
is dominated by a peaked, ancient population at t ≈ 12 Gyr,
and an almost complete truncation towards surviving clusters
at younger ages. In contrast, our simulated populations exhibit
much broader, continuous age distributions peaking at interme-
diate ages (t ≈ 6 – 9 Gyr). This can be partially attributed to
the ICs of the simulated halos being not similar enough to the
MW and its assembly history, or a consequence of the underly-
ing Auriga galaxy formation model not matching the high SFR
of the MW (Snaith et al. 2015) at very high redshift (z > 5),
which delays the simulated peak of SC formation. However, the
continuous tails towards younger surviving clusters could imply
that significant physical ingredients could be missing from the
sub-grid modeling of SCs. Specifically, this points to either a
potential underestimation of their disruption, or insufficient sup-
pression of their formation in recent star formation periods. This
qualitative mismatch serves as an interesting constraint as it un-
derscores that the precise assembly history of the MW provided
a highly specific environment for GC formation and survival that
remains challenging to replicate with current sub-grid models.

We further analyze the diversity of the halos assembly histo-
ries and their imprint on the simulated age distributions in fig. 10
where we show the lookback times at which the host galaxies
assembled 25 and 50 per cent of their total stellar mass, tSF,25
and tSF,50 (top panel) and the median ages of their SCs and GCs
populations in comparison to tSF,25 (bottom panel). For compar-
ison, the corresponding timescales and median GC age for the
MW and M31 systems are included. The 25 and 50 per cent of
star formation timescales where calculated from the estimated
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Fig. 9: Top: All SCs and GC selection cluster formation rate of halo 6 for the Fiducial and No compressive criterion
variations. The star formation history of the halo is included for comparison. Bottom: Age distribution of surviving SCs and GC
selection for the same model variations. The MW GCs age distribution is included for comparison, corresponding to the average
GCs ages and uncertainties compiled by Kruijssen et al. (2019b). Included too are the age distributions for all the rerun halos (thin
gray lines), exemplifying the variability of cluster age distributions from halo to halo. The tidal formation constraint heavily impacts
the formation rate of SCs while retaining the age distribution of the GC selection.

SFHs in Snaith et al. (2015) for the MW and in Williams et al.
(2017) for M31. The GC system median age for the MW is cal-
culated from Kruijssen et al. (2019b) catalogue while the median
age for M31 is the value quoted in table 2 of Usher et al. (2024).
Markedly, both the MW and M31 form 25 and 50 per cent of
their stellar mass very early on: t > 12 Gyr of lookback time for
the 25 per cent, and t > 10 Gyr for the 50 percent; with the MW
having formed 50 percent of its stellar mass earlier than M31. In
contrast, all of the simulated halos have these timescales much
later: the halo with earliest star formation, halo 23, forms 25 and
50 per cent of its stellar mass at t ≈ 10 and t ≈ 7.5 Gyr of look-
back time, respectively. The median timescales for the simulated
halos are t ≈ 9.22 and t ≈ 6.75 Gyr of lookback time. These
quantities trace the early assembly history of the galaxies allow-
ing us to assess how the cluster formation relates to the global
buildup of stellar mass.

In the lower panel of fig. 10 we show the median ages for all
the SCs surviving at z = 0 in circled markers, for the GC selec-
tion in diamond markers, and for the GC selection plus a metal-
licity cut of [Fe/H] < −0.5 dex in down-facing triangle markers.
With this metallicity cut we aim to target the old population of
our GC selection. There is an evident trend across the three se-
lections such that galaxies that assemble their stellar mass earlier
tend to host older SC and GC populations, albeit with some scat-
ter. This scatter is driven by the continued formation of clusters
at later times and is diminished when targeting the older popu-
lations with the metallicity cut. The MW and M31 GC systems,

with median ages of ≈ 12 Gyr and ≈ 10.7 Gyr, respectively,
confirm this trend. Therefore, this shows that a high SFR at the
earliest stages of galaxy assembly is needed in order to obtain
GC age distributions comparable to that of the MW or M31. We
highlight again halo 22 here with bigger markers: it is one of the
halos with an old GC population (after the metallicity cut) with
median age close to the observed median age of MW. This is
despite having a lower rate of star formation to the one of the
MW, specially in the first 2–3 Gyr of evolution. Furthermore,
the GC median age following this cut approximately coincides
with the GES analogue merger of the halo. We show an extended
comparison of the individual halos SFHs with their SC age dis-
tributions with respect to the MW in appendix E. Overall, these
results support the interpretation that GCs predominantly trace
the early SFH of their host galaxies.

4.5. Metallicity Distributions

Tied to the age distribution of the GCs is their metallicity dis-
tribution. In fig. 11 we show the individual metallicity distri-
bution functions (MDF) of the fiducial runs at the τ > 8 Gyr
age cut, as well as the median simulated distribution. The GCs
metallicities, [Fe/H], correspond to the metallicity of their par-
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Fig. 10: Individual galaxy stellar mass assembly characteristic
timescales and their SCs (GCs) population median age. Top:
timescale for each galaxy to form 25 and 50 per cent of its to-
tal stellar mass. The timescales for the MW and M31 are in-
cluded for comparison as calculated from their estimated SFH
in Snaith et al. (2015) and Williams et al. (2017), respectively.
Bottom: median age of their SC/GC system in comparison to
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The GC median age for the MW GC system is calculated from
Kruijssen et al. (2019b) while the median age for the M31 GC
system is the value quoted in table 2 of Usher et al. (2024). Halo
22, and its SCs/GCs populations, are highlighted with a larger
size marker.

ent star particle10. The MDFs from the MW and M31 GC pop-
ulations are included in the figure for comparison (as extracted
from Harris 1996, 2010; Caldwell & Romanowsky 2016). The
simulated MDFs have a general trend of being richer in metallic-
ity compared to the MW. However, comparing to the M31 MDF,
we can see that the simulated MDFs cover the same metallicity

10 We apply a correction offset of −0.5 dex following Grand et al.
(2021) showing that Auriga galaxies are too metal rich relative to the ob-
served stellar mass – stellar metallicity relation (e.g. Kirby et al. 2013)
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Fig. 11: Metallicity distribution functions of the old (τ > 8 Gyr)
population of GCs of the fiducial runs, and their median distri-
bution, compared to the MW and M31 MDFs (extracted from
Harris 1996, 2010; Caldwell & Romanowsky 2016). The halo
with the most similar MDF to the MW for this age cut is high-
lighted with black continuous line.

range, albeit with a higher number of GCs in the −1.75 to 0.3
[Fe/H] range.

Similar to the lower panel of fig. 9 (see also fig. E.1), the
diversity of MDFs in fig. 11 is a result of the different assembly
histories of the simulated halos. Therefore, the median MDFs
illustrate that the simulated clusters are more metal rich because
they are generally formed at later times compared to the MW and
M31. Below [Fe/H] ≈ −1.75, all the simulated MDFs and their
medians agree well with the MW and M31 MDFs and none of
them show an important population below the “metallicity floor”
of [Fe/H] = −2.5 (Beasley et al. 2019; Kruijssen 2019). We note
again that halo 22 gives the MDF most similar to that of the MW.
Furthermore, it shows signatures of bimodality, albeit with a dip
at a slightly higher metallicity of [Fe/H] ≈ −0.7. Overall, the
simulated GC age and metallicity diversity highlight that GCs
remain sensitive probes of galactic assembly.

4.6. Spatial Distribution

In this section, we consider the spatial distribution properties of
our simulated populations. As illustrated in fig. 2, SCs consis-
tent with younger populations are generally distributed along the
disc component of the galaxies while older populations populate
the dispersed spheroidal component, i.e. a bulge/halo. While the
SCs distribution in fig. 2 is from halo 6 only, all the simulations
summarized in table 2 have a similar behavior with a median age
difference for the SCs in both components of ≈ 2 Gyr on average
(see also fig. 10).

Focusing now in the spatial distribution of our GCs selec-
tion only, we show in fig. 12 the number density radial profile of
all the halos with the fiducial model in comparison to the pro-
file of the MW GCs (based on the distance estimates in Harris
1996, 2010). The simulated GCs follow a similar profile across
the galaxy with the difference in the normalization reflecting the
different stellar masses for the different halos. The median profile
for the τ > 8 Gyr age cut is a factor of a few higher than the MW
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candidates at the same age cut as a function of the galactocentric
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profile with a consistent slope. Additionally, in the bottom panel
of fig. 12 we include the distribution of in-situ and ex-situ GCs in
the simulated populations quantified by their number fraction as
a function of radial distance from the galactic centre. In-situ GCs
are primarily in the inner regions while ex-situ GCs are located
in the outer halo regions. However, there are both ex-situ GCs at
small radii, e.g. RGC < 10 kpc, and in-situ GCs at high radii, e.g.
RGC > 30 kpc (behavior also identified in e.g. Pfeffer et al. 2020;
Reina-Campos et al. 2022b; Chen & Gnedin 2024b).

4.7. GC system mass – halo mass relation

Finally, we examine the GC system mass – halo mass relation
first introduced in Spitler & Forbes (2009) for our Fiducial
simulations. To probe a wider mass range than 1–2 × 1012 M⊙
for the MW and M31, we expand our simulation suite by adding
5 lower mass halos. These are the halos L1 and L10 in the
5 × 1011 M⊙ < M200(z = 0) < 1012 M⊙ mass range (table 3,
LowMassMWs in Grand et al. 2024) and halos 4, 7 and 10 in the
5 × 1010 M⊙ < M200(z = 0) < 5 × 1011 M⊙ mass range (table 4,
Halos_1e11msol in Grand et al. 2024). We show the total mass
in GCs for the extended Fiducial runs in the GC system mass –
halo mass plane in fig. 13. The simulated halos cover a total dy-
namical mass range of 8 × 1010 to 2 × 1012 M⊙ and the total GC
system mass is calculated from the total mass of our GC selec-
tion with ages τ > 8 Gyr. Included in fig. 13 are two different fits
of the empirical relations presented in Spitler & Forbes (2009)
and Harris et al. (2017), and the compilation of systems across
different morphologies and masses presented in Forbes et al.
(2018). The gray continuous line and the shaded region corre-
spond to the median and 2σ-region of the distribution of these
systems, respectively. We also include the position of the MW
and M31 for the values quoted in table 2. Lastly, the No added
physics model of the halo 6 is also included. The GC system
mass from this No added physics model sits well above the
2σ region of the expected total GCs mass for its halo mass, while
the total GC system mass for the Fiducial run is inside this
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Fig. 13: GC system mass – halo mass relation for the simulated
halos. Included are: the compilation of galaxies across different
masses and morphologies presented in Forbes et al. (2018), and
the MW and M31 systems from the values quoted in table 2. The
gray continuous line is the median and the shaded region is the
2σ of the distribution of the galaxies in Forbes et al. (2018). Also
included are the empirical relations derived by Spitler & Forbes
(2009); Harris et al. (2017). For the Fiducial model, the simu-
lated GC systems masses, according to the GC candidate selec-
tion and old ages (τ > 8 Gyr), generally lie inside the observed
scatter of the empirical relation. The No added physics vari-
ation of halo 6, on the other hand, gives a total mass in old GCs
that sits above the observational scatter and almost an order of
magnitude higher than the Fiducial model.

scatter. This gives further support for constraining GC formation
to fully compressive gas regions for a more realistic modeling
of SC formation, and the inclusion of compact object heating.
Looking at all the simulated GC populations, they all lie inside
the observed scatter of the empirical relation. The trend, how-
ever, seems to follow a steeper relation across the simulated mass
range. This suggests that a wider study with more simulated ha-
los is needed to constrain the drivers of the slope of the sim-
ulated relation. Overall, this picture demonstrates that the fidu-
cial model is able to produce reasonable total GC system masses
across a range of halo masses, given the physically motivated
candidate selection.

5. Discussion

Our simulated GC populations can be directly com-
pared to those of the aforementioned E-MOSAICS
(Pfeffer et al. 2018; Kruijssen et al. 2019a) and EMP-Pathfinder
(Reina-Campos et al. 2022a, 2023) projects, owing to simi-
larities of the subgrid models. Despite differences in both the
underlying galaxy formation and the subgrid cluster models,
these simulations manage to reproduce the high mass end of
the observed GCMF. By matching their published MFs against
our suite of simulations (comparison performed in fig. 14), we
discuss here how different assumptions of star formation and
SCs mass loss affect the simulated population of SCs. We first
note that, even though the three projects implement the same
CFE model (Kruijssen 2012), we needed to further constrain
SCs formation in order to match the high mass end of the
GCMF. This is a consequence of the different galaxy formation
models as follows:
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EAGLE (Crain et al. 2015; Schaye et al. 2015), the
base model for E-MOSAICS, implements a star forma-
tion prescription that is a function of the gas pressure
(Schaye & Dalla Vecchia 2008) and a metallicity depen-
dent density threshold (Schaye 2004). In contrast, the star
formation prescription in Auriga is solely a function of the gas
density (Springel & Hernquist 2003). While the characteristic
pressure of star-forming gas fluctuates by orders of magnitude
in both models due to mergers, gas accretion rate, and feedback
(e.g. see fig. 5 in Pfeffer et al. 2018), we have verified that
the characteristic pressure of star forming gas in Auriga is
persistently higher. Particularly, this pressure corresponds to the
effective equation of state of the two phase ISM model. Given
that the CFE model is a monotonic function of the pressure,
the calculated CFE in Auriga remains high, i.e. Γ ≳ 0.1, at
all times. Additionally, the Auriga galaxy formation model
produces galaxies more massive in stars for the same halo mass,
in comparison with EAGLE, leading to a higher mass budget
for SC formation.

For EMP-Pathfinder, the galaxy formation model also gives
a continuous SC formation with a high CFE across the galaxy as-
sembly history (see fig. 12 in Reina-Campos et al. 2022a). Nev-
ertheless, the mass budget for SCs formation is lower than in
Auriga from their galaxies being less massive in stars for similar
halo masses (see table 2 in Reina-Campos et al. 2022a). Partic-
ularly, the explicit multi-phase ISM model allowing gas to cool
down to T ∼ 100 K before reaching the density threshold for
star formation could be playing the role of environmental regu-
lation for star clusters formation. Additionally, the more efficient
mass loss from tidal shocks contributes to their simulated MFs
to match the MW GCMF across all masses.

We now move to compare the low mass end of the MFs
across our simulated populations and those of E-MOSAICS
and EMP-Pathfinder. In fig. 14 we show the MFs of our vari-
ations comparing well with the MFs reported in E-MOSAICS
and EMP-Pathfinder. All of the MFs correspond to SCs at the
τ > 10 Gyr age cut. Note that the different age cut plotted here,
instead of the τ > 8 Gyr used in the rest of the paper, is to match
the published MFs from these projects. We can see that our No
BH effect model matches the MF from E-MOSAICS, demon-
strating a consistent behavior from adopting similar assump-
tions. The comparison with the MFs from EMP-Pathfinder is not
as straightforward: while our Fiducial model compares well
with the “MW04_drhdt” MF reported in Reina-Campos et al.
(2023) (for the same initial size prescription, albeit with more
clusters in the 103 < m/M⊙ < 104 mass range), our No size
evolution variation sits well above the “Fiducial” MF from
Reina-Campos et al. (2022a) (that does not include size evolu-
tion) for masses m < 105 M⊙. Although both models show the
same behavior, the effect of not including size evolution is milder
in our model.

Although the quantitative alignment between the simulation
suites shows variations due to the distinct sub-grid physics, the
comparisons demonstrate that different theoretical approaches
can yield similarly evolved MFs. Particularly, this highlights
a degree of degeneracy in the mechanisms shaping GC popu-
lations. Moreover, both simulation suites confirm that efficient
mass-loss prescriptions are needed to sufficiently disrupt the
evolved low-mass SCs and recover MFs consistent with observa-
tions. In our case, this is achieved through the implementation of
the compact object heating correction in the two body relaxation
prescription. Furthermore, both models demonstrate that incor-
porating the size evolution of SCs acts as an agent suppressing
the effectiveness of these disruption mechanisms. More studies
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Fig. 14: Comparison of this work simulated MFs with respect
to those of E-MOSAICS (Pfeffer et al. 2018; Kruijssen et al.
2019a) and EMP-Pathfinder (Reina-Campos et al. 2022a, 2023)
projects. All the simulated MFs correspond to old SCs at the
τ > 10 Gyr age cut. Form our work, we only plot the models
that compare well to the mentioned projects. For E-MOSAICS,
the distribution corresponds to the median MF of 25 zoom-in
MW-mass simulations plotted in fig. 8 in Reina-Campos et al.
(2022a). From the same figure, we extracted the Fiducial MF of
EMP-Pathfinder (with no size evolution) while the MW04_drhdt
model, that includes size evolution, was extracted from fig. 4 in
Reina-Campos et al. (2023).

are needed in order to characterize better this effect and improve
the subgrid modelling of the size evolution of clusters.

Finally, as shown by Reina-Campos et al. (2022a), tidal
shocks-driven disruption of SCs is sensitive to the treatment
of the ISM in the galaxy formation model. Our Enhanced
shocks variation aimed to mimic the effect of the inclusion of
a multiphase ISM on the SCs disruption and indeed showed a
more disruptive scenario but with a different behavior than in
EMP-Pathfinder. Namely, the peak of the MFs is not shifted to
higher masses and the MF keeps a populated low mass tail (see
figs. 6 and D.1). Our test, however, is not conclusive and run-
ning AuriGLOBES with a different ISM model, e.g. SMUGGLE
(Marinacci et al. 2019), could help to characterize better the ef-
fect of the cold ISM structure in our SC population. Additionally,
we also note that following the behavior of the MFs in fig. 7, res-
olution has an effect on the ability to capture tidal shock disrup-
tion. In this sense, the underestimation of tidal shocks disruption
seen in Pfeffer et al. (2018) for E-MOSAICS could partially be
attributed to the resolution of the simulation suite.

To summarize, our work complements earlier findings on en-
vironmental cluster disruption mechanisms and simulated SC
populations across cosmic history. All of these similar subgrid
models lay the foundation to constrain GC formation and evolu-
tion in a cosmological context. Nevertheless, it is evident that
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further work is needed to characterize the different processes
shaping the GC population through cosmic history. Addition-
ally, further extensions to this foundation could explore self-
consistent formation pathways of different structures such as the
stellar streams population arising from GC disruption.

6. Conclusions

We have introduced AuriGLOBES, a physically motivated sub-
grid model of SC formation and evolution inside the Auriga
galaxy formation model. With our model we aim to further con-
strain our understanding of GC populations and how they have
been shaped through cosmic time. To this end we implemented
two novel approaches in the subgrid modelling of SCs: to con-
strain their formation to tidally compressive environments only,
and to include a correction factor to account for the dynami-
cal heating from their compact object remnants population. Our
main conclusions are:

– Our Fiducial model produces GC populations that are in
agreement with the empirical GC system mass – halo mass
relation across a halo mass range of 1011 M⊙–1012 M⊙, and
with plausible properties in terms of their spatial, metallicity,
and age distributions.

– An important aspect of our model is the environmental reg-
ultaion of GC formation via tidally compressive tides. This
is in addition to the gas properties, e.g. density and pressure,
that are taken into account in the particular CFE calculation.

– Reproducing a GCMF consistent with observational con-
straints requires an effective prescription of tidal shocks dis-
ruption, two-body relaxation, and dynamical friction. In par-
ticular, we showed that two-body relaxation prescriptions
should also account for the heating of compact object rem-
nants.

– The effectiveness of tidal shocks is affected not only by the
inclusion of a cold phase in the ISM model but also on the
resolution of the simulation.

– In agreement with the EMP-Pathfinder simulations
(Reina-Campos et al. 2022a, 2023), the size evolution
of SCs suppresses the effectiveness of the disruption
mechanisms.

– The diversity of the age, metallicity, and spatial distributions
of our simulated GC populations reflect the variation of as-
sembly and accretion histories of the parent halos, reinforc-
ing the role of GCs as fossil records of galactic growth. In
particular, there is a clear correlation of GC formation with
early star formation in the galaxies.

– Among the simulated halos, the old GC population of halo
22 is the one with closer resemblance to that of the MW in
terms of the mass, metallicity, and age distributions. In par-
ticular, this halo has been previously identified to include a
GES analogue merger that could play a role shaping its GC
population. We defer a dedicated analysis of the imprint of
the halos assembly histories on their GC populations to fu-
ture work.

Finally, we reinforce that AuriGLOBES represents a reli-
able framework for SC and GC population studies. Its relatively
cheap overhead on top of the Auriga model makes it appealing
for its application to larger cosmological volumes or statistical
sample of galaxies. In addition, its AREPO-based modularity
and its on-the-fly functionality open exciting avenues for further
characterize the GC population and streams generated from their
disruption. Namely, our future plans include generating the stel-
lar streams with a spawning routine similar to the SUPERSTARS

method in Auriga (Pakmor et al. 2025b) as well as trying other
models of ISM with our AuriGLOBES framework.
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Rodriguez, C. L., Hafen, Z., Grudić, M. Y., et al. 2023, MNRAS, 521, 124
Saracino, S., Kamann, S., Guarcello, M. G., et al. 2022, MNRAS, 511, 2914
Schaal, K. & Springel, V. 2015, MNRAS, 446, 3992
Schaal, K., Springel, V., Pakmor, R., et al. 2016, MNRAS, 461, 4441
Schaye, J. 2004, ApJ, 609, 667
Schaye, J., Crain, R. A., Bower, R. G., et al. 2015, MNRAS, 446, 521
Schaye, J. & Dalla Vecchia, C. 2008, MNRAS, 383, 1210
Schechter, P. 1976, ApJ, 203, 297
Searle, L. & Zinn, R. 1978, ApJ, 225, 357
Sick, J., Courteau, S., Cuillandre, J.-C., et al. 2015, in IAU Symposium, Vol.

311, Galaxy Masses as Constraints of Formation Models, ed. M. Cappellari
& S. Courteau, 82–85

Snaith, O., Haywood, M., Di Matteo, P., et al. 2015, A&A, 578, A87
Spitler, L. R. & Forbes, D. A. 2009, MNRAS, 392, L1
Spitzer, L. 1987, Dynamical evolution of globular clusters
Springel, V. 2005, MNRAS, 364, 1105
Springel, V. 2010, MNRAS, 401, 791
Springel, V. & Hernquist, L. 2003, MNRAS, 339, 289
Strader, J., Brodie, J. P., Cenarro, A. J., Beasley, M. A., & Forbes, D. A. 2005,

AJ, 130, 1315
Sun, J., Leroy, A. K., Ostriker, E. C., et al. 2023, ApJ, 945, L19
Taylor, E. D., Read, J. I., Orkney, M. D. A., et al. 2025, Nature, 645, 327
Toomre, A. 1964, ApJ, 139, 1217
Usher, C., Caldwell, N., & Cabrera-Ziri, I. 2024, MNRAS, 528, 6010
Utomo, D., Sun, J., Leroy, A. K., et al. 2018, ApJ, 861, L18
Valenzuela, L. M., Forbes, D. A., & Remus, R.-S. 2025, MNRAS, 537, 306
Valenzuela, L. M., Moster, B. P., Remus, R.-S., O’Leary, J. A., & Burkert, A.

2021, MNRAS, 505, 5815
VandenBerg, D. A., Brogaard, K., Leaman, R., & Casagrande, L. 2013, ApJ, 775,

134
Vesperini, E. 2001, MNRAS, 322, 247
Villanueva-Domingo, P., Villaescusa-Navarro, F., Genel, S., et al. 2023,

Phys. Rev. D, 107, 103003
Vogelsberger, M., Genel, S., Sijacki, D., et al. 2013, MNRAS, 436, 3031
Wadsley, J. W., Veeravalli, G., & Couchman, H. M. P. 2008, MNRAS, 387, 427
Wainer, T. M., Johnson, L. C., Seth, A. C., et al. 2022, ApJ, 928, 15
Weatherford, N. C., Chatterjee, S., Kremer, K., & Rasio, F. A. 2020, ApJ, 898,

162
Weinberg, M. D. 1994a, AJ, 108, 1414
Weinberg, M. D. 1994b, AJ, 108, 1403
Weinberg, M. D. 1994c, AJ, 108, 1398
Whitmore, B. C., Chandar, R., Schweizer, F., et al. 2010, AJ, 140, 75
Whitmore, B. C. & Schweizer, F. 1995, AJ, 109, 960
Williams, B. F., Dolphin, A. E., Dalcanton, J. J., et al. 2017, ApJ, 846, 145
Williams, C. E., Naoz, S., Lake, W., et al. 2025, ApJ, 990, 135
Zepf, S. E., Ashman, K. M., English, J., Freeman, K. C., & Sharples, R. M. 1999,

AJ, 118, 752
Zhang, Q. & Fall, S. M. 1999, ApJ, 527, L81

Article number, page 17



A&A proofs: manuscript no. main

Table A.1: Additional variations for halo 6.

Model Variation Variation remarks
Resolution level 4 (Mbary ∼ 5 × 104M⊙, ϵphys ∼ 375 pc)

x50in100myr Enhanced shocks x50 during 100 Myr
x50in200myr Enhanced shocks x50 during 200 Myr

x50fullevo Enhanced shocks x50 full evolution
Resolution level 5 (Mbary ∼ 4 × 105M⊙, ϵphys ∼ 750 pc)

Full tensor With long range forces Ti j = Ti j,Tree + Ti j,PM
rhevo_f1/2 f = 1/2 in eq. 22 (drh)sh = 0; (dρh)sh < 0
rhevo_f1 f = 1 in eq. 22 (drh)sh < 0; (dρh)sh > 0

Notes. The columns are (i) the model variation identifier, and (ii) and
(iii) the model variation description.

Appendix A: Additional variation model runs

For the appendix, some other model variations have been run at
the same or lower resolution for the halo 6. These are summa-
rized on the table A.1.

Appendix B: Tidal Tensor

B.1. Tidal Tensor Calculus

As the formation and evolution of the SCs in this model is heav-
ily reliant on the tidal tensor, ensuring that its calculus is correct
becomes fundamental. We reproduce the test included in both
Pfeffer et al. (2018) and Reina-Campos et al. (2022a) for obtain-
ing the tidal tensor on a Plummer (1911) sphere in fig. B.1. The
same sphere of total mass M = 1011M⊙ and N = 106 particles
used by Reina-Campos et al. (2022a) was run. Their initial dis-
tribution is described by the Plummer potential,

ΦPL(r) = −
GM√
r2 − r2

c

. (B.1)

The ensemble of particles is run for ∼ 1 Gyr and, after relaxation,
evolves to a characteristic radius of rc ≃ 1.82 kpc. In fig. B.1, the
distribution of the numerical first eigenvalue, as obtained from
the particles distribution, is compared to the analytical, expected,
eigenvalue which is

Trr = −
∂2ΦPL

∂r2 = −GM
r2

c − 2r2(
r2 + r2

c
)5/2 . (B.2)

It is evident that the median eigenvalue follows the expected an-
alytical solution within the standard deviation of the particles.

B.2. Long range contributions

Additionally, in section 2 was mentioned that the long range
force contributions to the tidal tensor are not taken into ac-
count as they are minimal and should not influence whether the
medium is compressive or not. Furthermore, the tidal shocks
mass loss evolution should not be sensitive to these contribu-
tions. Here we put this to test by running two simulations of the
fiducial model of AuriGLOBES at resolution “level 5” for the
halo 6. The first run without including the long-range force con-
tributions to the tidal tensor (Fiducial model), and the second
one (Full tensor) including them by means of differentiating
the Poisson equation in Fourier space (by "pulling down" k′s),
i.e.

Φ(k) ∝
δ(k)
k2 =⇒ T̃i j(k) ∝

kik j

k2 δ(k),
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Fig. B.1: Tidal tensor from a simulated Plummer sphere. Top:
Profile fit of the simulated sphere. Bottom: Distribution of the
highest tidal tensor eigenvalue, as calculated in the simulation
compared to the analytical eigenvalue.
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tensor.

where δ(k) is the density contrast field.
The simulated GCMFs for both simulations are shown in fig.

B.2. It can be seen that, down to the τ > 8 Gyr age cut, they are
nearly identical with their differences relying on the differences
of the CIMF. This mainly shows that the effect on the mass loss
evolution is in fact minimal. At formation, however, there is a
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minimal effect on the amount of clusters being formed. This can
be verified on fig. B.3, by comparing the tidal tensor eigenval-
ues of star forming gas at redshift z = 0 for both simulations.
Although the distribution is nearly identical, close to the zero
crossing, and to our numerical threshold to define a tidally com-
pressive region, there are differences on some cells lying above
or below this line. Therefore, SCs that were formed in some en-
vironments at one variation, may not be formed in the other.
Nevertheless, this test shows that neglecting the long-range force
contributions to the tidal tensor is justified given that including
it increases the computational time by ∼ 70 % and the effect in
the simulated populations is minimal.

B.3. Estimating Ω and κ

The circular frequency, Ω, and the epicyclic frequency, κ, are
quantities estimated locally in order to calculate properties both
at the formation (equations 7 and 5), and evolution (equation 16),
of the SCs. Here we demonstrate that the estimate of these quan-
tities from the tidal tensor agrees well with the values calculated
at post-processing. The circular and epicyclic frequencies can be
derived from the tidal tensor eigenvalues via

Ω2 =
1
3

∣∣∣∣∣∣∣∑i

λi

∣∣∣∣∣∣∣ , (B.3)

and

κ2 =
∣∣∣3Ω2 − λ1

∣∣∣ . (B.4)

With λ1 being the first (maximal) eigenvalue of the tidal tensor.
These relations are derived from equating the circular frequency

in terms of the mean density enclosed within the radius r, i.e.
Ω2 = v2

c/r
2 = GM(r)/r3 = 4/3πGρ̄(r), to the Poisson’s equation

and its relation with the tidal tensor eigenvalues, ∇2Φ = 4πGρ =
−

∑
i λi. For the full derivation, we refer the interested reader to

the appendix A of Pfeffer et al. (2018) or to the appendix C in
Reina-Campos et al. (2022a).

We compare in fig. B.4 the distribution of the enclosed mean
density, ρ̄, the circular frequency,Ω, and epicylic frequency, κ, as
estimated from the tidal tensor eigenvalues to the quantities cal-
culated at post processing from the simulated halo 6 at z = 0. The
plotted distribution of the estimated values corresponds to stars
formed in the last 50 Myr of the galaxy evolution. It is evident
from the figure that the estimate is in an overall agreement with
the profile of the simulated galaxy. The bigger differences are in
the central ∼ 500 pc of the galaxy, comparable to the softening
length of the simulation, and at larger radii > 10 kpc where the
scatter becomes important. Nevertheless, the estimates are rea-
sonable for the purposes of the model.
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Fig. B.4: Enclosed mean density (top), circular frequency (mid-
dle), and epicyclic frequency (bottom) distributions, as estimated
from the tidal tensor eigenvalues. The distribution corresponds to
stars born during the last 50 Myr of galaxy evolution for the halo
6. The profile, as calculated at post-processing, of these quanti-
ties is included in red dashed line in each panel for comparison.

Appendix C: On the rh evolution model

The fiducial model allows the half-mass radius to change in cor-
respondence to the mass loss that the SCs experience following
equation 22. As mentioned in section 2.2, f describes the in-
crease of energy of the remaining bound stars after a tidal shock
mass loss event, and how it is related to the density at the half-
mass radius, ρh. The particular f = 3/5 choice describes the
change of rh after tidal shocks mass loss such that ρh remains
constant. Here we test the sensibility of the model to this particu-
lar choice by running two variations of the model with choices of
f = 1, and f = 1/2. These choices correspond to ρh increasing
after shock events, potentially shielding SCs from subsequent
mass loss, and to no rh change from shock events, experienc-
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Fig. C.1: Mass functions for the simulated SC populations for
different choices of f in the dynamical half-mass radius evolu-
tion.

ing only the overall expansion from stellar evolution and two-
body relaxation, respectively. The MFs obtained from these vari-
ations, and how they compare to the fiducial choice, are shown
in fig. C.1. The MFs are remarkably similar with very small dif-
ferences with respect to the fiducial f = 3/5 choice. The reason
behind this behavior could be two-fold:

– The strength of the tidal shocks is not sufficiently high to be
able to distinguishing among these parameters.

– The change in the half-mass radius due to tidal shocks is
subdominant with respect to the change from the enhanced
two-body relaxation.

Nevertheless, we keep the f = 3/5 choice as a safe spot on trying
to keep most physics as can be possible with this model.

Appendix D: Shocks enhancement variations

We further explore the tidal shocks disruption in our model
by performing additional variations enhancing the shock-driven
mass loss with a higher factor of 50 over different time periods.
The MFs produced in this variations are presented in fig. D.1.
The top and central panels explore the effect of this enhancement
only during the first stages of the SCs evolution, with the aim to
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Fig. D.1: Mass functions for the simulated SC populations for
the additional shocks enhancement variations.

test how the model is capturing the early disruption from the na-
tal environment (Kruijssen et al. 2012). The duration of the en-
hancement is based on the typical timescale of this rapid disrup-
tion phase quoted in Kruijssen (2015) and De Lucia et al. (2024),
i.e. tcce = 175 Myr. The effect of this enhancement during these
short periods is negligible. This suggests that the SCs that are
disrupted in short timescales, i.e. τ < 1 Gyr, in the Fiducial
model just accelerate their disruption while the effect on the rest

of the SCs is minimal given that their lifetime is likely large, i.e.
τ > 1 Gyr.

Moving now to keeping this enhancement over a larger pe-
riod, the MFs in the bottom panel reproduce the same behavior
discussed in section 4.1. The normalization is lowered but the
peak of the MFs is mostly unchanged with an important popula-
tion present at the low mass tail of the old (τ > 8 Gyr) popula-
tion. We interpret here that the size evolution of the SCs acts as
an agent suppressing the disruption. In particular, this stronger
disruption, expected from e.g. the inclusion of cold phase of the
ISM, shields the SCs through their change of half-mass radius.

Appendix E: Individual halo SFR, CFR and age
distributions

Finally, we present here a detailed comparison of the different
SC age distributions of the simulated halos (bottom panel fig. 9)
and their relation with their SFHs. We show in fig. E.1 the indi-
vidual halo SFH, and SC and GC age distributions in compar-
ison to the SFH of the MW from Snaith et al. (2015), and its
GC age distribution as compiled by Kruijssen et al. (2019b). We
also include the age distribution of the simulated GCs applying
the same metallicity cut as in fig. 10 to target the old popula-
tions of each halo. The infall times of the main merger events
for the halo are included as vertical dotted lines in each panel.
These are identified as having a baryon mass ratio of at least
1:12 at the time of infall, i.e. when the merging system crosses
R200. Looking at all the individual SFRs, no simulation has the
high early SFR like the MW, i.e. ∼ 10–20 M⊙ yr−1 during the
first ∼ 4 Gyr of evolution and forming half of its stellar mass
(Snaith et al. 2015). Only after the first ∼ 2–4 Gyr the simulated
SFRs reach values comparable to the estimated SFR of the MW.
Furthermore, past this time between z ≃ 1–2, the SFRs of the
simulated halos are around an order of magnitude higher than
that of the MW. For example, the halos with the oldest peaks in
the GC age distribution, and closer to that of the MW, are halo
23 and 24. For these halos, the SFR quickly grows to match the
MW SFR at ≈ 13 Gyr lookback time and maintains this high
SFR until peaking at z ≃ 2. The GC age distribution of halo 23
reflects this behavior and peaks at the same z ≃ 2 redshift, which
is ≈ 2 Gyr later than the peak of the Galactic GCs age distri-
bution. Halo 24, similarly shows this peak as well as another at
z ≃ 1 that correlates with its SFR. This behavior heavily impacts
any attempt to reproduce the observed GC age distribution when
any of the halos is able to reproduce the MW SFH. In particular,
this does not constitute a limitation of the formation prescription,
but simply follows from the parent simulation/galaxy formation
model.

When looking at GC formation at high redshift, there is a
general correlation with merger induced starbursts. This is ev-
ident from the GC age distributions with the [Fe/H] < −0.5
metallicity cut. Here, the distributions are consistent with older
populations whose peaks follow early accretion events, and are
generally closer to the observational one for the MW. In partic-
ular, most of the distributions after applying the metallicity cut
are correlated with early mergers. This is evidenced with the age
distributions peaks coinciding with the infall times of the merg-
ers. We bring the attention to halo 22 here, as the halo that, after
the metallicity cut, gives the closest age distribution with respect
to the MW. We defer a dedicated analysis of this correlation with
the accretion history to future work.
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Fig. E.1: Age distribution of the simulated cluster populations for the individual halos. Different age distributions are shown for
all SCs, GC selection, and GC selection with a metallicity cut. For comparison, the MW GC age distribution is included. The
individual halo SFR is shown and compared to that of the MW from Snaith et al. (2015). The vertical dashed lines denote mergers
with a baryon mass ratio of at least 1:12 at infall time.
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