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A B S T R A C T 

We use the TNG50 from the IllustrisTNG suite of cosmological hydrodynamical simulation, complemented by a catalogue of 
tagged globular clusters, to investigate the properties and build up of two extended luminous components: the intra-cluster light 
(ICL) and the intra-cluster globular clusters (ICGCs). We select the 39 most massive groups and clusters in the box, spanning 

the range of virial masses 5 × 10 

12 < M 200 / M � < 2 × 10 

14 . We find good agreement between predictions from the simulations 
and current observational estimates of the fraction of mass in the ICL and its radial extension. The stellar mass of the ICL is 
only ∼ 10 per cent –20 per cent of the stellar mass in the central galaxy but encodes useful information on the assembly history 

of the group or cluster. About half the ICL in all our systems is brought in by galaxies in a narrow stellar mass range, M ∗ = 

10 

10 –10 

11 M �. Ho we ver, the contribution of low-mass galaxies ( M ∗ < 10 

10 M �) to the build up of the ICL varies broadly from 

system to system, ∼ 5 per cent − 45 per cent , a feature that might be reco v ered from the observable properties of the ICL at 
z = 0. At fixed virial mass, systems where the accretion of dwarf galaxies plays an important role have shallower metallicity 

profiles, less metal content, and a lower stellar mass in the ICL than systems where the main contributors are more massive 
galaxies. We show that intra-cluster GCs are also good tracers of this history, representing a valuable alternative when diffuse 
light is not detectable. 

Key words: galaxies: clusters: intracluster medium – globular clusters: general – galaxies: dwarf – galaxies: general. 
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 I N T RO D U C T I O N  

ne of the most striking features of high-density environments is the
ntra-cluster light (ICL), a diffuse component of light that originates
rom populations of stars that are not associated with individual
alaxies and are instead gravitationally bound to the host dark matter
alo. The ICL is thought to be a product of the tidal stripping of stars
rom galaxies as the y trav erse the cluster or group environments and
as first proposed and subsequently disco v ered by Zwick y ( 1937 ,
951 , 1952 , 1957 ) in the Coma cluster. The direct link between the
CL and satellite galaxies makes the formation of this diffuse light a
atural prediction of the hierarchical assembly model in Cold Dark
atter (CDM, White & Rees 1978 ; Conroy, Wechsler & Kravtsov

007 ; Montes & Trujillo 2018 ; Contini 2021 ). 
The ICL has cosmological rele v ance primarily in two aspects.

irst, it represents a visible tracer of the unseen dark matter distribu-
ion, with several theoretical works supporting a good correlation
etween the shape and orientation of the ICL and those of the
nderlying dark matter halo (Montes & Trujillo 2019 ; Alonso
sensio et al. 2020 ; Contini & Gu 2020 ; Deason et al. 2020 ; Gonzalez
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t al. 2021 ). Secondly, the main focus of this paper, the ICL is built
y the tidal disruption of many satellite galaxies, some of which do
ot survive until today. As such it can help unravel the past formation
istory of the host group or cluster halo (Contini 2021 ; Montes 2022 ,
nd references therein), in a similar way that stellar haloes can help
econstruct the merger histories of smaller mass haloes in the Milky

ay-lik e (MW-lik e) regime (e.g. Bullock & Johnston 2005 ). 
The stellar mass content of the ICL is directly related to the stellar
ass–halo mass relation and serves as a probe of the past assembly

istory of galaxy clusters. A number of observational constraints
n the amount of ICL have been reported in the literature, with
tudies using deep imaging to estimate the total amount of ICL in
alaxy clusters (e.g. Zibetti et al. 2005 ; Krick & Bernstein 2007 ;
cGee & Balogh 2010 ; Mihos et al. 2017 ; Morishita et al. 2017 ;

im ́enez-Teja et al. 2019a ). These studies have found that the ICL
ypically makes up a significant fraction of the total light in galaxy
lusters, ranging from < 10 per cent to 50 per cent depending on
he cluster and the methods used to estimate the ICL (see Montes
022 ). 
Numerical simulations predict that the bulk of the ICL mass comes

rom the tidal stripping of massive satellites (10 < log(M/M �) <
1) (Puchwein et al. 2010 ; Contini et al. 2013 ; Cui et al. 2014 ;
ooper et al. 2015 ; Contini, Yi & Kang 2019 ; Montenegro-Taborda
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t al. 2023 ). P articularly, disc-like massiv e satellites are thought to
ignificantly contribute to building the ICL through a large number 
f small stripping events (Contini et al. 2018 ). Ho we ver, other less-
ominant mechanisms may also contribute stars to the ICL including 
he total disruption of low mass satellites (Purcell, Bullock & Zentner 
007 ), stars ejected into the inter-cluster medium after a major merger
Murante et al. 2007 ) and the pre-processing of accreted groups
Rudick, Mihos & McBride 2006 ). Due to the well-established 
elation between stellar mass and metallicity in galaxies, the nature 
f the progenitors that build up the ICL can be observationally 
onstrained from stellar metallicities. Furthermore, each of these 
echanisms are expected to leave distinct patterns on the metallicity 

nd their gradients. 
Constraining the contribution of each mechanism can be extremely 

hallenging due to the faint ( μV ∼ 26 . 5 mag / arcsec 2 ) and extended
haracteristics of the ICL, which can often only be probed by broad-
and photometry. Yet, o v er the last two decades, significant progress
as been made. A number of observational studies have highlighted 
he presence of clear ne gativ e radial colour gradients (Krick &
ernstein 2007 ; Rudick et al. 2009 ; Melnick et al. 2012 ; DeMaio
t al. 2015 ) in the ICL of the majority of clusters studied at z ∼
.5. While such gradients could potentially arise due to changes 
n metallicity (Montes & Trujillo 2014 ; DeMaio et al. 2015 ) or
ariations in the ages of the stars (Morishita et al. 2017 ; Montes &
rujillo 2018 ), it suggests that violent relaxation after major mergers 
ith the BCG cannot be the dominant source of ICL. Although, the
bserved metallicities of the ICL ([Fe/H] ICL ∼ −0.5) align with the 
otion that the ICL stars likely originate either from stars located 
n the outer regions of galaxies with stellar masses approximately 
 × 10 10 M � (DeMaio et al. 2018 ; Montes & Trujillo 2018 ; Montes
t al. 2021 ) or from the dissolution of dwarf galaxies, the amount of
CL is often used as an argument against the latter as this would
ramatically alter the faint end of the cluster galaxy luminosity 
unction (e.g. Zibetti et al. 2005 ; DeMaio et al. 2018 ). Only a small
umber of clusters have been identified with flat colour gradients (e.g. 
bell 370) – indicating an ICL formed through the expulsion of stars

nto the intra-cluster medium during a major merger event (Krick & 

ernstein 2007 ; DeMaio et al. 2015 , 2018 ). While the vast variety
f observations point to the progenitors of the ICL being the tidal
tripping of massive satellites (10 < log(M/M �) < 11) consistent 
ith theoretical predictions, the ICL of the two closest well-studied 

lusters, the Virgo and Coma, which can be studied in significant 
etail, suggest very different assembly mechanisms. Williams et al. 
 2007 ), studying the RGB populations of the Virgo cluster ( ∼15 Mpc)
sing a single and deep HST pointing, found that 70 per cent of the
tars have a metallicity of [M/H] ∼ −1.3) indicating that the ICL was
uilt up primarily through the disruption of dwarf galaxies. Similarly, 
u et al. ( 2020 ) spectroscopically studied the ICL of the Coma cluster

n the low-S/N regime finding it to be old and metal-poor ([M/H] ∼
1.0) – consistent with the accretion of low-mass galaxies or the 

idal stripping of the outskirts of massive galaxies that have ended 
heir star formation early on. The low metallicity of the ICL of the
irgo and the Coma cluster clearly suggests that the contribution of
warf galaxies to the ICL can be significant. This is clearly in tension
ith the observations of clusters further away as well as the current

heoretical paradigm, requiring further study and perhaps a revision 
f understanding of the contribution of dwarf galaxies to the ICL. 
One way to observationally disentangle the various formation 
echanisms is to study how the ICL correlates with the mass of

he cluster and with redshift. Ho we ver, as we probe deeper into the
niv erse and e xamine systems at earlier redshifts, the low-surface 
rightness of the ICL becomes increasingly difficult to capture. In 
uch cases, an alternative path to study the dark matter haloes may
e offered by globular clusters (GCs). These ancient, dense clusters 
f stars are commonly found in nearly all types of galaxies and
re thought to be among the oldest and (often) metal-poor stellar
opulations in the universe (Gratton et al. 2019 ). They are believed
o have formed before the majority of galaxies and are relatively
uminous (Schauer et al. 2021 ), making them easily detectable at
arge distances and earlier redshifts and a powerful tool to study the
istribution of dark matter and ICL in the early universe. 
GCs can be very numerous in groups and clusters. While for
W-like galaxies they populate host haloes by the hundreds, in the
irgo cluster more than 10 000 have been catalogued around M87

Durrell et al. 2014 ). Studies have shown that the abundance of GCs
s closely related to the amount of dark matter in the haloes (Spitler &
orbes 2009 ; Harris, Harris & Alessi 2013 ; Hudson, Harris & Harris
014 ; Harris, Harris & Hudson 2015 ). Therefore, GCs can offer an
lternative path to study the dark matter haloes in galaxy groups and
lusters, especially when the ICL is not easily captured. 

A large fraction of GCs associated with a given system are
embers of the intra-cluster globular cluster (ICGC) component, 
hich has been observationally confirmed in Fornax (Schuberth et al. 
008 ), Coma (Madrid et al. 2018 ), Abell 1689 (Alamo-Mart ́ınez &
lakeslee 2017 ), Virgo (Lee, Park & Hwang 2010 ; Ko et al. 2017 ;
ongobardi et al. 2018 ), Centaurus A (Taylor et al. 2017 ), Perseus

Harris et al. 2020 ), and Abell 2744 (Harris & Reina-Campos 2023 )
or example. This intra-cluster component is expected to arise mostly 
y the gravitational removal of GCs from satellite galaxies that 
nteracted with the groups, and pre-dominantly from satellites that 
id not survive until today (Ramos-Almendares et al. 2020 ). In this
ay, the origin of the ICGCs and the ICL are therefore expected to
e strongly linked, and one might naively expect similar properties 
nd building blocks for both components. Ho we ver, the way stars
nd GCs occupy haloes is different, in particular in the low-mass end
f dwarf galaxies, and it is as yet unclear how this may impact the
ay GCs and the ICL trace each other. 
In this study, we take advantage of the recently published catalogue 

f GCs 1 , which are tagged post-processing into the cosmological 
ydrodynamical simulation TNG50 to explore the properties of 
he ICL and GC components of groups and clusters. The paper is
rganized as follows: in Section 2 , we present a brief description of
he simulation and definitions used in our study. In Section 3 , we
ntroduce the general properties of the ICL component predicted by 
he simulation. In Section 4 , we analyse the progenitors of the ICL
omponent, and in Section 5 , we investigate the use of GCs as tracers
f the formation history of ICL. Finally, in Section 6 , we summarize
he main results of our study. 

 SI MULATI ON  

e use the TNG50 of the IllustrisTNG suite of cosmological 
ydrodynamical simulation (Pillepich et al. 2019 ; Nelson et al. 
019b ), which is part of the suite of cosmological boxes from the
llustrisTNG project 2 (Marinacci et al. 2018 ; Naiman et al. 2018 ;
elson et al. 2018 ; Springel et al. 2018 ; Pillepich et al. 2018b ; Nelson

t al. 2019a ). TNG50 is the highest resolution baryonic run of the Il-
ustrisTNG suite, which has a volume of approximately 50 3 Mpc 3 and
 × 2160 3 resolution elements, with an average mass per baryonic 
article 8 . 5 × 10 4 M �, and dark matter mass with 4 . 5 × 10 5 M � per
MNRAS 529, 4666–4680 (2024) 
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article. The IllustrisTNG cosmological parameters are consistent
ith � CDM model determined by Planck XIII (Planck Collaboration

t al. 2016 ) to be �m 

= 0 . 3089 , �b = 0 . 0486 , �� 

= 0 . 6911 , H 0 =
00 h km s −1 Mpc −1 with h = 0 . 6774 , σ8 = 0 . 8159 , and n s =
.9667. 
The evolution of gravity and hydrodynamics are followed using

he AREPO moving mesh code (Springel 2010 ). The galaxy formation
aryonic treatment is based on its predecessor simulation suite,
llustris (Vogelsberger et al. 2013 ; Genel et al. 2014 ; Vogelsberger
t al. 2014a , b ; Nelson et al. 2015 ), with modifications implemented
o better track the formation and evolution of galaxies, as described
n Weinberger et al. ( 2017 ); Pillepich et al. ( 2018a ). 

The updated IllustrisTNG subgrid models accounts for star for-
ation, radiative metal cooling, chemical enrichment from SNII,
NIa, and AGB stars, stellar feedback, and super-massive black
ole feedback (Weinberger et al. 2017 ; Pillepich et al. 2018a ).
hese models are shown to reproduce several of the z = 0 basic
alaxy scaling relations, including the stellar mass – size (Genel
t al. 2018 ), the colour bimodality (Nelson et al. 2018 ), and galaxy
lustering (Springel et al. 2018 ), among others. As such, they
re representative of the present-day population of galaxies in the
niverse and reproduce the main environmental trends observed
n satellites. Of particular rele v ance to this work, the abundance
f low-mass and intermediate-mass galaxies seems consistent with
bservationally estimated stellar mass functions (e.g. Pillepich et al.
018a ; V ́azquez-Mata et al. 2020 ; Engler et al. 2021 ). 

.1 Identification of groups and clusters 

roups are identified using spatial information based on a Friends-
f-Friends (FoF) algorithm (Davis et al. 1985 ). Individual self-
ravitating subhaloes and galaxies are later found in these groups
sing SUBFIND (Springel et al. 2001 ; Dolag et al. 2009 ). The object
t the centre of the gravitational potential of each group is called
he ‘central’ galaxy, while all other substructures are ‘satellites’ (or
subhaloes’). SUBFIND identifies substructures with a minimum of
2 particles and we additionally apply M DM 

� 5 . 4 × 10 7 M � (at the
ime of infall) to remo v e the chances of including spurious baryonic
lumps that are not bonafide galaxies. The time evolution of galaxies
nd haloes through the 99 snapshots of the simulation is followed by
sing the SUBLINK merger trees (Rodriguez-Gomez et al. 2015 ). 
We identify groups and low-mass clusters in TNG50 by selecting

ll host haloes with virial masses M 200 / M � � 5 × 10 12 , where virial
uantities are measured within the virial radius, or r 200 , defined as the
adius of a sphere where the mean density of the group is 200 times
he critical density of the universe. This selection results in 39
roups and clusters, containing 3305 and 5020 satellite galaxies with
 ∗ > 10 7 M � within the virial radius and FoF group boundaries,

espectively. 

.2 The ICL in groups and clusters 

or the purpose of this work we define the ICL as all stellar particles
hat belong to the group and are not bound to any satellite, and
re located within a radial range of 0 . 15 r 200 < r < r 200 from the
ost galaxy, where r 200 is the virial radius of the group. Different
efinitions of ICL are commonly assumed in the literature, both in
imulations and observational work. We hav e e xperimented with
everal of these definitions and explicitly checked that none of
ur main conclusions depends qualitatively on the specific criteria
dopted here. For a more detailed view, we collect in Appendix A
NRAS 529, 4666–4680 (2024) 
ome examples on how the exact definition of ICL affects some of
ur reported results. 
Further inspection of our selection of ICL particles revealed an

xcess of stars located on the periphery of several satellites. These
tellar particles are considered unbound by SUBFIND (and therefore
ncluded as ICL candidates) but are still clearly part of the satellite
r substructure in the 6D space of positions and velocities. We
herefore applied two extra requirements in order to ‘clean’ our ICL
ample. Each stellar particle needs to be at least 10 × r h ∗ away from
n y massiv e satellite (the ones larger than M / M � > 10 10 ), where
 h ∗ is the stellar half-mass radius of the satellite. In addition, we
nsure that the velocity of the particles satisfy V/V C > 2.5 to be
onsidered part of the ICL, where V C is the circular velocity at 2 × r h ∗
f the satellite. This procedure satisfactorily remo v es e xtra stellar
articles with positions and velocities strongly correlated with the
ocal substructure. Note that similar methods are used in observations
f the ICL to reduce the light contamination from the central galaxy
nd the satellite galaxies. 

.3 In situ versus ex situ 

n this paper, we frequently use the terms ‘ in situ ’ and ‘ex-situ’ to
istinguish between different types of stellar populations: those born
rom gas bound to the main branch progenitor in the SUBLINK merger
ree of a galaxy (‘ in situ ’) versus those born in external galaxies and
ater brought in to the descendant object during mergers or tidal
tripping events (‘ex-situ’). 

To classify stars as ex situ or in situ , we use the stellar assembly
atalogues, offered as auxiliary data in the TNG data base. The
lassification method was introduced in detail in Rodriguez-Gomez
t al. ( 2016 ) and is based on the SUBFIND association of the newly
ormed stars (at the time of birth) to either the main progenitor of the
entral galaxy ( in situ ) or to a substructure that later merges into the
ystem (ex situ). Main or secondary progenitors are defined using
he SUBLINK merger trees. 

.4 GCs 

e use the catalogue of GCs presented in Doppel et al. ( 2023 )
or our TNG50 systems. GCs are tagged for all galaxies with
 ∗, max ≥ 5 × 10 6 M � that infall or interact with our groups and

lusters. The tagging is done at infall time for all galaxies, after
hich the dynamics of the GCs is followed naturally by tracking the
ositions and velocities of the particles flagged as GC candidates.
he simulated GCs are shown to follow known scaling relations for
alaxy-GCs and, in addition, to give rise to a population of intra-
luster GCs (ICGCs) as a combination of tidal stripping of GCs
rom merging galaxies and a native GC population tagged on to
he central galaxy (Ramos-Almendares et al. 2020 ; Doppel et al.
023 ). The slope and normalization of this ICGC component is in
ough agreement with current observational constraints (see fig. 5 in
oppel et al. 2023 ). GCs are tagged to selected dark matter particles

nd are assigned masses M GC = 7 × 10 3 –5 × 10 6 M � as described
n more detail in Appendix B . For additional information we refer
he reader to Doppel et al. ( 2023 ). 

For this work, we use from this catalogue the ICGCs, identified
s tagged GCs that are currently not associated to any substructure
ccording to SUBFIND and ‘cleaned’ with the same method described
n subsection 2.2 for the ICL. As an example of how these GCs
re distributed in our systems, we show in Fig. 1 , projected maps
f multiple groups from our sample. These plots show the stellar
omponent (grey-scale in the background) with the position of the
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Figure 1. Projected position of the luminous (stellar (grey-scale background) + ICGCs (cyan dots)) components in the ICL of 4 randomly selected groups 
from our sample (the virial mass of each group is quoted on the bottom left of each panel). Orange, magenta, and lime circles show the position of r 200 for the 
group, and 0 . 15 × r 200 , and 2 × r h ∗ , respectively. 
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CGCs highlighted by the cyan dots. These few examples illustrate 
nteresting differences in size, shapes, and concentration of the GC 

nd ICL components, suggesting a link to their different formation 
istories. 

 T H E  MASS  A N D  E X T E N T  PREDICTED  F O R  

H E  I C L  

.1 ICL mass content 

n order to quantify the amount of mass in the ICL, we define the
raction of mass in the ICL as 

 ICL = 

M 

∗
ICL 

M 

∗ , (1) 

BCG 
where M 

∗
ICL is the stellar mass in the ICL and M 

∗
BCG is the

tellar mass within 2 × r h ∗ of the central galaxy. Solid circles with
lack outlines in Fig. 2 show f ICL for our sample of groups and
lusters plotted against the virial mass of each group. We note that
arious definitions of this fraction have been used in the literature.
n particular, a lower limit to f ICL might be found by dividing the
ass of the ICL by the total mass of stars within the virial radius
 ICL , tot = M ICL /M ∗,r 200 . For comparison, we show f ICL, tot in Fig. 2
ith downward triangles connected to the solid symbols. In general, 
e find that the ICL fraction can change by more than a factor of two
y adopting common definitions in the literature (see Appendix A ).
n this work, f ICL will refer to equation ( 1 ) unless specified otherwise.

Our systems span from 5 × 10 12 to nearly 2 × 10 14 M � in virial
ass, sampling the range from isolated elliptical galaxies comparable 

o Centaurus A to moderate mass galaxy clusters such as Fornax,
MNRAS 529, 4666–4680 (2024) 
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M

Figure 2. Left panel: ICL fraction as a function of virial mass of our groups and clusters colour codded by the time of the last major merger of the central 
galaxy. Predictions from TNG50 are shown with large filled circles (upper limit), and empty downward triangles (lower limit). Small grey circles indicate the 
fraction if only ex situ or accreted stars are considered. Right panel: Comparison of the predicted ICL fraction in TNG50 with results from previous simulations 
(shaded areas) and several observational studies (different markers). References along with the reported quantities are presented in Table D1 in Appendix D . 
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nd conserv ati ve mass estimates of the Virgo cluster. The ICL mass
raction shows a subtle increase with virial mass, with typical values
f 5–10 per cent in our low mass systems and ∼ 20 per cent for our
ore massive clusters. The relation also exhibits a substantial degree

f dispersion at a given mass (results are comparable to the best fit
elation in Ragusa et al. 2023 , albeit with lower scatter). 

We trace back the dispersion in this relation to the assembly history
f each group. The colour coding in the left panel of Fig. 2 shows
hat, at fixed halo mass, groups with a longer time since their last

ajor merger tend to show lower ICL mass fractions than groups
here the last major merger was more recent. This trend has been
uantified by categorizing the systems into ‘red’ and ‘blue’ groups,
ased on whether their last major merger occurred within 7.5 Gyr
r after. Major mergers are here defined as merger events of the
entral galaxy with satellites of stellar mass ratios greater than 0.25
easured at the time of maximum stellar mass of the companion
erging galaxy (Rodriguez-Gomez et al. 2015 ). 
This correlation between mass in the ICL and the assembly history

f the system is consistent with being an extension into the larger
ass regime of the trend found for stellar haloes in MW-like galaxies

e.g. Elias et al. 2018 ) and is also in agreement with findings
n other simulations of MW-like and groups and cluster systems
sing the Horizon-AGN simulations Ca ̃ nas et al. ( 2020 ). Similarly,
e veral observ ational studies at lo w and intermediate redshift find a
onsistent pattern where higher ICL fractions are common in systems
ndergoing active mergers while lower fractions are characteristic in
ore passive or relaxed objects (Jim ́enez-Teja et al. 2018 , 2019b ,

021 ; Dupke et al. 2022 ; de Oliveira, Jim ́enez-Teja & Dupke
022 ). 
On the right panel of Fig. 2 , we explore how TNG50 predictions

ompare to available theoretical and observational constraints to
alidate our systems. On the theoretical side, our results seem to
gree, within the dispersion at a given mass, with semi-analytical
odels from Contini et al. ( 2013 ; shaded orange) and N -body +

tellar tagging simulations of Rudick et al. ( 2011 ; shaded cyan). 
NRAS 529, 4666–4680 (2024) 
Our results seem to also agree well with several observational
onstraints available in the literature (symbols with error bars), in
articular, bearing in mind that the definition of ICL, band-width,
nd depth of the observational data varies from system to system. We
iscuss in more detail the compilation of individual measurements
n Appendix D and also summarize the information in Table D1. 

Most observational constraints seem to suggest that the ICL has
ess than ∼ 30 per cent of the light of the BCG, in good agreement
ith our results. Only NGC 5018 (red diamond), HCG 79 (highest
urple triangle) and the Fornax cluster (pink triangle) have f ICL >

.3. While in general we do not reproduce such large ICL fractions in
ur simulated systems, two of our groups have f ICL ≥ 0.3. A careful
ook into the formation history of these systems (with FoF group IDs
 and 12 in TNG50) revealed that their large ICL fractions can be
ttributed to two different factors. Group 4 presents a central galaxy
hat is under-massive compared to what is expected of its virial
alo mass, such that when computing the ICL fraction it appears
arger than other systems. Closer inspection revealed that this group
ad a rather late major merger (time ∼12.3 Gyr) that significantly
ncreased its total mass but has not yet propagated into the central
alaxy yet. Reassuringly, this group has several large-mass satellites
hat presumably will merge soon with the central bringing its mass
nto agreement with its halo mass, at which point we expect f ICL to
lign with the lo wer v alues found in the sample. The second group,
oF group 12, is currently undergoing a major merger with a large
atellite companion and the stripped material of this interaction is
ctively increasing the ICL mass without contributing yet to the
entral galaxy. Both of these examples are expected to decrease their
 ICL after the current interactions are settled. 

Our analysis of the groups in TNG50 also revealed the presence of
 substantial in situ stellar component within the ICL, in agreement
ith previous studies of stellar haloes in the predecessor Illustris

imulation (D’Souza & Bell 2018 ; Elias et al. 2018 ) for smaller
ass systems and a more recent study of cluster mass haloes

sing TNG300 simulation by Montenegro-Taborda et al. 2023 (see
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Figure 3. Size of the extended stellar halo measured by fitting ellipses to the 
surface brightness maps (black stars), and by measuring radius from radial 
binning of surface brightness maps (turquoise stars). Upper panel: Size–stellar 
mass relation, compared to observations from Rich et al. ( 2019 ) (coloured 
markers) and relation from Mu ̃ noz-Mateos et al. ( 2015 ) (grey-dashed line). 
Lower panel: Size as a function of virial radius of the group. Grey and 
turquoise dashed lines correspond to measurements of semimajor axis of the 
best fit ellipse and radius of the circular profile, respectively. 
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ubsection 2.3 for a description of the in situ definition). We highlight
n Fig. 2 where the ICL fraction w ould f all if one only considers the
ccreted component (grey-filled circles), indicating that the inclusion 
r not of this component does not strongly modify our results. A more
etailed study of the in situ ICL is deferred to Ahvazi et al. ( 2024 ).
n what follows, we include only the accreted component of the ICL
n the analysis, unless otherwise stated. 

.2 ICL radial extent 

he physical radius at which the density profile of the ICL reaches a
iven surface brightness limit is an observable that may help constrain 
heoretical models on the formation of galaxies and their associated 
iffuse stellar component. In order to establish a fair comparison 
etween observations and simulations, we randomly project our 
imulated groups and clusters generating their 2D surface brightness 
aps. Following Rich et al. ( 2019 ), we measure the radius at which

he surface brightness reaches 28 mag arcsec –2 in the r-band, using
he available stellar particle magnitudes from TNG50. 

We characterize the radial extension of the ICL in our simulated 
ystems by defining two different radii, R 28 and a 28 , an ellipsoid-base
nd a circle-based definition following common practice in the field. 
irst, we measure the average surface brightness in circular bins and 
nd the (circular) radius R 28 where the surface brightness is closest

o 28 mag arcsec –2 . Secondly, we measure the surface brightness map
ith a 3 × 3 kpc resolution and fit an ellipse to the regions of this
ap exhibiting a surface brightness of 28 mag arcsec –2 (excluding 

ny low-surface brightness features that may result from interactions 
f subhaloes). The semimajor axis of this ellipse was then used 
s a proxy of radial extension ( a 28 ). Note that, on average, this
urface brightness limit is predicted to occur at ∼ [0 . 2 − 0 . 3]r 200 

n our systems, extending significantly beyond the central galaxy. 
ater generation surv e ys using Euclid or JWST are e xpected to reach
everal magnitudes fainter, mapping further out regions at ∼ [0 . 3 −
 . 9]r 200 (see fig. C1 in Appendix C ). 
Fig. 3 shows the size of our simulated systems as a function of the

tellar mass of the central (top panel) and the virial radius of the group
bottom panel). As expected, the elliptical semimajor axis tends to 
e slightly larger than the circularly averaged radius R 28 , but they
oth trace similar trends. The ICL size follows a power-law relation 
ith the mass of the central galaxy, consistent with observational 

onstraints available at the low-mass end of our sample. 
The top panel of Fig. 3 shows this good agreement by including

bservational results for the stellar halo of galaxies in the HERON 

urv e y (Rich et al. 2019 ) (magenta, purple, and grey symbols) and
lso the fit provided in Mu ̃ noz-Mateos et al. ( 2015 ) (grey-dashed
ine). Our sample, while in agreement in the low-mass end, seems
o predict a slightly steeper increase in size with stellar mass for the
ighest mass objects than expected from the grey-dashed line. 
The bottom panel of Fig. 3 indicates that the size of the ICL

lso shows a good correlation with the virial radius of the system,
lthough with significant scatter. The grey- and cyan-dashed lines 
re best fit linear relations (y = a + b x) between the logarithmic
izes of the ICL and the haloes, characterized by the parameters a
nd b. For the elliptical radius a 28 , we find the parameter values to
e a = −1.57 and b = 1.41 with rms scatter of ∼0.1 dex, while for
he circular radius R 28 , the values are a = −1.81 and b = 1.45 with
 scatter measured to be ∼0.1 dex. The existence of a correlation
etween the radial extension of the ICL and the virial radius of the
ost halo demonstrates that the assembly of these two components 
s intertwined and reaffirms the validity of the ICL as observational 
racer of the distribution of dark matter in these objects. 
 T H E  PROGENI TO RS  O F  T H E  I C L  IN  G RO U P S  

N D  CLUSTERS  

 myriad of disrupted satellites are expected to contribute to the
uild up of the ICL as a consequence of the hierarchical formation
cenario, making it a unique probe of the particular assembly history
f a given object. Yet, while the individual formation histories may
ary from halo to halo, common trends arise that may be used to
MNRAS 529, 4666–4680 (2024) 
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M

Figure 4. Example of two groups with different ICL progenitor mass 
functions. The vertical axis shows the cumulative fraction of stellar mass 
deposited in the ICL (the accreted stellar component) by galaxies with 
maximum stellar mass > M ∗, max . Markers on the x -axis correspond to the 
measured M 25 (triangle), M 50 (circle), and M 90 (pointing down triangle), and 
horizontal and vertical lines correspond to the measurement of the M 90 for 
the groups highlighted here. The group in orange has an ICL contributed 
mostly by massive progenitors with M ∗, max ∼ 10 10 M � while the one in 
blue has significant contributions from lower mass dwarf galaxies with 
M ∗, max ∼ 5 × 10 8 M �, as shown by their different M 90 values. 
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nfer details of the formation and assembly of a given object from the
roperties of their diffuse stellar component. For instance, in the case
f MW-mass galaxies, simulations suggest that the properties of the
tellar haloes are dominated by one or two most massive progenitors,
NRAS 529, 4666–4680 (2024) 

igure 5. Left panel: Stellar mass of the progenitors that brought a percentile of 
ink triangles, blue circles, and purple pointing down triangles correspond to M 25 , 
ontribution of dwarf galaxies to the build up of the ICL. Right panel: Fraction of t
elow M ∗, max = 10 10 M �. Symbols are coloured by M 90 for each group (from the
t similar halo mass, some groups have about half of their ICL built by low-mass

ontribution from these dwarfs. 
hich naturally explains the correlation between stellar halo mass
nd metallicity (e.g. Deason, Mao & Wechsler 2016 ; D’Souza &
ell 2018 ). We explore in what follows what are the typical building
locks of the ICL in more massive objects like groups and clusters,
nd what observational signatures may be useful to decode details of
heir assembly. 

Fig. 4 shows the fractional contribution of stars to the ICL of
wo different groups (orange and blue curves) that come from
rogenitors of a given stellar mass M ∗, max . Both groups are selected
o have comparable mass, M 200 ∼ 3.2 × 10 13 M �, but different
ccretion histories. Here we choose to characterize the mass of
he progenitors using their maximum stellar mass M ∗, max , and we
uild the cumulative histogram of stellar particles brought in by
rogenitors more massive than a given M ∗, max . The group depicted
n orange corresponds to a case where most of the mass in the ICL is
ontributed by relati vely massi ve galaxies while the group shown in
lue allows for significant contribution of progenitors in the regime
f dwarf galaxies. 
We quantify this by means of M 25 , M 50 , and M 90 , which are

efined as the mass of the progenitors in such cumulative distribution
ontributing 25 per cent, 50 per cent, and 90 per cent of the mass
n the accreted ICL. For illustration, we highlight M 90 in Fig. 4
ith vertical-dotted lines and an inverted triangle, computed as the

ntersection of the cumulative distribution of accreted stars in each
roup and the 0.9 horizontal line. M 50 and M 25 are also denoted by
 circle and a triangle for each group along the horizontal axis. The
arger contribution of dwarf galaxies to the build up of the ICL in
he group shown in cyan is now clearly shown by its lower mass M 90 

 5.2 × 10 8 M � compared to M 90 = 5.2 × 10 9 M � in the case of
he group in orange. Differences for M 50 and M 25 between these two
roups are smaller, but systematic. 
The typical progenitors of the ICL for the full sample of groups

nd clusters are shown in the left panel of Fig. 5 . Our results
uggest that the pre-dominant contributors to their ICL are massive
alaxies with M 50 ≥ 10 10 M �, regardless of the host halo mass in this
ome what narro w M 200 range. This is in agreement with pre vious
accreted stellar mass to the ICL as a function of virial mass of the groups. 
M 50 , and M 90 , respectively. Note the large scatter in M 90 indicating a varied 
he accreted ICL that was contributed by (dwarf) galaxies with stellar masses 
 left panel) and highlight the good correspondence between the two metrics. 
 galaxies with M ∗, max = 10 10 M � while others show less than 10 per cent 
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Figure 6. Illustration of the metallicity profiles for the accreted stellar component of three randomly selected groups from our sample, with the median and 
25–75 percentile depicted by the blue line and shaded re gion, respectiv ely. The best fit linear relation (in log) is highlighted in red and quoted in each panel. 
Most systems show a ne gativ e metallicity profile with radius, but the slope changes substantially from system to system. 
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orks in the literature which identify M ∗ ∼ 10 10 –10 11 M � as the
ain progenitors of the ICL in groups (e.g. Contini et al. 2013 ;
ontes & Trujillo 2018 ; Contini et al. 2019 ; Montes et al. 2021 ).
o we ver, a comparison of the M 90 values uncovers a larger variability
f contributions of dwarf galaxies from halo to halo, with some 
ystems having M 90 ∼ 10 10 M � – and therefore having negligible 
ass brought in by dwarf galaxies with M ∗ ∼ 10 9 M � and below –
hile other systems show a more significant contribution by dwarfs 
ith typical M 90 < 10 9 M �. 
This is further illustrated in the right panel of Fig. 5 , which depicts

he fraction of ICL mass contributed by galaxies with M ∗, max < 

0 10 M � as a function of the halo virial mass. As anticipated, these
ractions can be quite different from system to system, even in the
ase of similar halo masses. For instance, for groups with M 200 ∼
0 13 M �, the fraction of mass brought into the ICL by low mass
alaxies with M ∗, max < 10 10 M � varies from 10 per cent to 40
er cent, these extremes being examples of systems where dwarf 
alaxies play little to a significant role, respectively. Symbols in 
he right panel of Fig. 5 are coloured according to the previously
ntroduced M 90 and highlights the good correlation between both 
ndicators: systems with a substantial contribution from low mass 
alaxies have a high fraction of stars brought in by progenitors with
 ∗, max < 10 10 M � and a low M 90 value while systems built up
ostly by large galaxies have a small fraction f and large M 90 values.
This opens up the possibility to use dif ferent observ ables to

ttempt determine the kind of accretion history of a halo given the
bserved properties of their ICL. One such key observable is the 
etallicity profile. Fig. 6 illustrates the metallicity profile for three 

epresentative groups with differing formation histories and virial 
asses (as indicated by the legends). The blue curve in each panel

epicts the median metallicity of the merged stellar particles in the 
CL at each radius, while the blue-shaded region represents the 25th 
nd 75th percentiles. A linear fit of the form Z = alog(r) + b is
n general a roughly good description of our profiles (see red lines)
nd allow us to quantify for each object the slope of the metallicity
rofile ( a ) and its intercept ( b ). 
Fig. 7 shows interesting correlations in the ICL observables that 

mprinted by the kind of progenitors that built each individual object. 
t a given host halo mass, systems with a larger contribution from
warfs (blueish purple points) show less total mass in the ICL
left panel), a lower average metallicity (middle panel), and also 
atter metallicity profile slopes (right-hand panel). Systems with 
ostly massive progenitors (yellowish orange colours) tend to show 

trongly declining metallicity profiles. Not shown here for brevity, 
he metallicity profile intercepts correlates well with the median 

etallicity. In all panels, points have been colour-coded by M 90 and
nly the accreted component of the ICL is being considered here.
o we ver, our main results would not substantially change if, instead,
e would show the total ICL ( in situ plus accreted, grey triangles on

he right panel). We hav e e xplicitly checked that similar trends exist
ith the stellar age profiles, with most systems displaying decreasing 

ge profiles with radius, and some showing considerably flatter 
ge distributions. Ho we ver, ages seemed less well correlated with
he assembly history of the group and cluster than the information
rovided by metallicity. 
The ICL mass and metallicity should then be considered a 

aluable tool to reconstruct details on the past merger history of
ystems assembled within � CDM. Similar correlations on amount 
f mass, o v erall metallicity, and metallicity gradients with the diffuse
omponent b uild-up ha v e been found in the re gime of stellar haloes
or MW-like galaxies (D’Souza & Bell 2018 ; Monachesi et al. 2019 ).
ur results extend upwards the range of halo masses o v er which

hese correlation are expected, including now the regime of groups 
nd clusters. 

 T R AC I N G  T H E  F O R M AT I O N  HI STORY  O F  

H E  I C L  T H RO U G H  G C S  

e investigate how well the GCs can trace the ICL in our systems
sing the GC catalogue presented in Doppel et al. ( 2023 ). As detailed
n subsection 2.4 , we use only intra-cluster GCs (ICGCs) – GCs not
ravitationally bound to any structure according to SUBFIND and that 
atisfy the cleaning criteria in subsection 2.2 . As briefly discussed
n Doppel et al. ( 2023 ), the GC tagging model predicts that the
CGC component forms via the tidal stripping of GCs from their
ost galaxies as they interact with their new host environment after
nfall. The buildup of ICGCs is thus, in a similar fashion to the ICL,
 result of the hierarchical assembly of their host systems. The GC
MNRAS 529, 4666–4680 (2024) 
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M

Figure 7. Left panel: Stellar mass of the accreted component in the ICL as a function of the virial mass. Middle panel: Median metallicity of the accreted stars 
in the ICL as a function of the virial mass. Right panel: The slope of the metallicity profile as a function of virial mass for the accreted (merged) component, 
with black triangles representing the results for all the stellar components (accreted + in situ components). All panels are colour-coded by the M 90 of each 
group. Systems where dwarf galaxies play a role in building the ICL (low M 90 ) tend to have lower ICL mass, lower o v erall metallicity, and shallower metallicity 
profiles than systems with accretion dominated by more massive galaxies. 
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atalogue follows the population of surviving GCs with mass M GC 

 7 × 10 3 M �, and while we do not make the distinction between
red’ and ‘blue’ GCs as in Doppel et al. ( 2023 ), their Fig. 5 shows
hat the mass density of the simulated ICGC is in good agreement
ith available observational constraints. 
As in the case of the ICL, we find a large spread on the distribution

f progenitors that build the the intra-cluster GC component in our
roups. Using a similar concept to that introduced for M 25 , M 50 , and
 90 , we define similar quantities but considering only the stellar
ass that brought in the 25 per cent, 50 per cent, and 90 per cent

f the mass in GCs in the ICGC component. Fig. 8 compares the
rogenitors for the ICL and the GCs. We find that GCs can be very
ood tracers of the most massive contributors to the ICL, in particular
 25 and M 50 for the stars or GCs in the diffuse component are very

imilar, indicating that the progenitors that build up to half of the ICL
lso bring along about half of the GCs in the ICGC. Ho we ver, we
nd a clear bias in the contributors as quantified by M 90 : taking the
rogenitors that bring 90 per cent of the GCs mass typically leads to
maller masses than the progenitors contributing 90 per cent of the
tellar mass in the ICL (left panel Fig. 8 ). 

This means that when using GCs to reconstruct the merger
istory of groups and clusters, one should keep in mind that the
ontribution from dwarf galaxies will be o v er-represented compared
o the contribution of the same dwarfs to build the diffuse light
omponent. This result can be intuitively understood from the
ifferent scaling of GCs and stellar mass with the halo mass. In
he considered GC model, the mass of GCs scales as a power-
aw of halo mass (Doppel et al. 2023 ) while abundance matching
esults suggest a more steep decrease in the efficiency of low mass
aloes to form stars compared to more massive galaxies like the
W (abundance matching is better described by a double power-

aw). As a result, dwarfs contribute fractionally more GCs than stars
o the diffuse components. Interestingly, as found for the case of
he ICL, there is a sizable range in the typical contributor of the
CGC. For some of our GC systems, M 90 is found to be galaxies
ith M ∗ ∼ 10 10 M �, indicating little role played by low-mass
alaxies. Ho we ver, there are also cases with M 90 ∼ 5 × 10 7 M �,
ndicating dwarfs with masses typical of dSph galaxies playing a
ole. These differences in the accretion histories of these objects are
NRAS 529, 4666–4680 (2024) 
ikely to remain imprinted in the metallicity of their intra-cluster GC
omponent and offer an avenue to constrain formation histories of
assive hosts in cases where measurements of diffuse light becomes

oo challenging or implausible. Future GC models that are able to
ollow the formation and evolution of individual GC metallicities are
ecessary to quantify the strength of the signal expected and whether
r not such signatures are to be detectable with current or future
bservations. 

 C O N C L U S I O N S  

sing the cosmological hydrodynamical simulation TNG50, we have
onducted a comprehensive study of two luminous tracers of dark
atter in the outskirts of haloes: the ICL and the GC population. We

elect all groups and clusters with M 200 > 5 × 10 12 M � resulting
n a sample of 39 host haloes that span the virial mass range
 200 = [0 . 5 − 20] × 10 13 M � and sample a wide range of for-
ation histories. We use the catalogue of GCs tagged to the TNG50

roups and clusters presented in Doppel et al. ( 2023 ), allowing one
f the first explorations of both luminous tracers in high-density
nvironments. We focus on the study of possible imprints of these
ndividual accretion histories on observable properties of the ICL
nd GCs populations. Our findings can be summarized as follows: 

(i) TNG50 predictions for the fraction of light in the ICL, f ICL , are
n reasonable agreement with current observational constraints for
roups and low-mass clusters. In addition, f ICL is predicted to increase
ith virial halo mass, albeit with significant dispersion. We find that

his dispersion is well correlated with the assembly history and time
f the last major merger for the BCG in our systems. Objects with
ore recent major mergers tend to show an excess of ICL compared

o older or earlier assembled systems of comparable mass. 
(ii) There is a good correlation between the radial extent of the

CL (as measured by the radius where the surface brightness profile
eaches 28 mag arcsec –2 ) and the stellar mass of the central galaxy.
his size–mass scaling relation for the ICL seems to agree with the
ne found observationally for lower mass galaxies as part of the
tellar haloes in the HERON surv e y (Rich et al. 2019 ). The radial
xtent of the ICL also shows a power-law relation to the virial radius
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Figure 8. Typical mass of progenitors that build the ICL ( x -axis) and the intracluster-GCs (y-axis) as quantified by M 25 (left), M 50 (middle), and M 90 (right) 
of each population. The grey-dashed line corresponds to the one to one relation. Our findings indicate that GCs can serve as a good tracers of the most massive 
contributors to the ICL, although it is important to note that the contribution from dwarf galaxies may be o v er-represented when looking at GCs in comparison 
to the ICL (right panel). 
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f the halo, offering an observational means with which to constrain 
 200 independent of abundance matching methods. The typical rms 
catter in the relation between ICL-size and virial radius is ∼0.1 dex.

(iii) The mass of the ICL is deposited by a wide range of
rogenitors. Some of our systems show sizable contributions from 

warf galaxies with M ∗ < 10 9 M �, while others are built up almost
ntirely by systems as or more massive than the Milky W ay. W e
nd that the average metallicity and slope of the metallicity profiles
f the ICL retain information on these different assembly histories: 
aloes with a higher contribution from dwarf galaxies generally have 
hallower metallicity profiles, o v erall lower av erage metallicities and 
lso a lower amount of mass/light in the ICL. These findings are
ifferent from the common interpretation of flat metallicity profiles 
s evidence of major mergers (Krick & Bernstein 2007 ; DeMaio et al.
015 , 2018 ). In our systems, the incidence of low mass galaxies is
he main responsible for flattening up the Z -profiles. A larger role
f dwarf galaxies in the build up of the ICL is also manifested by
n o v erall lower metallicity content compared to systems built up by
ore massive satellite contributors. 
(iv) Finally, our study highlights that ICGCs may also serve as 

 valuable tool to reconstruct the assembly history of the haloes. 
e find that lower mass dwarfs tend to make more significant 

ontributions to the ICGC population than to the stars in the ICL, a
ias that must be taken into account when reconstructing assembly 
istories based on metallicity of GCs or ICL. This can be understood
s a consequence of the single-power-law relation of GCs with halo 
ass, which gives higher weight to the low mass haloes compared to

he double-power-law expected for the stars in abundance matching 
elations. 

Several of the trends studied here represent an extension of 
roperties highlighted for the stellar haloes of galaxies like the 
ilky Way, including trends on amount (Pillepich et al. 2014 ; Elias

t al. 2018 ), metallicity (D’Souza & Bell 2018 ; Monachesi et al.
019 ), and radial extension (Rich et al. 2019 ) and their link to the
ssembly history of each halo. Encouragingly, the ICL in groups 
nd clusters is more massive/brighter than in systems like the Milky
ay, offering an advantage from the observational point of view to 

tudy this diffuse component. The increased sensitivity of upcoming 
bservations with JWST and Euclid VIS Deep surv e y promise to
each ∼31 mag arcsec –2 le vels in a fe w hours integration time. On
verage, for our simulated systems, this would result in detections 
or the ICL component all the way out to ∼0.7 r 200 , opening a new
indow to explore the predictions of hierarchical assembly expected 

or galaxies within � CDM. 
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PPEN D IX  A :  EFFECT  O F  I C L  DEFINITION  

s mentioned in subsection 3.1 there are various definitions of ICL
n the literature. Here, we examine the effect on the predicted ICL

ass of adopting a few of these different definitions. The methods 
sed to define ICL are as follows; considering stellar particles that 
o not belong to any subhaloes in the range 0 . 15 × r 200 < r < r 200 

shown by blue circles), compared to stars in 5 × r h ∗ < r < r 200 

here r h ∗ is the stellar half-mass radius of the central galaxy (shown
y green circles), and stars in range r 25 < r < r 200 where r 25 is the
adius where the surface brightness (SB) reaches 25 mag arcsec –2 

results are shown by orange circles). The upper-right panel of 
ig. A1 shows the mass in the ICL, while the upper-left panel
hows ICL fraction as a function of virial mass of the group for
ur sample of 39 haloes in TNG50. The lower panels show the
ame quantities compared to the definition of ICL used in this paper.
igure A1. Upper left panel: ICL fraction as a function of virial mass. Upper right 
anel: Alternative ICL fractions compared to the method used in this paper. Lower
lternative definitions to the mass content from the ICL definition method used in t
ur results suggest that, given the dispersion in the predicted ICL
mount at a given virial mass, the changes in the definition will not
ignificantly affect the results. All predicted fractions remain within 
pproximately a factor of ∼2 of our adopted definition, with the SB-
ut-based definition consistently yielding lower values, while the 
 × r h ∗ < r < r 200 definition tends to predict higher fractions than
ur adopted one. 

PPENDI X  B:  T H E  G C  TAG G I N G  T E C H N I QU E  

elow is a summary of the method introduced in Doppel et al. ( 2023 )
o tag GCs into the TNG50 simulations. We add GC particles to all
elected galaxies in TNG50 that interact with the 39 most massive
roups ( M 200 > 5 × 10 12 M �). The procedure is done at their time
f infall, when we select the full set of DM particles that follow a
iven energy distribution. The energy distribution is calculated by 
ssuming that the DM haloes of the selected galaxies conform to an
FW profile (Navarro, Frenk & White 1996 ): 

NFW 

( r ) = 

ρ0 
NFW 

( r /r NFW 

)(1 + r/r NFW 

) 2 
, (B1) 

hat is fit to each galaxy at infall following Lokas & Mamon ( 2001 ).
e assume a scale radius, r NFW 

= r max /α where r max is the radius of
MNRAS 529, 4666–4680 (2024) 

panel: Stellar mass content in the ICL as a function of virial mass. Lower left 
 right panel: The fraction of stellar mass content in the ICL measured from 

his paper. The different colours correspond to various definitions of ICL. 
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M

Figure B1. Number of GCs in the ICL as a function of the virial mass of the 
haloes. 
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Figure C1. Surface brightness profiles of our sample of groups and clusters. 
The black line represents the median profile for the entire sample, while the 
dashed-black line corresponds to the median profile of the three most massive 
groups. The shaded region illustrates the dispersion across all groups in our 
sample. The grey-hatched region indicates the extent of the BCG. 
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aximum circular velocity calculated from the dark matter particle
istribution in the simulation and α = 2.1623 (Bullock et al. 2001 ). 
Subsequently, GCs are assumed to follow a Hernquist profile

Hernquist 1990 ): 

HQ ( r ) = 

ρ0 
HQ 

( r /r HQ )(1 + r/r HQ ) 3 
. (B2) 

ith scale radius r HQ is dependent upon whether the GC is “red”
r “blue”. The “red” component is intended to be representative
f a more radially concentrated metal-rich GCs, while a “blue”
omponent refers to a more radially extended and metal-poor
opulation of GCs. Following (Ramos-Almendares et al. 2020 ), it is
ssumed that r HQ = βr NFW 

, where β red = 0.5 and βblue = 3.0. ρHQ is
t such that the number of GC candidates are maximized. 
Further, the distribution function is calculated for the NFW halo,

he blue GCs, and the red GCs following Binney & Tremaine ( 2008 ): 

 i ( ε) = 

1 

8 π

[ ∫ ε

0 

d 2 ρi 

d ψ 

2 

d ψ √ 

ε − ψ 

+ 

1 √ 

ε

(
d ρi 

d ψ 

)∣∣∣∣
ψ= 0 

]
, (B3) 

here ρ i is the density profile of i = (DM, red GCs, blue GCs), � 

s the relative gravitational potential, and ε is the relative energy. In
ins of relative energy, a fraction f HQ , i / f DM 

of the DM particles are
elected to be GCs, and the final set of GC candidates are defined
o be within a cutoff radius of r h / 3, where r h is the total half-mass
adius of the galaxy, following Yahagi & Bekki ( 2005 ). 

The method assumes a power-law relation between the total GC
ass and the halo mass of each galaxy whose normalization is cali-

rated such that it reproduces the observed relation at the present-day
Harris et al. 2015 ). Only haloes with M 200 > 10 11 M � participate in
he calibration process and properties of lower mass objects can be
onsidered a prediction. More specifically, the resulting coefficients
or the M GC - M halo relation at infall are 

 GC ,z= 0 = aM 

b 
halo , z = 0 , (B4) 

here a = 2 . 6 × 10 −8 and 4.9 × 10 −5 for red and blue GCs,
espectively, with b = 1 . 2 and 0.96 for red and blue GCs. Similarly
NRAS 529, 4666–4680 (2024) 
o Harris et al. ( 2015 ), z = 0 halo masses are calculated assuming
bundance matching parameters from Hudson et al. ( 2015 ). 

The calibration for GC mass is made using the amount of GC
tripping by z = 0: f bound = N candidates , z = 0 / N candidates , infall . Where a GC
andidate is considered (still) bound to a galaxy if its corresponding
M particles are identified as part of the galaxy via SUBFIND .
ssuming that at infall, the relation between M GC and M halo still

ollows a power law 

 GC , inf = 

1 

f bound 
M GC ,z= 0 = a inf M 

b inf 
halo , inf , (B5) 

ith the coefficient and exponent found to be a inf = 2.6 × 10 −7 

nd 7.3 × 10 −5 and b inf = 1.14 and 0.98 for red and blue GCs,
espectively. 

Finally, the number of all identified GC candidates with energy
onsistent with the distribution of red and blue GCs is in most
ases larger than the observed number of GCs around such galaxies.
ubsequently, the GC candidates at infall for each galaxy are
ubsampled to obtain a realistic number of GCs (Fig. B1 shows
he number of GCs in the ICL for our sample of groups and clusters).
or a given galaxy, we assume that the z -band luminosity function
f GCs is Gaussian, centred on L GC = 2 × 10 5 L � with a dispersion
hat varies with galaxy luminosity (as found by Jordan et al. 2007 ).

e select GC luminosities, converting them to masses assuming a
 -band mass to light ratio of 1 M �/L �, until the total selected mass
n GCs is consistent with the total GC mass assigned to the galaxy
t infall. The resulting individual GC masses, m GC are in the range
 × 10 3 M � ≤ m GC ≤ 5 × 10 6 M �, consistent with observational
onstraints from Jordan et al. ( 2007 ). 

PPENDI X  C :  SURFAC E  BRI GHTNESS  

ROFILES  

n order to establish a fair comparison between observations and
imulations, we randomly project our simulated groups and clusters
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enerating their 2D surface brightness maps. The results are pre- 
ented in Fig. C1 , where the solid-black line represents the median
urface brightness for our entire sample in circular radii bins. Because 
e span a range of host halo masses, we normalize the horizontal

xis to the virial radius of each system. The shaded grey region
llustrates the whole range of surface brightness co v ered by our
ntire sample. This variation in profile is given by two factors:
bject-to-object differences in assembly history and mass in the ICL 

nd, also important, the range of host halo masses being included. 
or illustration, the median surface brightness including only the 

hree most massive clusters with M 200 ∼ 10 14 M � is shown by the
ashed-black line, which is systematically ∼1 magnitude brighter 
hat considering the whole sample. The area being shaded by hatching 
or R / r 200 < 0.15 separates the inner regions attributed to the BCG
nd not considered part of the ICL. 

The turquoise horizontal dashed line indicates the 28 mag arcsec –2 

imit at which we measure the radius of each group. For comparison,
e have included estimates of the surface brightness limits for the 

WST (based on the study of ICL in SMACS 0723 by Montes &
rujillo 2022 3 ), the Euclide VIS Deep surv e y (Borlaff et al. 2022 ) 1 ,
nd the Dragonfly Telephoto Array’s deep nearby galaxy surv e y 
which provides g-band surface brightness profiles down to 31–
2 mag arcsec –2 , see Merritt et al. ( 2016 ) for applications to stellar
alo studies). We predict that observational campaigns in the future 
argeting ∼31 mag arcsec –2 are a promising avenue to map the stellar
iffuse component in groups and clusters out to at least half the virial
adius. 

PPEN D IX  D :  SUMMARY  O F  OBSERVATIONS  

n this section, we present the observational data utilized for the ICL
raction–halo mass relation. Although efforts were made to gather 
ata from sources employing consistent definitions and methods, 
ome studies included in this compilation used different techniques 
o identify the ICL. For instance, Spa v one et al. ( 2020 ) studied the
ornax cluster and utilized multicomponent fits 4 to distinguish the 
CL component, revealing that approximately 34 per cent of the 
otal light in this cluster originates from the ICL. Another study by

 These limits correspond to a sky fluctuation of 3 σ in an area of
0 × 10 arcsec 2 . 
 Using multiple equations to describe BCG + ICL (such as single or double

 ́ersic profiles and/or exponential profiles). 
a Rocha & Mendes de Oliveira ( 2005 ); Da Rocha et al. ( 2008 )
mplo yed w avelet techniques 5 to measure the ICL in six objects
rom the Hickson Compact Group (HCG) catalogue, resulting in a 
ide range of observed ICL fractions. The ICL fractions varied from
o detected ICL in HCG 88 to approximately 33 per cent for HCG
9 (the fraction representing the ratio of ICL light to the total light of
he group in the R band). Some studies have combined observational
esults with semi-analytical simulations to estimate the ICL fraction, 
uch as the deep surv e y of the Virgo cluster conducted by Mihos
t al. ( 2017 ), which estimated a range of 7–15 per cent for the ICL
raction. 

Furthermore, variations in the choice of observational bands used 
o infer the ICL fraction can be noticed. Different bands can yield
ifferent measurements of the ICL fraction. For example, Ragusa 
t al. ( 2021 ) investigated HCG 86 and found an ICL fraction of 14
er cent in the r band and 19 per cent in the g band, highlighting
ow the choice of band in observations can influence the measured
mount of light attributed to the ICL. 

An interesting outcome of these measurements is the dispersion 
bserved in the ICL fraction at a given halo mass. Iodice et al. ( 2020 )
ompared the ICL fractions of se veral dif ferent objects using the
ame method and demonstrated how features present in the ICL, 
uter envelope of the brightest cluster galaxy, and the presence of
I can indicate dif ferent e volutionary stages and mass assembly
istories for different groups and clusters. 
Additionally, some studies have linked the ICL fraction to the 
ean morphology of the group or cluster. Poliakov et al. ( 2021 )
easured the ICL fraction for multiple HCG objects and found that

he mean surface brightness of the intra-group light correlates with 
he mean morphology of the group, with brighter intra-group light 
bserved in groups with a larger fraction of early-type galaxies. 
t is important to note that the investigated groups in the TNG50
imulations exhibit various morphologies and formation histories, 
hich may contribute to the wide variation in ICL fractions at a given
ass. 
Table D1 below provides a summary of the observational results 

ompiled from multiple sources. 

 The wavelet technique consists of deconvolving the signal into wavelet co-
fficients (since images are a 2D signal, each wavelet coefficient corresponds
o a plane), identifying the objects representations in the wavelet space,
efining the objects with a ‘multiscale vision model’ (Bijaoui & Ru ́e 1995 )
nd reconstructing the detected objects (Da Rocha & Mendes de Oliveira
005 ; Jim ́enez-Teja & Dupke 2016 ; Ellien et al. 2021 ). 
MNRAS 529, 4666–4680 (2024) 
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Table D1. Observational data. 

Toprule object Reference for f ICL f ICL M halo [10 13 M �] Comments 

Fornax Spa v one et al. ( 2020 ) 34 per cent (21.4 per 
cent – 53.8 per cent) 

6.3 Reference for mass: Spa v one et al. ( 2020 ); Ragusa et al. ( 2021 ); 
Montes ( 2022 ) observation was conducted in u, g, r, i bands (Spa v one 
et al. 2020 ) 

Montes ( 2022 ) 34 per cent (19 per cent 
– 49 per cent) 

Ragusa et al. ( 2021 ) 34 ± 2 per cent 
Virgo Mihos et al. ( 2017 ) 7 – 15 per cent 31.6 (1) Reference for mass (1): Ragusa et al. ( 2021 ); Spa v one et al. ( 2020 ). 

Reference for mass (2): Weinmann et al. ( 2011 ) observation was 
conducted in B and V bands (Mihos et al. 2017 ) Using results of 
simulations (Rudick et al. 2009 ), Mihos et al. ( 2017 ) estimated 5–10 
per cent of the ICL should be the form of coherent streams (the 
relatively high surface brightness tidal features that represent material 
most recently stripped from their host galaxies), which help them 

estimate the whole amount of ICL luminosity. 
Ragusa et al. ( 2021 ) 11 ± 3 per cent 14–40 (2) 

IC 1459 Iodice et al. ( 2020 ); Ragusa et al. ( 2021 ) 2 ± 2 per cent 3.7 Reference for mass: Iodice et al. ( 2020 ); Ragusa et al. ( 2021 ) 
observation was conducted in g and r bands (Iodice et al. 2020 ) 

NGC 5018 Spa v one et al. ( 2018 ) 41 per cent 0.68 Reference for mass: Ragusa et al. ( 2021 ); Iodice et al. ( 2020 ); Montes 
( 2022 ) observation was conducted in u, g, r bands (Spa v one et al. 2018 ) 

Ragusa et al. ( 2021 ) 40 ± 5 per cent 
Iodice et al. ( 2020 ) 41 ± 5 per cent 

NGC 1533 Ragusa et al. ( 2021 ); Iodice et al. ( 2020 ) 8 ± 2 per cent 0.49 Reference for mass: Ragusa et al. ( 2021 ); Iodice et al. ( 2020 ) 
observation was conducted in g, r bands (Cattapan et al. 2019 ) 

HCG 8 Poliakov et al. ( 2021 ); Ragusa et al. 
( 2021 ) 

25.1 per cent 5.29 Reference for mass: Montes ( 2022 ) observation was conducted in r 
band (Poliakov et al. 2021 ) 

HCG 15 Da Rocha, Ziegler & Mendes de Oliveira 
( 2008 ); Iodice et al. ( 2020 ) 

B: 16 ± 3 per cent a, b 

R: 18 ± 4 per cent a, b 
5.3 b (1) Reference for mass (1): Da Rocha et al. ( 2008 ); Montes ( 2022 ). 

Reference for mass (2): Da Rocha et al. ( 2008 ); Ragusa et al. ( 2021 ); 
Iodice et al. ( 2020 ) observation was conducted in B and R bands (Da 
Rocha et al. 2008 ) 

Da Rocha et al. ( 2008 ); Ragusa et al. 
( 2021 ) 

B: 19 ± 4 per cent a, c R: 
21 ± 4 per cent a, c 

5.67 c (2) 

HCG 17 Poliakov et al. ( 2021 ) 16.3 per cent Observation was conducted in r band (Poliakov et al. 2021 ) 
HCG 35 Da Rocha et al. ( 2008 ); Ragusa et al. 

( 2021 ); Iodice et al. ( 2020 ) 
B: 15 ± 3 per cent a R: 

11 ± 2 per cent a 
1.51 (1) Reference for mass (1): Da Rocha et al. ( 2008 ); Ragusa et al. ( 2021 ); 

Iodice et al. ( 2020 ); Montes ( 2022 ). Reference for mass (2): Montes 
( 2022 ) observation was conducted in B and R bands (Da Rocha et al. 
2008 ) 

Poliakov et al. ( 2021 ) 12.8 per cent 3.1 (2) 
HCG 37 Poliakov et al. ( 2021 ); Ragusa et al. 

( 2021 ) 
12.7 per cent 5.87 (1) Reference for mass (1): Montes ( 2022 ). Reference for mass (2): 

Ragusa et al. ( 2021 ) observation was conducted in r band (Poliakov 
et al. 2021 ) 

2.24 (2) 
HCG 51 Da Rocha et al. ( 2008 ); Iodice et al. 

( 2020 ) 
B: 26 ± 5 per cent a, b 

R: 24 ± 5 per cent a, b 
3.59 b (1) Reference for mass (1): Da Rocha et al. ( 2008 ); Montes ( 2022 ). 

Reference for mass (2): Da Rocha et al. ( 2008 ) observation was 
conducted in B and R bands (Da Rocha et al. 2008 ) 

Da Rocha et al. ( 2008 ); Ragusa et al. 
( 2021 ) 

B: 31 ± 6 per cent a, c R: 
28 ± 5 per cent a, c 

0.74 c (2) 

HCG 74 Poliakov et al. ( 2021 ); Ragusa et al. 
( 2021 ) 

7.5 per cent 28.65 Reference for mass: Montes ( 2022 ) observation was conducted in r 
band (Poliakov et al. 2021 ) 

HCG 79 Da Rocha & Mendes de Oliveira ( 2005 ); 
Ragusa et al. ( 2021 ) 

B: 46 ± 11 per cent a R: 
33 ± 11 per cent a 

1.04 (1) Reference for mass (1): Montes ( 2022 ). Reference for mass (2): 
Ragusa et al. ( 2021 ); Iodice et al. ( 2020 ) observation was conducted in 
B and R bands (Da Rocha & Mendes de Oliveira 2005 ) 

Iodice et al. ( 2020 ) 46 ± 10 per cent 3.98 (2) 
HCG 86 Ragusa et al. ( 2021 ) Radius < 160kpc : g: 

19 ± 3 per cent (35 ± 5 
per cent d ) r: 14 ± 2 per 
cent (29 ± 6 per cent d ) 

Radius < 120kpc : 
g:16 ± 3 per cent 

(28 ± 5 per cent d ) r: 
11 ± 2 per cent (23 ± 7 

per cent d ) 

0.85 Reference for mass: Ragusa et al. ( 2021 ) observation was conducted in 
g, r, i bands (Ragusa et al. 2021 ) 

HCG 88 Da Rocha & Mendes de Oliveira ( 2005 ); 
Iodice et al. ( 2020 ) 

0 a 2.88 (1) Reference for mass (1): Montes ( 2022 ). Reference for mass (2): Iodice 
et al. ( 2020 ) observation was conducted in B and R bands (Da Rocha 
& Mendes de Oliveira 2005 ) 

0.12 (2) 
HCG 90 Ragusa et al. ( 2021 ); Iodice et al. ( 2020 ) 38 ± 3 per cent 1.17 Reference for mass: Ragusa et al. ( 2021 ); Iodice et al. ( 2020 ) 
HCG 95 Da Rocha & Mendes de Oliveira ( 2005 ); 

Ragusa et al. ( 2021 ) 
B: 11 ± 26 per cent a R: 

12 ± 10 per cent a 
2.14 Reference for mass: Ragusa et al. ( 2021 ); Montes ( 2022 ) observation 

was conducted in B and R bands (Ragusa et al. 2021 ) (Poliakov et al. 
2021 ) 

a ICL fractions are measured using wavelet technique 
b corresponding to sextet configuration 
c corresponding to quintet configuration 
d Measured ICL fraction with respect to mass of the BCG 
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