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A B S T R A C T 

High-resolution imaging and strong gravitational lensing of high-redshift galaxies have enabled the detection of compact sources 
with properties similar to nearby massive star clusters. Often found to be very young, these sources may be globular clusters 
detected in their earliest stages. In this work, we compare predictions of high-redshift ( z ∼ 1–10) star cluster properties from the 
E-MOSAICS simulation of galaxy and star cluster formation with those of the star cluster candidates in strongly lensed galaxies 
from JWST and Hubble Space Telescope ( HST ) imaging. We select galaxies in the simulation that match the luminosities of the 
majority of lensed galaxies with star cluster candidates observed with JWST . We find that the luminosities, ages, and masses of 
the brightest star cluster candidates in the high-redshift galaxies are consistent with the E-MOSAICS model. In particular, the 
brightest cluster ages are in excellent agreement. The results suggest that star clusters in both low- and high-redshift galaxies 
may form via common mechanisms. Ho we ver, the brightest clusters in the lensed galaxies tend to be ≈ 1–1 . 5 mag brighter and 

≈ 0 . 5 dex more massive than the median E-MOSAICS predictions. We discuss the large number of effects that could explain the 
discrepancy, including simulation and observational limitations, stellar population models, cluster detection biases, and nuclear 
star clusters. Understanding these limitations would enable stronger tests of globular cluster formation models. 

Key words: globular clusters: general – galaxies: high redshift – galaxies: star clusters: general. 
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 I N T RO D U C T I O N  

tar clusters are one of the most common types of stellar systems.
hey range from the young star clusters (sometimes termed ‘young
assive clusters’ or ‘open clusters’) found in star-forming galaxies

Portegies Zwart, McMillan & Gieles 2010 ; Adamo & Bastian 2018 )
o old globular clusters (GCs) found in nearly all galaxies with
tellar masses > 10 9 M � (Harris 1991 ; Brodie & Strader 2006 ).
n galaxies like the Milky Way and M31, massive star clusters tend
o be very old (i.e. the GCs, � 10 5 M �, � 12 Gyr ; Forbes & Bridges
010 ; Caldwell et al. 2011 ; Dotter, Sarajedini & Anderson 2011 ;
andenBerg et al. 2013 ; Usher, Caldwell & Cabrera-Ziri 2024 ),
 E-mail: j.l.pfeffer@ljmu.ac.uk 

f  

P  

1  

Published by Oxford University Press on behalf of Royal Astronomical Socie
Commons Attribution License ( https:// creativecommons.org/ licenses/ by/ 4.0/ ), whi
hile low-mass clusters tend to be very young (e.g. Johnson et al.
016 ; Hunt & Reffert 2024 ), with only a few massive young clusters
Gennaro et al. 2011 ; Davies et al. 2011 ). Other galaxies (such as M33
nd the Magellanic Clouds) have formed massive clusters throughout
heir entire history (Beasley et al. 2015 ; Horta et al. 2021 ). 

While young star clusters have been found to be the densest regions
f the hierarchical star formation process (Longmore et al. 2014 ;
rumholz, McKee & Bland-Hawthorn 2019 ), the formation of old
Cs has been widely debated due to the inability to observe their

ormation directly (Kruijssen 2014 ; Forbes et al. 2018 ). Scenarios
or the formation of GCs broadly fall into two classes: special high-
edshift conditions for GC formation (which operates separately
rom the formation of young clusters or ‘intermediate age’ GCs, e.g.
eebles 1984 ; Fall & Rees 1985 ; Rosenblatt, Faber & Blumenthal
988 ; Naoz & Narayan 2014 ; Trenti, Padoan & Jimenez 2015 ;
© 2024 The Author(s). 
ty. This is an Open Access article distributed under the terms of the Creative 
ch permits unrestricted reuse, distribution, and reproduction in any medium, 

provided the original work is properly cited. 
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andelker et al. 2018 ; Creasey et al. 2019 ; Madau et al. 2020 ); or,
 common mechanism for both young and old star clusters, with the
tar formation conditions for massive cluster formation (e.g. higher 
ressures for star formation) generally being more pre v alent in the
igh-redshift Universe (e.g. Ashman & Zepf 1992 ; Harris & Pudritz 
994 ; Kravtsov & Gnedin 2005 ; Kruijssen 2015 ; Li et al. 2017 ;
feffer et al. 2018 ; Ma et al. 2020 ; Horta et al. 2021 ). 
The two classes of GC formation generally predict different 

ormation epochs (e.g. z � 6 for models of formation in dark matter
inihaloes, T renti et al. 2015 ; Boylan-K olchin 2017 ; Creasey et al.

019 ; Valenzuela et al. 2021 ; ages that follow host galaxy formation
istories in ‘young cluster’-based models, Muratov & Gnedin 2010 ; 
i & Gnedin 2014 ; Kruijssen et al. 2019a ), thus, the ages of GCs can

in principle) offer constraints on their formation process (e.g. see 
orbes et al. 2018 , for a re vie w). Unfortunately, e ven with resolved
olour–magnitude diagram fitting of Milky Way GCs (e.g. Dotter 
t al. 2010 ; VandenBerg et al. 2013 ) the age uncertainties ( ∼ 1 Gyr )
f old stellar populations are too large to distinguish models. 
One method that offers a window into the formation of GCs is

trong gravitational lensing of high-redshift galaxies by foreground 
alaxy clusters, first enabled by observations with the Hubble Space 
elescope ( HST ; e.g. Johnson et al. 2017 ; Vanzella et al. 2017b ,
 , 2019 ). Such observations have now seen a drastic increase
ith the JWST , with star cluster candidates (compact clumps) 
etected from redshifts ∼ 1–10 (Mowla et al. 2022 , 2024 ; Vanzella
t al. 2022b , 2023 ; Claeyssens et al. 2023 ; Adamo et al. 2024 ;
ujimoto et al. 2024 ; Messa et al. 2024a ). In ideal cases with
agnifications of μ > 100, lensing can provide resolution of ≈ 1 pc 

in the tangential direction of the arcs) with current instruments, 
nabling observations of star clusters in high-redshift galaxies and 
otentially catching GCs in their youngest stages (e.g. Vanzella 
t al. 2022a ; Adamo et al. 2024 ). Tighter age constraints on the
uch younger stellar populations (typical ages < 1 Gyr ) may also 

nable stronger constraints on the epoch of GC formation. These 
bservations can be compared directly with predictions from GC 

ormation models as strong tests of GC formation mechanisms. 
revious work based on HST observations found that GC formation 
odels (Boylan-Kolchin 2017 ; Pfeffer et al. 2019a ) agree well with

he UV luminosity function of compact sources (proto-GCs) at z ∼ 6 
Bouwens et al. 2021 ). Ho we ver, there is yet to be a systematic
omparison with star clusters in lensed galaxies across a wide redshift
ange. 

In this work, we compare the observed properties of compact high- 
edshift clumps (star cluster candidates) determined with JWST and 
ST with predictions from the E-MOSAICS project (MOdelling Star 

luster population Assembly In Cosmological Simulations within 
AGLE; Pfeffer et al. 2018 ; Kruijssen et al. 2019a ). In E-MOSAICS,
oth young and old star clusters are assumed to form and evolve
ollowing the same physical mechanisms. In particular, star cluster 
ormation is based on models which reproduce the scaling relations 
f young star cluster populations at z = 0 (Kruijssen 2012 ; Reina-
ampos & Kruijssen 2017 ; Pfeffer et al. 2019b ). We aim to test if

hese models can also explain the properties of GC candidates in 
igh-redshift lensed galaxies. 
This paper is structured as follows. In Section 2 , we describe

he E-MOSAICS simulations, stellar population modelling, galaxy, 
nd star cluster selection, and the sample of lensed galaxies with 
tar cluster candidates compiled from the literature. In Section 3 , 
e present the main results of the paper, comparing predictions 

rom the simulations with the properties of high-redshift star cluster 
andidates. Finally, Section 4 discusses limitations and biases that 
ay affect the comparisons and Section 5 summarizes the paper. 
 M E T H O D S  

.1 Simulations 

-MOSAICS is a suite of cosmological hydrodynamical simulations 
f galaxy formation which include subgrid models for the formation 
nd evolution of star clusters (Pfeffer et al. 2018 ; Kruijssen et al.
019a ), with the o v erall aims of testing the formation of GC
opulations and their use as tracers of the galaxy formation and
ssembly process. The simulations couple the MOSAICS model for 
tar cluster formation and evolution (Kruijssen et al. 2011 ; Pfeffer
t al. 2018 ) to the EAGLE (Evolution and Assembly of GaLaxies
nd their Environments) galaxy formation model (Schaye et al. 2015 ;
rain et al. 2015 ). The E-MOSAICS suite includes both zoom-

n simulations of Milky Way-mass galaxies (Pfeffer et al. 2018 ;
ruijssen et al. 2019a ) and periodic cosmological volumes (Pfeffer 

t al. 2019b ; Bastian et al. 2020 ). 
The simulations were performed with a highly modified version 

f N -body smooth particle hydrodynamics code GADGET3 (Springel 
005 ). The EAGLE model includes subgrid routines for radiative 
ooling (including the effect of the cosmic microwave background; 
iersma, Schaye & Smith 2009a ), star formation (where the effect

f metal cooling and dust shielding is implemented as a metallicity-
ependent density threshold for star formation, following Schaye 
004 ; Schaye & Dalla Vecchia 2008 ), stellar evolution (Wiersma
t al. 2009b ), the seeding and growth of supermassive black holes
Rosas-Gue v ara et al. 2015 ) and feedback from star formation (Dalla
ecchia & Schaye 2012 ) and black hole growth (Booth & Schaye
009 ). Stellar feedback is implemented such that feedback is more
fficient at higher gas densities and lower metallicities. The feedback 
fficiencies were calibrated to reproduce the galaxy stellar mass 
unction, galaxy sizes, and black hole masses at z ≈ 0 (Crain et al.
015 ). The EAGLE simulations have been shown to broadly repro-
uce many properties of the evolving galaxy population, including 
he evolution of the galaxy stellar mass function and star formation
ates (Furlong et al. 2015 ), galaxy sizes (Furlong et al. 2017 ), cold
as properties (Lagos et al. 2015 ; Crain et al. 2017 ) and the galaxy
ass–metallicity relation (Schaye et al. 2015 ). 
As star clusters cannot be resolved in large cosmological simula- 

ions, the MOSAICS model treats star clusters as subgrid components 
f stellar particles. Upon conversion of a gas particle to a star particle,
he new star particle may form a subgrid population of star clusters
ased on local conditions in the simulation (gas properties and tidal
eld). In MOSAICS, star cluster formation is controlled by two 
ain functions: the cluster formation efficiency (CFE or �, the 

raction of stars formed in bound clusters; Bastian 2008 ) and shape
f the initial cluster mass function (a power law, or Schechter 1976
unction with an exponential upper mass truncation M c , ∗). Initial 
luster masses are drawn stochastically from the mass function, such 
hat the subgrid clusters may be more massive than the stellar mass
f the host particle. In the fiducial model, the CFE traces the local
atal gas pressure according to the Kruijssen ( 2012 ) model (higher
as pressures result in more bound cluster formation), while the 
nitial cluster mass function is a Schechter function where M c , ∗
aries according to the Reina-Campos & Kruijssen ( 2017 ) model
 M c , ∗ increases with gas pressure, except where limited by high
oriolis or centrifugal forces near the centres of galaxies). Alternative 
odels included in the simulations either fix the CFE to a constant

alue (10 per cent), assume no upper mass truncation (power-law 

ass function), or both. Following their formation, star clusters 
ay lose mass at each time-step in the simulation from stellar

volution (according to the EAGLE model), two-body relaxation 
MNRAS 536, 1878–1893 (2025) 
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depending on the local tidal field strength, Lamers et al. 2005 ;
ruijssen et al. 2011 ; with an additional constant term to account

or isolated clusters, Gieles & Baumgardt 2008 ) and tidal shocks
rom rapidly changing tidal fields (Gnedin, Hernquist & Ostriker
999 ; Prieto & Gnedin 2008 ; Kruijssen et al. 2011 ). Additionally,
ynamical friction is treated in post-processing at every snapshot and
lusters are remo v ed when the dynamical friction time-scale is less
han the cluster age (i.e. assuming they merge to the centre of their
ost galaxy, see Pfeffer et al. 2018 ). 
In this work, we analyse galaxies and their star clusters from

he largest E-MOSAICS simulation, a periodic volume 34 . 4 cMpc
n a side which initially has 1034 3 dark matter and gas particles
L0034N1034; Bastian et al. 2020 ). The dark matter and gas
articles have initial masses of m dm 

= 1 . 21 × 10 6 M � and m b =
 . 26 × 10 5 M �, respecti vely, with Plummer-equi v alent gravitational
oftening lengths of 1.33 comoving kpc prior to z = 2 . 8, and are fixed
o 0.35 proper kpc thereafter. The simulation adopts cosmological
arameters consistent with a Planck Collaboration XVI ( 2014 )
osmogony ( �m 

= 0 . 307, �� 

= 0 . 693, �b = 0 . 04825, h = 0 . 6777,
8 = 0 . 8288). Snapshots were output for the simulation at 29
edshifts from z = 20 to z = 0. Galaxies (subhaloes) were identified
n the simulation snapshots in a two-step process. First, dark matter
tructures were detected with the friends-of-friends algorithm (Davis
t al. 1985 ). Next, bound subhaloes within each friends-of-friends
roup were identified using the SUBFIND algorithm (Springel et al.
001 ; Dolag et al. 2009 ). To connect descendant galaxies between
napshots, galaxy merger trees were constructed from the subhalo
atalogues using the D-TREES algorithm (Jiang et al. 2014 ; Qu et al.
017 ). 
In this work, we focus on the fiducial E-MOSAICS cluster

ormation model. This model has been shown to be consistent with
any scaling relations of present-day GC and young star clusters

ystems, such as the ‘blue tilt’ of GC colour distributions (Usher et al.
018 ), radial distributions of GC populations (Kruijssen et al. 2019a ;
eina-Campos et al. 2022 ), GC age–metallicity relations (Kruijssen
t al. 2019b , 2020 ; Horta et al. 2021 ), scaling relations of young star
lusters (Pfeffer et al. 2019b ), the fraction of stars contained in GCs
Bastian et al. 2020 ), the high-mass truncation of GC mass functions
Hughes et al. 2022 ), and GC metallicity distributions (Pfeffer et al.
023 ). Ho we ver, the simulations overpredict the number of low-
ass clusters (Pfeffer et al. 2018 ), as well as the number of high-
etallicity GCs in Milky Way-mass galaxies (Pfeffer et al. 2023 ).
his is potentially due to an o v erly smooth interstellar medium

EAGLE does not resolve the cold, dense phase of the interstellar
edium; Schaye et al. 2015 ), resulting in insufficient disruption of

tar clusters by tidal shocks from dense gas clouds (for detailed
iscussion, see Pfeffer et al. 2018 ; Kruijssen et al. 2019a ). This issue
hould not significantly affect the predominantly young ( ∼ 10 Myr )
nd massive ( M ∼ 10 6 M �) clusters we are comparing in this work
see Section 3.4 ) as the time-scales are too short for their disruption.

.2 Stellar population modelling 

o determine luminosities in JWST NIRCam filters (focusing on
150W and F444W) for the simulated galaxies and star clusters in E-
OSAICS, we use the Flexible Stellar Population Synthesis (FSPS)
odel (Conroy, Gunn & White 2009 ; Conroy & Gunn 2010 ). Stellar

opulation luminosities were calculated from redshifted models
sing the redshift of simulation snapshots (i.e. we do not need to
pply K -corrections as we are directly comparing observed-frame
hotometric bands). 
NRAS 536, 1878–1893 (2025) 
We choose to compare observed-frame luminosities, rather than
he more common approach of converting to a common rest-frame
aveband, in order to remove dependencies of spectral energy
istribution (SED) fitting on the observed luminosities. In this way,
e can make as direct a comparison as possible that mainly depends
n simple stellar population modelling for the simulations (with
nown ages and metallicities), rather than the degenerate (e.g. age-
etallicity, star formation history), multiparameter stellar population
odelling required to fit observed galaxies. Ho we ver, comparisons

f simulated and observed galaxies and star clusters are then only
alid at the same redshift. 

We assume the default FSPS parameters, and use the MILES
pectral library (S ́anchez-Bl ́azquez et al. 2006 ), P ado va isochrones
Girardi et al. 2000 ; Marigo & Girardi 2007 ; Marigo et al. 2008 ), and
 Chabrier ( 2003 ) initial stellar mass function (IMF, consistent with
hat used in the EAGLE model). We calculate mass-to-light ratios
or star particles and star clusters by linearly interpolating from the
rid in ages and total metallicities. As EAGLE does not model dust,
e do not include dust extinction in the stellar population modelling,
ut instead correct the observed galaxies for extinction (Section 2.3 ).

Each star particle and star cluster is assumed to be a simple
tellar population formed in an instantaneous burst. To account for
he formation time-scale for star clusters of a few megayears (e.g.
he v ance et al. 2020 ), we also tested stellar populations formed with
onstant star formation rates o v er 5 Myr , but found our results (e.g.
rightest cluster luminosities) consistent with using simple stellar
opulations. Therefore, for simplicity, we adopt the predictions from
imple stellar populations in the rest of this work. We detail the
uminosity selection of galaxies from the simulation in Section 2.4 . 

.3 Obser v ations 

e compile from the literature a list of lensed galaxies observed
ith JWST (predominantly with NIRCam) which contain compact

tar cluster candidates: 

(i) The Cosmic Gems arc (SPT0615-JD) is a z ≈ 10 . 2 galaxy
ensed by a z = 0 . 972 galaxy cluster (Salmon et al. 2018 ; Adamo
t al. 2024 ; Bradley et al. 2024 ). The arc contains five highly
agnified ( μ ≈ 50–400, with uncertainties ≈ 50 per cent) compact

ources with half-light radii ≈ 1 pc or less, for which we adopt the
roperties from Adamo et al. ( 2024 ). For the lensed galaxy, we adopt
ts properties from Bradley et al. ( 2024 ) and in particular adopt
he photometric values of the counterimage, which was found to
ave a significantly higher intrinsic luminosity (60 per cent brighter)
han the arc itself. We also note that, based on HST imaging,
almon et al. ( 2018 ) found a higher stellar mass for the galaxy
 M ∗ = 2 . 0 + 2 . 0 

−0 . 7 × 10 8 M �) than that found by Bradley et al. ( 2024 ,
 ∗ = 2 . 4–5 . 6 × 10 7 M �). 
(ii) The Firefly Sparkle arc is a z = 8 . 3 galaxy lensed by a z =

 . 545 galaxy cluster (Postman et al. 2012 ; Schmidt et al. 2016 ;
oag et al. 2017 ; Mowla et al. 2024 ). The arc contains 10 compact

ources with magnifications of μ ≈ 16–26 (with uncertainties ≈
5 per cent) and half-light radii � 7 pc (Mowla et al. 2024 ). We
dopt the properties for the arc and compact sources from Mowla
t al. ( 2024 ), although we note that Hoag et al. ( 2017 , using HST
nd Spitzer imaging) found a higher stellar mass for the galaxy
 M ∗ = 3 . 0 + 1 . 5 

−0 . 8 × 10 8 M �) than that found by Mowla et al. ( 2024 ,
 ∗ = 6 . 3 + 23 . 9 

−2 . 8 × 10 6 M �). 
(iii) The MACS J0416 arc is a z = 6 . 143 system lensed by a

 = 0 . 396 galaxy cluster (Caminha et al. 2017 ; Vanzella et al.
017a , 2019 ). The system contains three subsystems (D1, T1, and



E-MOSAICS predictions for JWST proto-GCs 1881 

U  

c  

M
a  

e
 

0  

T
3
m
l  

c
 

l
2  

a
t
(  

t  

t
a

 

a  

T
1
e  

c  

N
F  

F  

v
 

l  

e  

h  

e  

m  

w
a  

2  

c  

e  

f  

t
s
a
c
m
p
f
A  

p  

o  

J
2
a  

f  

m  

t

1

i  

b  

f

s
h
W  

z  

μ  

s  

w
f
h  

S  

m  

t  

m  

S  

c  

t  

n
a
(  

a

 

m  

g
a  

t

 

g
(  

w
c
m  

f
 

l  

4  

L
w

m  

t
d
f  

f  

G  

u
 

d
(  

(

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/536/2/1878/7915079 by guest on 14 April 2025
T1) that may be three separate galaxies, each of which contains a
ompact source with half-light radius < 8 pc (Messa et al. 2024a ).
agnifications for the galaxies are in the range μ ≈ 17–21. We 

dopt the properties of the arcs and compact sources from Messa
t al. ( 2024a ), treating each subsystem as a separate galaxy. 

(iv) The Cosmic Grapes is a z = 6 . 072 galaxy lensed by a z =
 . 43 galaxy cluster (Fujimoto et al. 2021 , 2024 ; Laporte et al. 2021 ).
he galaxy is unique in that, though the magnification is high ( μ ≈
2, with uncertainties ≈ 3 per cent), the distortion and differential 
agnification are minimal. The galaxy contains 15 sources with half- 

ight radii of ≈ 7–60 pc . We adopt the properties of the galaxy and
ompact sources from Fujimoto et al. ( 2024 ). 

(v) The Sunrise arc (WHL 0137-zD1) is a z = 6 ± 0 . 2 galaxy
ensed by a z = 0 . 566 galaxy cluster, with magnifications of μ ∼ 60–
50 along the arc (Salmon et al. 2020 ; Welch et al. 2023 ). The
rc contains six compact sources (three star cluster candidates and 
hee star -forming ‘neb ular knots’) with half-light radii ≈ 1–25 pc 
Vanzella et al. 2023 ). We adopt the properties of the total arc and the
hree star cluster candidates from Vanzella et al. ( 2023 ), noting that
he reported magnifications are lower limits and thus the luminosities 
nd masses of the star cluster candidates provide upper limits. 

(vi) The Abell 2744 ‘System 3’ arc is a z = 3 . 98 galaxy lensed by
 z = 0 . 308 galaxy cluster (Johnson et al. 2014 ; Mahler et al. 2018 ).
he arc contains three compact sources with magnifications μ ≈ 30–
00 and half-light radii ≈ 3–15 pc (Vanzella et al. 2022b ; Bergamini 
t al. 2023 ). We adopt the properties of the arc and star cluster
andidates from Vanzella et al. ( 2022b ), noting that this work used
IRISS imaging, rather than NIRCam imaging as for the other arcs. 
or this galaxy we use the reported luminosities from the NIRISS
200W band, as the results for the F150W and F200W bands are
ery similar. 

(vii) The Sparkler (SMACS0723 System 2) is a z = 1 . 378 galaxy
ensed by a z = 0 . 388 galaxy cluster (Golubchik et al. 2022 ; Caminha
t al. 2022 ; Mahler et al. 2023 ). The galaxy contains 28 sources with
alf-light radii ranging from less than 10 to a fe w 100 pc (Mo wla
t al. 2022 ; Claeyssens et al. 2023 ). For this galaxy, different lensing
odels have not yet converged on a solution for the galaxy cluster,
ith reported magnifications in the range μ ≈ 10–100 for image S2.2 

nd μ ≈ 5–10 for image S2.1 (Caminha et al. 2022 ; Mahler et al.
023 ; Chow et al. 2024 ). We adopt the properties of the star cluster
andidates from Claeyssens et al. ( 2023 ). We note that Claeyssens
t al. assumed the Mahler et al. ( 2023 ) lensing model (giving μ ≈ 10
or S2.2), but if the Caminha et al. ( 2022 ) model were assumed,
he magnification may be a factor ∼ 10 higher, leading to smaller 
izes, luminosities, and masses for the star cluster candidates. By 
dopting the lensing model with the lowest magnifications, these star 
luster properties can be considered upper limits. In addition to lens 
odelling uncertainty, there is significant uncertainty in the physical 

roperties of many of the sources depending on the methods used 
or spectral energy distribution modelling (see Mowla et al. 2022 ; 
damo et al. 2023 ; Claeyssens et al. 2023 ). We adopt the physical
roperties of the galaxy from Mowla et al. ( 2022 ). For the luminosity
f the galaxy, we use photometry of the counterimage S2.1 from the
WST Early Release Observations programme (Pontoppidan et al. 
022 ) that is publicly available on the Dawn JWST Archive (DJA), 1 

s S2.2 (the most highly magnified image) is partially obscured by a
oreground galaxy and Bradley et al. ( 2024 ) found that the main arcs
ay underestimate the total luminosity of the galaxy. Basic details of

he data reduction for the DJA photometric catalogue are presented 
 https:// dawn-cph.github.io/ dja/ imaging/ v7/ 

g  

c  

o

n Valentino et al. 2023 . For consistency with the lensing model used
y Claeyssens et al. ( 2023 ), we assume a total magnification μ = 5 . 1
or S2.1 (Mahler et al. 2023 ). 

(viii) SMACS0723 lensing cluster: Claeyssens et al. ( 2023 ) pre- 
ented measurements of compact sources in 18 lensed galaxies be- 
ind the lensing cluster SMACS0723 (which includes the Sparkler). 
e include six of these systems (S1, S3, S4, S5, S7, I8, at redshifts

 = 1 . 449, 1.991, 2.19, 1.425, 5.173, 2.12 and with magnifications
≈ 9 . 8, 6.9, 13.9, 19.0, 26.4, 10.0, respectiv ely) that hav e compact

ources satisfying our star cluster selection (see Section 2.5 ). In cases
here there are multiple images, we only include cluster candidates 

rom the highest magnification image of each lensed galaxy, which 
ave the highest number of compact sources (S1.2, S3.3, S4.2, S5.1,
7.1). For three of the systems (S1, S4, S5), we use photometric
easurements of the galaxies from the DJA (see abo v e). As for

he Sparkler, we adopt the fluxes of the galaxies from the lowest
agnified image available in the catalogue in each case (S1.3, S4.1,
5.3). We adopt magnification estimates from Mahler et al. ( 2023 ) for
onsistenc y with Clae yssens et al. ( 2023 ). The magnifications hav e
ypical uncertainties of ≈ 20 per cent. The other three galaxies were
ot found in the catalogue, but we include them in the brightest cluster 
nalysis for reference (Section 3.2 ). See Forbes & Romanowsky 
 2023 ) and Adamo et al. ( 2023 ) for comparisons of Sparkler GCs
nd those of the Milky Way. 

In addition to the abo v e galaxies, when comparing the ages and
asses of star cluster candidates (Section 3.4 ) we also include lensed

alaxies which have been analysed with multiband HST imaging, 
lthough we note that their properties are likely more uncertain due
o the smaller wavelength range for SED fitting: 

(i) The Sunburst arc is a z = 2 . 37 galaxy lensed by a z = 0 . 443
alaxy cluster (Dahle et al. 2016 ) with a stellar mass of ≈ 10 9 M �
Vanzella et al. 2022a ). The arc contains at least 12 compact sources
ith magnifications of μ ≈ 15–500 (with uncertainties ≈ 15 per 

ent; though Sharon et al. 2022 often find significantly lower 
agnifications by factors of up to ≈ 4) and half-light radii of 3–20 pc ,

or which we adopt the properties from Vanzella et al. ( 2022a ). 
(ii) Messa et al. ( 2024b ) investigated the stellar clumps in three

ensed galaxies using HST imaging. Two of these, the RCS0224 ( z =
 . 88, Gladders, Yee & Ellingson 2002 ) and MACS0940 ( z = 4 . 03,
eethochawalit et al. 2016 ) arcs, contain compact clumps consistent 
ith being star clusters (see Section 2.5 ). 

For lensed galaxies and star cluster candidates we adopt the 
agnifications from the rele v ant works abo v e. Ho we ver, we note

hat there can be systematic offsets in magnification depending on 
ifferent lensing models that are much larger than the uncertainties 
rom a particular model (e.g. up to a factor ≈ 10 as discussed abo v e
or the Sparkler; or a factor ≈ 2 between models for the Cosmic
ems tested by Adamo et al. 2024 , larger than the ≈ 20–60 per cent
ncertainties from their reference model). 
We correct the luminosities of the clumps and galaxies for internal

ust extinction with their listed extinction values from SED fitting 
where possible) using the Calzetti et al. ( 2000 ) attenuation relation
following Claeyssens et al. 2023 ). For the SMACS0723 lensed 
alaxies without extinction values, we use the median value of their
lumps from Claeyssens et al. ( 2023 ). We summarize the properties
f all galaxies in Table A1 . 
MNRAS 536, 1878–1893 (2025) 
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Figure 1. Comparison of the F150W absolute magnitudes (left) and stellar masses (right) of galaxies at different redshifts given the F150W luminosity selection 
to match the majority of observed lensed galaxies with compact sources ( −19 . 3 > M gal , F150W 

> −20 . 6). E-MOSAICS galaxies at each snapshot redshift are 
shown as grey points (though with significant o v erlap at lower redshifts), with violin plots showing the distribution of values for each snapshot with at least 5 
galaxies. Black solid and dashed lines show the median and 68 percentile range for the E-MOSAICS galaxies, respectively. Solid blue and open purple markers 
show luminosities and mass estimates for lensed high-redshift galaxies with JWST photometry (Cosmic Gems: Adamo et al. 2024 ; Firefly Sparkle: Mowla et al. 
2024 ; Sunrise: Vanzella et al. 2023 ; Cosmic Grapes: Fujimoto et al. 2024 ; A2744 System 3: Vanzella et al. 2022b ; Sparkler: Mowla et al. 2022 ; MACS J0416 
D1, T1 and UT1: Messa et al. 2024a ; SMACS0723 S1, S4 and S5: see Section 2.3 ). The Sunburst (Vanzella et al. 2022a ) galaxy (red left triangle) was analysed 
with HST photometry, but is shown in the mass panel as it also matches the simulated galaxy masses. Observed galaxies within the luminosity selection (as well 
as the Sunburst galaxy) are shown by filled markers and all others are shown by empty markers. For the Firefly galaxy, we also show the mass estimate from 

Hoag et al. ( 2017 , using HST and Spitzer imaging) as the upper red hexagon . For reference, the top axis in the left panel shows the rest-frame wavelength of 
the F150W band at each redshift, while the top axis of the right panel shows the lookback time. 
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.4 Galaxy selection 

e focus on the NIRCam F150W band as it is common between
ost sources and available across the whole redshift range 1–10,

ince the highest redshift sources are not detected in bluer bands due
o the Lyman- α break (Adamo et al. 2024 ). We apply a selection
or the simulated galaxies in observed-frame F150W that largely
ncompasses the lensed galaxies with JWST photometry, with the
xception of the Cosmic Gems and MACSJ0416 D1, T1, and UT1
alaxies (which are much fainter than other galaxies), shown in
he left panel of Fig. 1 . Limiting the simulated galaxies to those
esolved with stellar masses M ∗ > 10 7 . 5 M � ( > 100 star particles)
orresponds to a luminosity limit of M F150W 

� −18 . 5 mag . This
eans the MACSJ0416 galaxies are too faint for direct comparisons.

n principle, the simulations can marginally resolve galaxies similar
o the Cosmic Gems, but the simulation volume is too small for
 large enough sample of galaxies at z = 10. We therefore apply
uminosity limits of −19 . 3 > M gal , F150W 

> −21 . 5 at all redshifts in
rder to capture the luminosity range of the brighter lensed galaxies.
t redshifts z ≤ 3, there are more than 100 simulated galaxies at each

napshot, reaching 327 galaxies by z = 1. At redshifts z ≥ 5, there
re fewer than 50 simulated galaxies at each snapshot, and fewer than
0 galaxies at z ≥ 7 (hence, violin plots in Fig. 1 are only shown for
 ≤ 7). At these high redshifts ( z � 5), the luminosity function is not
ell sampled due to the limited simulation volume, leading to large

hanges in the median galaxy luminosity from snapshot to snapshot.
The right panel of Fig. 1 compares the stellar masses of simulated

nd observed galaxies (where mass estimates are available) in the
uminosity range as a function of redshift. This selection means all
imulated galaxies are well resolved with � 1000 stellar particles.
he larger stellar masses of the selected galaxy sample towards lower

edshifts are a result of higher mass-to-light ratios, due to older stellar
NRAS 536, 1878–1893 (2025) 

S  
opulations in galaxies at lower redshifts. Given the uncertainties in
tellar population modelling for luminosity selection (simulations)
nd deriving galaxy masses from SED fitting (observations), the
imulated and observed galaxy mass ranges agree reasonably well
or those with similar luminosities. The observed galaxy mass
stimates tend to be slightly lower than the simulated galaxy masses,
hich could indicate a tendency for younger ages in SED fitting
r underestimated luminosities for the simulated galaxies. Ho we ver,
he three brightest galaxies at z < 2 . 5 (SMACS0723 S1, S4, and
5) currently do not have stellar mass estimates. Based on the
imulations we would expect stellar masses of ∼ 10 9 . 5 –10 10 M � for
hese galaxies. The much lower mass of the Firefly Sparkle relative
o other galaxies of similar luminosity is most likely due to the
tting of a top-heavy stellar IMF (Mowla et al. 2024 ) relative to the
habrier ( 2003 ) IMF used in the EAGLE model, given it is one of

he brightest of the lensed galaxies at z > 3 (left panel of Fig. 1 ).
sing a Chabrier IMF, Hoag et al. ( 2017 ) found a stellar mass for

he galaxy of M ∗ ≈ 3 × 10 8 M � (shown as the red hexagon in the
gure), which would agree well with the simulated galaxy masses
iven its luminosity. The four galaxies fainter than the luminosity
election (Cosmic Gems and MACSJ0416 D1, T1, and UT1) all
ave lower masses than the simulated galaxies, but generally agree
ith the mass–luminosity trends of the simulated galaxies at each

edshift. 
Fig. 2 shows the star formation rates (SFRs) for the same galaxies

n Fig. 1 (where available for the observed galaxies). Furlong et al.
 2015 ) previously investigated SFRs in the EAGLE model as a
unction of redshifts, finding that, though the evolution as a function
f redshift agrees well, EAGLE galaxies tend to underpredict SFRs
depending on the observational data set). For the available sample
f lensed galaxies in Fig. 2 , we find that the simulated and observed
FRs are in reasonable agreement. Whether this is due to the small
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Figure 2. Star formation rates for the simulated and observed galaxies in 
Fig. 1 . Point and line styles are as in Fig. 1 . For Firefly, we show SFR 

estimates from both Mowla et al. ( 2024 , lower blue hexagon) and Hoag et al. 
( 2017 , upper red hexagon). 
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ample size, differences in the methods for determining SFRs of 
bserved galaxies or the luminosity selection of galaxies in this work 
s not clear and would require a far larger sample size to test. 

The selected simulated galaxies are generally the progenitors of 
elati vely massi ve galaxies at z = 0. Following the selected galaxies
hrough their merger trees to their descendants at z = 0, the z ≥ 5
alaxies are progenitors of M ∗( z = 0) ≈ 10 11 M � galaxies, z = 3
alaxies are progenitors of M ∗( z = 0) ≈ 10 10 . 5 M � galaxies and
 = 1 galaxies are progenitors of M ∗( z = 0) ≈ 10 10 M � galaxies
with typical 1 σ scatter in descendant stellar masses of 0.5 dex). Sim-
larly, the z > 3 galaxies are typically found in haloes with masses
 200 ( z = 0) > 10 13 M � at z = 0, z = 3 galaxies in M 200 ( z = 0) ≈

0 12 . 7 M � haloes and z = 1 galaxies in M 200 ( z = 0) ≈ 10 12 . 2 M �
aloes (the lower 1 σ scatter is typically 0.6 dex, while the upper
ange is set entirely by the most massive group in the volume with
 200 ( z = 0) ≈ 10 13 . 7 M �). Ho we ver, due to the limited simulation

olume and the lack of rarer environments that will become galaxy 
lusters with M 200 > 10 13 . 7 M � at z = 0 (see discussion of this
oint in Section 4 ), the simulation most likely underestimates the 
escendant masses of the highest redshift ( z � 4) galaxies. 
A number of works have discussed the connection of high redshift

ensed galaxies to present day galaxies (e.g. Adamo et al. 2023 ;
 orbes & Romanowsk y 2023 ; Fujimoto et al. 2024 ). Based on the
ilky Way stellar mass history derived in Kruijssen et al. ( 2019b ), the

alaxy selection in Fig. 1 could reasonably encompass Milky Way- 
ype progenitor galaxies in the redshift range ≈ 1–6 (in particular, 
he upper end of the mass range at z ≈ 1 and the lower end of the

ass range at z ≈ 6). This is of course dependent on the particular
alaxy formation model, and it must be kept in mind that the EAGLE
odel slightly undershoots the ‘knee’ of the galaxy stellar mass 

unction (i.e. there are slightly too few galaxies with stellar masses
10 10 . 5 M �, Schaye et al. 2015 ). 

.5 Star cluster selection 

or star cluster properties, we also focus on the NIRCam F150W 

and (rest-frame wavelength of ≈ 750 nm at z = 1 to ≈ 140 nm at
 = 10) but additionally compare the simulations and observations 
n the redder band NIRCam F444W ( ≈ 220 nm at z = 1 to ≈ 400 nm
t z = 10). We select compact sources with magnification-corrected 
alf-light radii (or upper limits for unresolved objects) R eff < 20 pc ,
.e. sizes consistent with star clusters, as Messa et al. ( 2019 ) found
hat clumps with sizes > 20 pc may contain multiple star clusters.
his size limit would capture essentially all young clusters in nearby
alaxies (Brown & Gnedin 2021 ). The exception to this criterion is
or the Sparkler where we also include sources in the GC candidate
ist from Adamo et al. ( 2023 ), which have half-light radii up to

50 pc . These sources are offset from the galaxy itself, where
onfusion with cluster comple x es/star forming re gions is not likely
o be an issue. We note that excluding the more extended sources
oes not change the brightest cluster comparisons (Section 3.2 ) as
he brightest cluster has R eff < 12 pc . 

For the E-MOSAICS galaxies, we include all star clusters in 
articles bound to the galaxies according to SUBFIND . We exclude a
mall fraction of particles with very low metallicities ([ Fe / H] < −3)
s they may strongly depend on the treatment of Population III stars
which are not modelled in EAGLE). 

 RESULTS  

.1 Cluster luminosity fractions 

s a first comparison, the left panel of Fig. 3 shows the luminosity
raction of high redshift galaxies that is contributed by star clusters
n both simulated E-MOSAICS galaxies and observed high-redshift 
ensed galaxies. For the simulations we include all surviving clusters 
n the luminosity fractions (typically a few thousand clusters), but 
he brightest five clusters generally contribute 10–30 per cent of 
he total cluster light increasing to ≈ 80 per cent in some cases. In
act, we find the fraction of cluster light in the brightest few clusters
ecreases with decreasing redshift due to the larger contribution of 
lder, fainter clusters in older galaxies. The brightest 5 (10) clusters
n F150W typically contribute ≈ 30 (40) per cent of cluster light at
 = 7 and ≈ 10 (13) per cent at z = 1. The fraction is also slightly
arger in bluer filters due to faster fading of stellar populations. 

We note that only a handful of compact sources are generally
etected in the observed lensed galaxies (see caption in figure), 
ompared with the steeply increasing cluster luminosity functions 
ound in low redshift galaxies (e.g. Whitmore & Schweizer 1995 ;
arsen 2002 ), implying only the brightest few clusters are detected
nd the luminosity fractions are lower limits. However, the luminosity 
ractions are sensitive to resolution, meaning, in cases where star 
lusters are unresolved, the clumps may be blended star-forming 
egions or multiple clusters, leading to overestimated luminosity 
ractions (Cava et al. 2018 ; Messa et al. 2019 ). In the opposite
ense, clumps excluded for having sizes much larger than star clusters
 R eff > 20 pc ) likely still contain star clusters within them, though
he fraction of light being contributed by star clusters to the clumps
s unknown. As such, this figure should only be taken as a quali-
ative comparison between the simulations and observations. Direct 
omparisons require ‘re-observing’ resolved galaxies (observed or 
imulated) with the lensing model and point spread function from 

ach high-redshift galaxy (cf. Messa et al. 2019 ; Vanzella et al. 2019 ).
Overall, the simulations predict a decreasing trend of cluster 

uminosity fraction with decreasing redshift, from ≈ 20 per cent 
t z = 7 to ≈ 3 per cent at z = 1. There is relatively large scatter
rom galaxy to galaxy, including some galaxies which approach 
 luminosity fraction of unity. These later cases are due to very
right, young ( < 10 Myr ) clusters (Pfeffer et al. 2019a ), meaning the
uminosity fractions will decrease as the clusters fade. 
MNRAS 536, 1878–1893 (2025) 
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Figure 3. Total cluster luminosity fraction (i.e. all surviving star clusters in E-MOSAICS galaxies) in NIRCam F150W band (left) and cluster formation 
efficiency (CFE) in the last 100 Myr (right) as a function of redshift for galaxies matching the luminosity selection. Point and line styles are as in Fig. 1 . The 
number of compact sources ( R eff < 20 pc ) in each of the observed galaxies are noted in brackets in the caption. 
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Though the total cluster luminosity fractions from the simulations
o not provide a direct comparison with the observed cluster
uminosity fractions, the observed galaxies are consistent with a
imilar decrease in luminosity fractions with decreasing redshift.
e note that the luminosity fractions presented here for the lensed

alaxies differ from those presented in previous works (Section 2.3 )
ue to the adoption of an upper size limit for clusters, extinction
orrections for luminosities and the use of counterimages for total
uminosities (where possible). The lensed galaxies SMACS0723 S4
nd S5 have cluster luminosity fractions well below the simulations
nd other observed galaxies, implying they may be particularly
ffected by the missing contribution of undetected clusters, even
hough both galaxies have the faintest detected clusters compared to
ther galaxies at similar redshifts (see Fig. 4 ). As we will see in the
ext section, both galaxies are in much better agreement with the
imulations when only considering the brightest cluster. The fainter
alaxies outside our luminosity selection (Cosmic Gems, D1, T1,
T1) have similar cluster luminosity fractions to the more luminous
alaxies, implying there may not be any strong trends with galaxy
uminosity/mass. 

Given the range of redshifts and rest-frame wavelengths, the
auses of this decrease in the simulations are multifold, and include
ecreasing CFE with decreasing redshift and disruption of star
lusters with time (see also Pfeffer et al. 2018 , 2019a ; Bastian et al.
020 ). The decreasing CFE is demonstrated in the right panel of
ig. 3 . The CFE decreases from ≈ 50 per cent at z > 7 (though the
ample size is small) to ≈ 10 per cent at z = 1. Similar mass (10 9 –
 × 10 10 M �) star-forming galaxies at z = 0 have typical CFEs of

8 + 7 
−3 per cent. In general, the CFE is expected to be larger than

he cluster luminosity fraction (Pfeffer et al. 2019a ). As galaxies
volve, the cluster luminosity fraction then decreases due to star
luster disruption and fading of older clusters. 

.2 Brightest star clusters 

s a more direct comparison, particularly for galaxies with very
ew compact sources, Fig. 4 shows the absolute luminosities of the
rightest star clusters in each galaxy (redshift and magnification
orrected for observed galaxies). The left panel shows results for
NRAS 536, 1878–1893 (2025) 
he brightest clusters in NIRCam F150W, while the right panel
hows results for NIRCam F444W. We stress here that, as these are
bserved-frame luminosities, the evolving rest-frame wavelengths
ith redshift mean that comparisons are only valid at a given redshift.
e find that the brightest cluster candidates for the observed galaxies

re largely within the range of brightest clusters predicted for the E-
OSAICS galaxies at each redshift. Ho we ver, the brightest cluster

andidates in observed lensed galaxies are generally brighter than the
edian for E-MOSAICS galaxies. The offset appears independent

f redshift, with the observed galaxies following closely the 68 th 

ercentile of the simulated galaxies. The results are similar for
oth F150W (left panel) and F444W (right panel), as well as other
ands not shown (F090W, F200W). We also tested the effect of
ot modelling dynamical friction for massive clusters but found the
esults were largely unchanged (with only some small changes in the
right-end scatter) due to their generally young ages (Fig. 6 ) that are
maller than the dynamical friction time-scales. 

One possible reason for the brighter offset of observed galaxies
ould be detection limits of star clusters, even in strongly magnified
 alaxies. To investig ate this, in the figure we also indicate the
uminosity of the faintest cluster candidate in each galaxy as ‘lower
imits’, though noting this will not be the same as the real detection
imit. Half (4 / 8 in F150W, 3 / 6 in F444W) of the galaxies within the
uminosity selection (Fig. 1 ) have a faintest detected cluster that is
imilar to or brighter than the median luminosity for E-MOSAICS
alaxies at similar redshifts, and nearly all have a faintest cluster that
s brighter than ‘least luminous’ brightest cluster in the simulated
alaxies at comparable redshifts. If the faintest clusters are similar
o detection limits and the intrinsic brightest cluster distribution was
imilar to E-MOSAICS galaxies, this could imply around half of the
alaxies would not have detectable clusters and would be excluded
rom the sample, leading to a bias towards galaxies with brighter
lusters. This would similarly apply to the luminosity fractions in
ig. 3 . We discuss this and other possible causes of differences in the
bserved galaxies and simulation predictions further in Section 4 . 

.3 Brightest cluster–SFR relation 

n the low-redshift galaxy population, observations have found a
orrelation between the brightest cluster in the V band and the star
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Figure 4. Luminosity of the brightest cluster in observed-frame NIRCam bands F150W (left) and F444W (right) as a function of redshift. Due to the changing 
rest-frame wavelengths, comparisons are only valid at a given redshift. Point and line styles are as in Fig. 1 . Open purple stars show additional observations 
from Claeyssens et al. ( 2023 ) in galaxies without total luminosity estimates. The ‘lower limits’ on the observed points are not error bars, but instead show the 
faintest cluster candidate for each galaxy as a measure of detection limits in the observed samples. 
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Figure 5. Relation between the brightest cluster in rest-frame V band and 
galaxy SFR for high-redshift ( z ≥ 1) galaxies. Small coloured points show 

E-MOSAICS galaxies from the luminosity selection in Fig. 1 , coloured by 
snapshot redshift. The solid black line with large outlined circles shows the 
median SFR and brightest cluster for E-MOSAICS galaxies at each snapshot. 
The dash–dotted line shows the best-fitting relation for observed galaxies 
at z ≈ 0 from Weidner, Kroupa & Larsen ( 2004 ). The black dotted line 
shows the expected relation for a power-law cluster mass function (index 
β = −2) with 40 per cent cluster formation efficiency ( � = 0 . 4, Bastian 
2008 ), while the grey dotted line shows the expected relation for � = 1. 
The blue diamonds show the brightest cluster in JWST bands F356W and 
F410W (both close to rest-frame V ) from the Sunrise arc at z ≈ 6 (Vanzella 
et al. 2023 ), which agrees well with the trend predicted by the simulations. 
Overall, the simulations predict steeper (than that found at z = 0) brightest 
cluster–SFR relations at higher redshifts. 
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ormation rate (SFR) of a galaxy (Billett, Hunter & Elmegreen 2002 ;
arsen 2002 ; Weidner et al. 2004 ). The correlation is not simply a
luster size-of-sample effect (and thus dependent on the CFE), but 
s also sensitive to the upper truncation of the cluster mass function
hich affects the slope of the correlation (Bastian 2008 ). In Pfeffer

t al. ( 2019b ), we showed that the fiducial E-MOSAICS model agrees 
ell with the observed relation at z = 0 (Weidner et al. 2004 ). 
In Fig. 5 , we test if such a correlation is still in place at higher

edshifts, using the rest-frame V band to factor out evolving rest-
rame wavelengths. The scatter in the brightest cluster at a given SFR
or the simulated galaxies is due differences in CFE and upper cluster
ass truncation ( M c , ∗) between galaxies, as well as stochasticity 

n sampling the cluster mass functions and the SFRs (measured 
nstantaneously from the SFRs of the gas particles), which is why 
ome points lie abo v e the implied upper limit of � = 1 (grey dotted
ine). From z = 1 to z ≥ 5, the median SFR in the simulated galaxies
ncreases by a factor of 3 (see also Fig. 2 ). Ho we ver, the increase in
he brightest cluster luminosity o v er the same period ( ≈ 2 . 5 mag ) is
ar larger than that expected from the z = 0 brightest cluster relation
dash–dotted line; Weidner et al. 2004 ). This difference is due to
he increase in the CFE, which increases by a factor of 4 from
 = 1 to z = 7 due to increasing natal gas pressure (Fig. 3 ), and an
ncrease in M c , ∗ with redshift due to higher gas fractions (Pfeffer et al.
019b ). The highest redshift simulated galaxies ( z ≥ 5) approach 
he expected relation for a CFE of 40 per cent (the median CFE at
 = 7) with no upper mass truncation (black dotted line). As redshift
ecreases, the simulated galaxy population converges to the observed 
 = 0 relation, which is well fitted by a CFE of ≈ 8 per cent (Bastian
008 ), similar to the CFE of ≈ 10 per cent for the simulated galaxies
t z = 1 (Fig. 3 ). 

In the figure, we also compare high-redshift observations of the 
unrise arc at z ≈ 6 (Vanzella et al. 2023 ), which has JWST imaging
F356W and F410W) close to the rest-frame V band (ef fecti ve
avelength within the full-width-half-maximum of the V filter). The 
unrise arc agrees well with the trend predicted by E-MOSAICS 

alaxies, though it falls abo v e the median for simulated z = 6
alaxies ( SFR ≈ 3 M � yr −1 , M V ≈ −15). Depending on the filter, a
FE of ∼ 40–100 is expected for Sunrise based on its location in the
rightest cluster–SFR diagram, which agrees with a CFE of 30–60 
er cent estimated by Vanzella et al. ( 2023 ) from its SFR surface
ensity. Further high-redshift observations could be compared by 
sing SED fits to calculate rest-frame V luminosities. 
MNRAS 536, 1878–1893 (2025) 
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M

Figure 6. Ages of the brightest clusters in F150W (left) and F444W (right) as a function of redshift. Point and line styles are as in Fig. 1 . Here error bars show 

the uncertainties in property estimates from SED fitting (see Section 2.3 for references). Open purple stars show additional observations from Claeyssens et al. 
( 2023 ) in galaxies without total luminosity estimates. The upper shaded regions show the limit from the age of the universe. In the panels, the red points include 
lensed galaxies with HST imaging for comparison (left triangle: Vanzella et al. 2022a ; stars: Messa et al. 2024b ). 
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Figure 7. Ages of the simulated brightest clusters in F150W at z = 0 (i.e. 
lookback time of formation) as a function of redshift. Point and line styles are 
as in Fig. 1 . The minimum possible age at each redshift (i.e. the lookback time 
at that redshift) is indicated by the orange curve, though is largely co v ered 
by the median E-MOSAICS prediction (solid black line). For the observed 
galaxies, we show the ages of all cluster candidates, rather than only the 
brightest cluster. 
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.4 Brightest cluster ages and masses 

n Fig. 6 , we compare the ages of the brightest cluster in each
imulated galaxy. The oldest ages are of course limited by the age
f the Universe, indicated by the grey shaded region in the left
anel. The brightest cluster ages are sensitive to stellar population
ading, thus the brightest clusters are expected to be older in redder
est-frame bands (Pfeffer et al. 2019a ). They also depend on the
aximum cluster mass and cluster formation rate o v er time (size-of-

ample effects, Gieles et al. 2006 ), meaning they are also sensitive
o galaxy and star cluster formation histories. 

At z > 3, we predict the median brightest clusters in F150W to
ave ages � 10 Myr . The median ages then increase towards lower
edshifts, reaching ≈ 50 Myr at z = 1. In F444W, the trend is similar,
ut the median cluster ages are slightly older ( ≈ 100 Myr at z = 1,
s expected from the redder band). The increasing ages towards
ower redshifts are driven by the changing rest-frame wavelengths
ith redshift, along with the increasing age of the earliest formed

lusters at lower redshifts. At z � 2 . 5 the distribution of ages (violin
lots) at each snapshot often appears bimodal between ∼ 10 Myr
nd ∼ 10 3 Myr ; i.e. young, very bright clusters or old, very massive
lusters (with the later most similar to some GC candidates in the
parkler and SMACS0723 S4, Mowla et al. 2022 ; Adamo et al. 2023 ;
laeyssens et al. 2023 ). 
The SED fitting-derived ages of cluster candidates from observed

alaxies agree very well with the predictions from the simulated
alaxies, generally falling within the 1 σ region (dashed lines). Given
he sensitivity of brightest cluster ages to the combination of a
umber of effects (stellar population evolution, cluster formation
istories), the good agreement between the observed and simulated
alaxies shows that similar star cluster formation processes (like
he ‘young cluster’ based model implemented in E-MOSAICS)
ay be operating in both low- and high-redshift galaxies. We note,

hough, that ages from SED fitting can be sensitive to methodology.
 or e xample, in Fig. 6 , we use cluster ages for the Sparkler from
laeyssens et al. ( 2023 ), as they provide the largest sample of clump
roperties. Many of the star cluster candidates were also analysed by
owla et al. ( 2022 ) and Adamo et al. ( 2023 ), who found significantly

ifferent ages in some cases. 
NRAS 536, 1878–1893 (2025) 

a  
As an alternative way to view their ages, in Fig. 7 , we compare the
ges at z = 0 for the brightest cluster in E-MOSAICS galaxies (i.e.
ssuming that the clusters survive until z = 0 to become GCs). Given
hat their ‘observed’ ages at each redshift are � 100 Myr (Fig. 6 ),
or most clusters their z = 0 ages are similar to the lookback time
t each snapshot redshift. For comparison, we show the z = 0 ages
f all star cluster candidate in the lensed galaxies in our sample.
imilar to the simulated galaxies, there are only a few star cluster
andidates (namely, from the Sparkler and SMACS0723 S4) with
ges much larger ( � 1 Gyr ) than the lookback time at which they are
bserved. This can be explained by the fading of stellar populations
s they age: even in rest-frame visible and near infrared bands, young
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Figure 8. Stellar masses of the brightest clusters in F150W (left) and F444W (right) as a function of redshift. Point and line styles are as in Fig. 1 . Here, 
error bars show the uncertainties in property estimates from SED fitting (see Section 2.3 for references). Open purple stars show additional observations from 

Claeyssens et al. ( 2023 ) in galaxies without total luminosity estimates. In the panels the red points include lensed galaxies with HST imaging for comparison 
(left triangle: Vanzella et al. 2022a ; stars: Messa et al. 2024b ). 
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lusters ( � 100 Myr ) are generally expected to be the brightest and
ost readily observable in high redshift galaxies (see fig. 2 of Pfeffer

t al. 2019a ). Given the limit of the minimum possible z = 0 age
t each redshift, large age ranges ( � 1 Gyr ) in the populations only
egin to occur at z � 3. It also shows that ‘proto-GC’ formation is
ccurring across a wide range of redshifts, rather than at a specific
poch (like that required by models of GC formation in dark matter
inihaloes; e.g. Trenti et al. 2015 ; Boylan-Kolchin 2017 ; Creasey 

t al. 2019 ). 
Fig. 8 shows the masses of the brightest clusters. We predict 

 very flat distribution in median masses of ≈ 10 6 M �, with the
edian masses in F444W marginally larger than those in F150W. The 

imodality found in cluster ages at z � 2 . 5 (Fig. 6 ) is not found in the
rightest cluster masses. The mass of the brightest cluster is difficult 
o interpret in the context of the maximum mass of the cluster mass
unction, as it depends upon the cluster age distribution/formation 
istory (size-of-sample effects) and rest-frame wavelength (rate of 
ading), which can lead to clusters of a wide age range having similar
aximum luminosities (Gieles et al. 2006 ; Pfeffer et al. 2019a ). As

xpected from their similar ages (Fig. 6 ) but brighter luminosities
Fig. 4 ), the masses of cluster candidates from observed galaxies are
ften larger than the median for the simulations, but still generally 
all within the o v erall distribution for the simulated galaxies. Similar
o the simulations, the observed galaxies do not show any strong
rends in the mass of the brightest cluster as a function of redshift. 

In Appendix B , we also compare the metallicities of the brightest
lusters. Ho we ver, due to age–metallicity degeneracies and the weak 
ependence of SED fitting on metallicity for young objects (e.g. see 
damo et al. 2023 ), the current observations are not a strong test of

he simulation predictions. 

.5 Location of brightest clusters in galaxies 

isual inspection of images of lensed galaxies indicates that the 
ajority of cluster candidates are coincident with the main arc of the

ensed galaxies (e.g. Vanzella et al. 2022a , b , 2023 ; Claeyssens et al.
023 ; Adamo et al. 2024 ; Fujimoto et al. 2024 ; Messa et al. 2024a ;
owla et al. 2024 ), with only the Sparkler (SMACS0723 S2) and
irework (SMACS0723 S4) galaxies displaying a large number of 
lumps projected off the main arc (it is notable that both galaxies have
ignificantly larger numbers of detected clumps compared to most 
ther lensed galaxies, with both having nearly 30 clumps; Mowla 
t al. 2022 ; Claeyssens et al. 2023 ). This is a general prediction
or the ‘young cluster’ scenario for GC formation in E-MOSAICS. 
omparing the galactocentric radius of the brightest clusters to the 
D half-mass radius of the galaxies ( r ∗, 1 / 2 ), we find that 50 per cent
f clusters are within ≈ 0 . 37 r ∗, 1 / 2 , 84 per cent of clusters (upper 1 σ )
re within ≈ 1 . 1 r ∗, 1 / 2 and 97.5 per cent of clusters (upper 2 σ ) are
ithin ≈ 3 . 7 r ∗, 1 / 2 , with no strong trends as a function of redshift or
bservation band (F090W to F444W). These predictions could be 
ystematically compared in future with source plane reconstruction 
nd galactocentric-distance measurements for the cluster candidates 
n lensed galaxies. 

 DI SCUSSI ON  

omparisons of simulation predictions with high-redshift observa- 
ions of star clusters have the potential to inform and improve current

odels of GC formation. Ho we v er, an y limitations or biases that may
ffect the comparisons first need to be understood. In this case, the
ffset in the median for brightest cluster luminosities (Fig. 4 ) and
asses (Fig. 8 ) predicted for E-MOSAICS galaxies compared to 

bserved lensed galaxies may have a number of different origins, 
uch as: 

(i) E-MOSAICS underestimates cluster masses: If the brightest 
lusters in E-MOSAICS high redshift galaxies were ≈ 0 . 5 dex more
assiv e the y would agree well with the median observed cluster mass 

stimates (Fig. 8 ). This could be moti v ated by uncertainties within
he MOSAICS cluster formation model or EAGLE galaxy formation 

odel, given both are calibrated to z ≈ 0 observations. However, 
lternativ e v ersions of the E-MOSAICS model which do allow for
igher mass clusters (where the upper truncation in the initial cluster
ass function is remo v ed) are inconsistent with the z = 0 properties

f both young star cluster (in particular the brightest cluster-galaxy 
tar formation rate relation; Pfeffer et al. 2019b ) and GC populations
the GC mass function truncation–galaxy mass relation; Hughes et al. 
MNRAS 536, 1878–1893 (2025) 
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022 ). Such a change would need to apply only in high-redshift
alaxies (the upper cluster truncation mass is already larger in high-
edshift galaxies in E-MOSAICS due to their higher gas fractions,
feffer et al. 2019b ), and be accompanied by increased disruption
f massive clusters (which in E-MOSAICS occurs mainly through
ynamical friction at the high-mass end of the cluster mass function;
feffer et al. 2018 ). 
(ii) Underpredicted galaxy SFRs: An offset in galaxy SFRs be-

ween the simulated and observed galaxies could potentially explain
he offset in brightest cluster luminosity through the brightest cluster–
FR relation (Fig. 5 ). Indeed, the EAGLE model tends to slightly
nderpredict the SFRs of high redshift galaxies (Furlong et al.
015 ). Ho we ver, for the available galaxy sample the SFRs agree
easonably well (Fig. 2 ). A larger sample of observed SFRs in lensed
alaxies is needed to confirm any systematic offset. Using SED
ts to calculate rest-frame V band luminosities would also confirm

f high-redshift galaxies follo w dif ferent V band brightest cluster–
FR relations at different redshifts (Fig. 5 ). Additionally, this could
elp confirm if confusion effects (see below) are elevating observed
luster brightnesses (i.e. if clusters were consistently significantly
righter than expected for the galaxies’ SFRs). 
(iii) Sampling of galaxy luminosity function: The E-MOSAICS

alaxies are volume complete and therefore are naturally biased
ow ards f ainter galaxies in the luminosity selection (Fig. 1 ). This may
ot be the case for observed galaxies, for which brighter galaxies are
asier to detect. Due to correlations between the brightest cluster and
alaxy luminosity, sampling of the galaxy luminosity function may
ignificantly affect the cluster luminosity distributions. By design, the
edian galaxy luminosity is relatively similar between observed and

imulated galaxies within the luminosity selection (Fig. 1 ). Ho we ver,
uch an effect should be accounted for as the observed lensed galaxy
ample becomes larger. 

(iv) Limited simulation volume: The largest E-MOSAICS sim-
lation volume (side length L = 34 . 4 cMpc ) is not large enough
o contain progenitors of very massive galaxy clusters ( M 200 ∼
0 15 M �), with the most massive group being M 200 ≈ 10 13 . 7 M � at
 = 0. Simulations containing such rare regions require L ∼ 1 Gpc
ized volumes. Ho we ver, for a gi ven stellar mass, galaxies at higher
edshifts will be found in higher mass haloes at z = 0. For example,
n the EAGLE L100N1504 simulations (Schaye et al. 2015 ), galaxies
ith M ∗ ≈ 10 9 M � at z = 1 will typically be progenitors of galaxies

ocated (as central or satellites) in haloes with M 200 ≈ 10 12 M � at
 = 0, while similar mass galaxies at z = 6 will typically be found
n M 200 ≈ 10 13 . 5 M � haloes at z = 0. Scaling this to higher redshifts
eans z = 10 galaxies of similar mass would be expected to be pro-

enitors of galaxies in M 200 ( z = 0) > 10 14 M � haloes. Potentially,
he observed lensed galaxies (particularly at the highest redshifts,
 ∼ 10) may be progenitors from environments not co v ered by the
-MOSAICS volume. If there was a dependence of brightest cluster
roperties on environment at high redshift (e.g. perhaps through natal
as pressure dependence), this could bias the simulation predictions
o lower masses and luminosities due to their locations in underdense
e gions (relativ e to those e xpected from much larger volumes).
o we ver, we note that an environmental ( M 200 ) dependence was not

ound for GC mass function truncations in E-MOSAICS (Hughes
t al. 2022 ). 

(v) Confusion with cluster comple x es: In the Local Universe, star
lusters generally do not form in isolation, but in associations termed
tar cluster comple x es (e.g. Zhang, F all & Whitmore 2001 ; Bastian
t al. 2005 ). As observational resolution decreases, neighbouring
lusters and star-forming regions become blended in imaging,
eading to detected clumps with larger luminosities and sizes, as
NRAS 536, 1878–1893 (2025) 
ell as o v erestimated clump/cluster luminosity fractions (e.g. Cava
t al. 2018 ; Messa et al. 2019 ). Indeed, high-redshift clumps (at fixed
edshift) show strong trends of luminosity and size with lensing
agnification (e.g. Me ̌stri ́c et al. 2022 ; Claeyssens et al. 2023 ),

ndicative of such blending. Testing this effect would require higher-
till resolution imaging (e.g. with future extremely large telescopes)
r limiting comparisons to lensed galaxies with the very highest
esolutions, which would severely limit the galaxy sample. 

(vi) Lens stretching: Related to the previous issue, the brightness
f lensed star clusters may be o v erestimated due to lens stretching
magnification/resolution is higher in the tangential direction than the
adial direction). F or e xample, Vanzella et al. ( 2019 ) found that fluxes
ay be o v erestimated by a factor ≈ 1 . 3–1.5 (0.3–0 . 45 mag brighter)
hen modelling the lensing of a nearby dwarf galaxy (NGC 1705)
ith a young massive star cluster. The exact amount of overestimation
ill naturally depend on factors such as resolution, the ratio of

angential and radial magnifications and particular orientation of the
ystem, so will not be a fixed offset in all galaxies and needs to be
stimated separately in each case. 

(vii) Cluster detection limits: In half of the observed galaxies in
ig. 4 within the luminosity selection limits (Fig. 1 ), the faintest
etected star cluster candidate is similar to or brighter than the median
rediction from E-MOSAICS. If the faintest detected clusters are
imilar to detection limits, this could imply only around half of lensed
alaxies have detectable clusters and represent mainly the upper half
f the distribution, those with the very brightest star clusters. Many
ensed galaxies are indeed excluded from the sample due to not
ontaining compact clumps (e.g. from Claeyssens et al. 2023 ; Messa
t al. 2024b ), though interpretation is complicated by the differing
agnifications and resolutions between different galaxies. Detection

ffects could be further tested by determining the distribution of
luster luminosity detection limits in lensed galaxies at fixed spatial
esolution, to take into account varying magnifications and redshifts.
ainter clusters could also be detected with deeper imaging (where
agnification/resolution is sufficient). 
(viii) Uncertainties in stellar population models: We use simple

tellar populations from the FSPS model (Conroy et al. 2009 ; Conroy
 Gunn 2010 ) to calculate cluster luminosities as it includes JWST
lters. The default model with P ado va isochrones does not include
ffects such as binary star evolution or stellar rotation, which are more
mportant at lower metallicities and could increase the brightness
f stellar populations in the UV (Levesque et al. 2012 ; Stanway,
ldridge & Becker 2016 ; Eldridge et al. 2017 ). Similarly, in very
oung populations, ionized gas can be of similar importance as
he stellar light in UV and optical bands (Reines et al. 2010 ),
hus uncertainties in its modelling (co v ering fraction, etc.) could
ave large effects in the stellar population models. A lack of (or
nderestimate of) such effects in stellar population modelling may
imultaneously affect both the simulations (lower than expected
uminosities) and observations (higher than expected masses). We do
ot test the effect of using BPASS isochrones (Eldridge et al. 2017 )
n FSPS as the y hav e a fix ed Salpeter IMF, leading to higher M/L at
ll ages relative to a Chabrier IMF, even with binary star evolution.
o we ver, relati ve to a Salpeter IMF with Padova isochrones, the
PASS isochrones lead to luminosities that are ≈ 20–60 per cent
righter between ages of 1–10 3 Myr . This luminosity increase is
otentially enough to account for the offset between observations
nd simulation predictions in both luminosity and mass, although, as
e discuss next, changes in mass-to-light ratios can be compensated
y changes in galaxy mass selection (for fixed luminosity selection).
ne effect that might apply predominantly to star clusters is an

ncrease in UV luminosities due to helium-enhanced stars in proto-
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Cs (Katz et al. 2024 ), but more work is needed to understand
he extent of the effect for stellar populations at different ages and

etallicities, and in different wavebands. 
(ix) Uncertainties in stellar IMF: Some works suggest that the 

tellar IMF may be top-heavy at high redshifts (e.g. Cameron et al.
024 ; Mowla et al. 2024 ). As with effects like binary star evolution,
 top-heavy IMF will make young stellar populations more luminous 
or a given mass. We tested this with FSPS by using a Kroupa
MF with a flatter high mass power-law index of α = −1 . 5 (noting
hat, this is no longer consistent with the Chabrier IMF used in the
AGLE model, which would require also recalibrating the stellar 

eedback model, e.g. as in Barber, Crain & Schaye 2018 ). We find
hat a top-heavy IMF does not significantly change the predictions 
or brightest cluster luminosities, as the lower mass-to-light ratios 
eads to selection of lower-mass galaxies (in this case by a factor
f ≈ 2) with lower-mass clusters. Instead, the main effects of a 
op-heavy IMF are that the brightest clusters become significantly 
ounger (median ages < 10 Myr at all redshifts z ≥ 1 for F150W,
 20 Myr for F444W) and lower mass (median masses ∼ 10 5 M �).
(x) Dust/extinction uncertainties: In most cases (except for, e.g. 

he Cosmic Grapes, where dust maps are derived from ALMA 

bservations; Fujimoto et al. 2024 ), extinction values are derived 
rom SED fitting, and are therefore degenerate with other properties. 
ystematic offsets in both clusters and the galaxies would be 
nlikely to explain the brightest cluster luminosity offsets, for the 
ame reasoning as IMF variations (it would also change galaxy 
election). Ho we ver, there is some evidence from local galaxies 
hat higher-mass young star clusters clear their surroundings of 
bsorbing gas/dust earlier than lower-mass clusters (McQuaid et al. 
024 ). If such a process was at work in young clusters in the
igh-redshift Universe and also extended to the field star regime, 
hen, for a given luminosity, galaxies would be more massive 
nd therefore expected to have higher mass clusters. In practice, 
his would require extinction to be underestimated for the whole 
alaxy, or o v erestimated for the star cluster candidates, giv en that
xtinction is generally similar for both in the lensed galaxies in 
ection 2.3 . Alternatively, simulations with explicit models for 
ust, combined with radiative transfer calculations, would enable 
irect comparison of observed luminosities without extinction 
orrections. 

(xi) Nuclear star clusters: Currently, high-redshift observations do 
ot distinguish between normal star clusters and nuclear star clusters. 
uclear clusters are often the brightest and most massive star cluster 

n a galaxy and thought to form through either mergers of inspiralling
tar clusters or central star formation (see Neumayer, Seth & B ̈oker
020 , for a re vie w), but are not modelled in E-MOSAICS. In some
ases the brightest cluster candidates appear coincident with the 
entre of the host galaxies (e.g. Fujimoto et al. 2024 ; Messa et al.
024a ), indicating that they could be nuclear star cluster candidates 
nd not directly comparable with globular cluster progenitors. 

(xii) Ultra-compact dwarf galaxies: Related to nuclear star clusters 
re ultra-compact dwarf galaxies (UCDs), the most massive of which 
re thought to form as nuclear clusters before their host galaxies 
re tidally disrupted during galaxy mergers (e.g. Bekki et al. 2003 ;
rinkwater et al. 2003 ; Brodie et al. 2011 ). Being typically more
assive than GCs, UCDs can lead to a high-mass tail in the GC
ass function (Pfeffer et al. 2016 ) and could potentially lead to

righter than expected clusters in high-redshift galaxies. The very 
oung ages of most high-redshift clusters (Fig. 6 ) makes a UCD
xplanation unlikely in most cases, as the time-scales are too short
or host galaxy disruption to occur. Ho we ver, a large fraction of UCD
ormation is expected to occur between redshifts 1–3 (Pfeffer et al. 
014 ; Mayes et al. 2021 ) and could contribute in more luminous
alaxies in that epoch (e.g. SMACS0723 S4). 

At present, it is not possible to determine what is the most
mportant effect in explaining the offset between simulated and 
bserved cluster luminosities and masses, but this discussion may 
uide future tests. Potentially, some combination of effects may 
xplain the offset (for example, lens stretching may already explain 

0 . 3–0 . 5 mag difference, or around one third of the offset). Given
he current sample of observed high-redshift galaxies with compact 
lusters is relatively small, statistical comparisons will impro v e as
ore observations are taken (e.g. Claeyssens et al. 2024 ; Naidu et al.

024 ) and any selection effects can be better understood. 
Our test varying the stellar IMF also shows that global changes to

tellar populations may not change the predictions for the luminosi- 
ies of the brightest clusters, as it also changes the galaxy selection. In
his case, to change the brightest cluster predictions, modifications to 
he stellar populations would need to only (or predominantly) apply 
o star clusters but not field stars. For example, star clusters could
ave higher binary or rotating star fractions or a more top-heavy
MF relative to field stars. However, we caution that modifications to
he stellar IMF would also modify the host galaxy properties, and a
omplete test requires recalibrating the stellar feedback model (e.g. 
arber et al. 2018 ). 

 SUMMARY  

n this work, we have compared the properties of star cluster
andidates in lensed, high redshift galaxies from JWST and HST 

bservations with predictions of star cluster properties from the E- 
OSAICS simulations. Such high-redshift star clusters are thought 

o be analogues of today’s old GCs observed soon after formation,
nabling tests of GC formation models. We focus on the properties
f the brightest cluster in each galaxy, so that comparisons can be
ade for observed galaxies with few detected compact sources. 
We find that the luminosities (Fig. 4 ), ages (Fig. 6 ), and masses

Fig. 8 ) of the brightest clusters in observed lensed galaxies are
onsistent with the E-MOSAICS predictions. We predict that the 
rightest cluster–galaxy SFR relation evolves with redshift (Fig. 5 ) 
uch that, at a given SFR, clusters are brighter at higher redshifts,
hich could be tested with larger lensed galaxy samples. For 

ach of these properties, the observed star cluster candidates fall 
ithin the distribution predicted by the simulations. In particular, 

he brightest cluster ages agree very well between observed and 
imulated galaxies. Assuming the clusters survive to the present day, 
he ages at z = 0 for the clusters in the sample of lensed galaxies
pan the range ≈ 9–13 . 5 Gyr (Fig. 7 ), indicating that GC formation
ay occur across a wide range of redshifts rather than at a specific

poch. This provides further evidence that standard young star cluster 
ormation mechanisms found in low-redshift galaxies, operating in 
he more extreme star formation conditions at high redshift, may 
xplain the GCs observed in the present day. 

Ho we v er, the observ ed brightest cluster candidates tend to be
righter in the NIRCam bands than the median predicted from E-
OSAICS by around 1–1 . 5 mag (Fig. 4 ). This is similarly reflected in

he estimated masses of the brightest clusters in F150W, with around
.5 dex offset in mass (Fig. 8 , right panel). As discussed in Section 4 ,
uch a difference could be explained by many effects, including 
nderestimated cluster masses or galaxy SFRs in the simulations, 
uclear star clusters, uncertainties in stellar population modelling, 
bservational resolution limitations and selection effects of observed 
alaxies. We also tested the effect of a top-heavy IMF for simulation
MNRAS 536, 1878–1893 (2025) 
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uminosity estimates, but found the brighter stellar populations were
ompensated by selection of lower mass galaxies and star clusters,
uch that the brightest cluster luminosities were similar. 

Clearly, before high-redshift observations of star clusters can
oti v ate modifications to, or confirm the accuracy of, present GC

ormation models, systematic effects or biases in the comparisons
ust first be understood. Future studies should work to understand

uch limitations to enable stronger tests of GC formation models. 
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PPENDIX  B:  BRIGHTEST  CLUSTER  

ETA LLICITIES  

ig. B1 compares the metallicities of the brightest cluster in 
150W in each simulated galaxy as a function of redshift. We 
o not find any significant variations in the median metallicities 
ith observation band. The typical metallicities of the bright- 

st clusters increase with decreasing redshift. This is expected 
rom the increasing masses of the galaxies (Fig. 1 ) and the
alaxy mass–metallicity relation for EAGLE galaxies (Schaye et al. 
015 ). 
For reference, we also include the metallicity estimates for 

luster candidates in lensed galaxies, where available. Other than 
osmic Gems, all other lensed galaxies shown in the figure are 
Figure B1. Metallicities (left: log ( Z/ Z �); right: [ Fe / H]) of the brig

his paper has been typeset from a T E 

X/L 

A T E 

X file prepared by the author. 
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 https://cr eativecommons.or g/licenses/by/4.0/), which permits unrestricted reuse, distribution, and rep
rom Claeyssens et al. ( 2023 ), though these values are highly
ncertain as only four metallicities were tested ( log ( Z/ Z �) =
0 , −0 . 4 , −0 . 7 , −1 . 7]) and the SED fits often only weakly depend
n metallicity (see their fig. F1). Other works have also analysed the
parkler galaxy, including Mowla et al. ( 2022 , finding metallicities in

he range log ( Z/ Z �) ≈ −1 to 0.2) and Adamo et al. ( 2023 , finding
etallicities in the range [ Fe / H] ≈ −2 to −0 . 2). These values are

roadly in agreement with those found in the simulated galaxies at
 ≈ 1 . 5. Ho we v er, age–metallicity de generacies generally mean the
etallicities from SED fitting are very uncertain, particularly for 

oung ( < 1 Gyr ) objects (e.g. see figure 3 in Adamo et al. 2023 ).
hese comparisons could be impro v ed in future with spectroscopic
etallicities. 
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htest clusters in F150W. Point and line styles are as in Fig. 1 . 
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