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A B S T R A C T 

Globular clusters (GCs) are bright objects that span a wide range of galactocentric distances, and can therefore probe the structure 
of dark matter (DM) haloes. In this work, we explore whether the projected number density radial pro�les of GCs can be used 
to infer the structural properties of their host DM haloes. We use the simulated GC populations in a sample of 166 central 
galaxies from the (34 . 4 cMpc) 3 periodic volume of the E-MOSAICS project. We �nd  that more massive galaxies host stellar 
and GC populations with shallower density pro�les that are more radially extended. In addition, metal-poor GC subpopulations 
tend to have shallower and more extended pro�les than metal-rich subsamples, which we relate to the preferentially accreted 
origin of metal-poor GCs. We �nd  strong correlations between the power-law slopes and effective radii of the radial pro�les 

of the GC populations and the structural properties of the DM haloes, such as their power-law slopes, Navarro–Frenk–White 
scale radii, and concentration parameters. Accounting for a dependence on the galaxy stellar mass decreases the scatter of the 

two-dimensional relations. This suggests that the projected number counts of GCs, combined with their galaxy mass, trace the 

density pro�le  of the DM halo of their host galaxy. When applied to e xtragalactic GC systems, we reco v er the scale radii and 

the extent of the DM haloes of a sample of early-type galaxies with uncertainties smaller than 0 . 2 de x. Thus, e xtragalactic GC 

systems provide a novel avenue to explore the structure of DM haloes beyond the Local Group. 

Key words: stars: formation – globular clusters: general – galaxies: evolution – galaxies: formation – galaxies: star clusters: 
general. 
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 INTRODUCTION  

alaxies reside at the centre of extended haloes of dark matter (DM)
hat cannot be directly mapped using star light. The presence and 

roperties of such haloes must be inferred from their gravitationa 

n�uence on other objects. Arguably, the best environments for 

tudying DM haloes are the outskirts of galaxies. First, the in�uence 

f the baryonic physics, i.e. gas cooling, star formation, and feedback 
odi�es the shape of the DM halo in the centres of galaxies (e.g.
uffy et al. 2010 ; Schaller et al. 2015 ; Prada et al. 2019 ; Chua et al.
021 ). Secondly, most of the mass in the halo lies at large distance
rom the centre, thus suggesting that probing beyond the extent of
he galaxy ( �  0.1 × r 200 ) is required to trace the structure of the DM
alo. 
 E-mail: reinacampos@mcmaster.ca 

a  

g  

t  

w  

2022 The Author(s) 
ublished by Oxford University Press on behalf of Royal Astronomical Society 
Diffuse stellar haloes surround galaxies and can extend up to 

everal hundred kpc. These extended stellar populations have been 
ound to grow mostly via the accretion of satellite galaxies (e.g.
ullock &  Johnston 2005 ; Abadi, Navarro &  Steinmetz 2006 ; Coope
t al. 2010 ; Font et al. 2020 ), with a fe w massi ve accretion events
ominating the mass assembly (Deason, Mao &  Wechsler 2016 ; 
onachesi et al. 2019 ). Although the inner regions of stellar haloes

end to be dominated by in situ stars (Font et al. 2011 ), their (mainly)
ccreted origin in the outskirts and their large extent suggest that
tellar haloes can be used as tracers of the DM halo of their host
alaxy. Pillepich et al. ( 2014 ) show that the radial pro�les of the
tellar haloes in the ILLUSTRIS simulations correlate with the pro�les 

f their DM haloes, with more massive haloes showing shallower 
istributions of DM and stars (see also Pillepich et al. 2018 ). The
uthors relate this trend to the amount of accreted mass in the
alaxies, i.e. the growth of massive galaxies is mostly linked to
he accretion of satellites that can deposit their stars further out,
hereas low-mass galaxies grow mostly due to in situ star formation
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e.g. Rodriguez-Gomez et al. 2016 ; Qu et al. 2017 ; Clauwens et al.
018 ; Behroozi et al. 2019 ; Davison et al. 2020 ). Despite this
romising relation, measuring the pro�les of diffuse stellar haloes
ut to large galactocentric radii is observationally challenging, and
o this approach has a limited applicability. 
Satellite galaxies and bright globular clusters (GCs) are also tracers

f the structure of DM haloes. The kinematics of these tracers have
een used to probe the galactic outskirts via dynamical models (e.g.
labi et al. 2016 , 2017 ; Tortora, La Barbera &  Napolitano 2016 ;
oci, Cappellari &  McDermid 2017 ; Eadie &  Juri ́c 2019 ; Slizewsk
t al. 2021 ). These objects are much brighter than the diffuse stellar
alo, and so they can be observed out to much greater galactocentri
istances. Ho we ver, these tracers are not observed in equal numbers
s central galaxies generally host fewer satellite galaxies than bright
Cs. In galaxies of mass similar to the Milky  Way, up to � 10–
0 satellite galaxies with luminosities M r � Š 12.3 are observed
Geha et al. 2017 ; Mao et al. 2021 ), whereas the GC populations
ypically comprise � 200 objects (e.g. Peng et al. 2008 ). This suggest
hat GC populations can be ideal probes of the matter distribution
t large galactocentric distances. Additionally, dynamical models
equire accurate tracer kinematics, and this limits the number of
alaxies to which these models can be applied as spectroscopy can
ecome challenging. 1 In contrast, if  the spatial distributions of these
racers alone could yield information on the structure of their host
M halo, then these properties could be inferred for a much larger
umber of galaxies. 
A surprising result from the last couple of decades has been the

trong correlations between properties of the o v erall GC populations
nd their host DM haloes. The most prominent example is the
bserved tight relation between the total mass in GCs and the mass
f the DM halo (e.g. Blakeslee, Tonry &  Metzger 1997 ; Peng et al.
008 ; Spitler &  Forbes 2009 ; Georgiev et al. 2010 ; Hudson, Harris
 Harris 2014 ; Harris, Harris &  Hudson 2015 ; Harris, Blakeslee &
arris 2017 ), which has been linked to the hierarchical assembly of
alaxies (e.g. Kruijssen 2015 ; Choksi, Gnedin &  Li  2018 ; El-Badry
t al. 2019 ; Bastian et al. 2020 ). It has also been observed that the
patial extent of extragalactic GC systems strongly increases with the
f fecti ve radius of the galaxy (e.g. Rhode et al. 2007 ; Kartha et al.
014 , 2016 ) and with the extent of the DM halo (e.g. Forbes 2017 ;
udson &  Robison 2018 ), implying that more massive galaxies host
ore extended GC populations. Given that the fraction of accreted
ass also increases to wards massi ve galaxies (e.g. Rodriguez-Gome
t al. 2016 ; Qu et al. 2017 ; Behroozi et al. 2019 ), this suggests that
Cs can be used as probes of the detailed structural properties of the
M haloes of their host galaxies. 
Based on these observational results, in this work we study the

zimuthally averaged radial distribution of stellar clusters and �eld
tars around central galaxies, and explore how the GC numbe
ensity radial pro�les map the DM halo of their host galaxies
or this, we use the simulated populations of stellar clusters and

heir host galaxies from the (34.4 cMpc) 3 periodic volume of the E-
OSAICS project (Pfeffer et al. 2018 ; Kruijssen et al. 2019a ; Crain
t al., in preparation). These simulations self-consistently model the
ormation and evolution of stellar cluster populations alongside their
ost galaxies in a cosmological context, and so they naturally provide
NRAS 513, 3925–3945 (2022) 

 Using a suite of 25 Milky  Way-mass cosmological zoom-in simulations 
rom the E-MOSAICS project, Hughes et al. ( 2021b ) �nd  that good kinematic 
nformation of at least 150 GCs per galaxy is required to reco v er the mass and 
adial distribution of the DM halo using dynamical models in extragalactic 
ystems. 

2  

t  

f  

2  

2  

o  

m

he spatial information of the GCs and their host DM haloes across
 broad range of galaxy masses and environments. 

We describe the simulation set-up in Section 2 , and qualitatively
iscuss the radial distributions of stars and GCs in Section 3 . In
ection 4 , we characterize the radial pro�les of stars, GCs, and DM,
nd explore possible correlations with the structural properties of
M haloes in Section 5 . The �ndings of this work are summarize

n Section 6 . 

 THE  E-MOSAICS  PROJECT  

.1 The E-MOSAICS model 

he E-MOSAICS project (MOdelling Star cluster population As-
embly In Cosmological Simulations within EAGLE ; Pfeffer et al.
018 ; Kruijssen et al. 2019a ) combines a subgrid description of

he formation and evolution of stellar clusters (Kruijssen et al. 2011 ;
feffer et al. 2018 ) with the state-of-the-art EAGLE galaxy formation
odel (Evolution and Assembly of GaLaxies and their Environ-
ents, Schaye et al. 2015 ; Crain et al. 2015 ). By modelling stellar

lusters and their host galaxies simultaneously, these simulations
llow us to study their formation and assembly across cosmic history.
n this scenario, GCs are considered to be the result of regular cluster
ormation across cosmic time. 

In the E-MOSAICS simulations, every newborn star particle
an form a subgrid stellar cluster population. The formation of
tellar clusters belonging to such a population is described in terms
f two environmentally dependent ingredients. These models are

he fraction of star formation in bound clusters (i.e. the cluster
ormation ef�ciency or CFE; Bastian 2008 ; Kruijssen 2012 ), and the
pper truncation mass scale of the Schechter ( 1976 ) initial cluster
ass function (Reina-Campos &  Kruijssen 2017 ). These ingredients
e�ne the stellar mass budget to form clusters from, and the shape of

he initial cluster mass function, respectively. Both of these models
ave been shown to accurately describe cluster formation in the

ocal Universe (e.g. Adamo et al. 2015 ; Reina-Campos &  Kruijssen
017 ; Messa et al. 2018 ; Adamo et al. 2020 ). The local natal gas
onditions of newborn stars in�uence the formation of the subgrid
tellar clusters, such that higher gas pressure environments lead to
he formation of a larger number of clusters with larger masses. 

After their formation, stellar clusters evolve due to stellar evo-
ution, two-body interactions and tidal shocks. In order to apply
ynamical disruption, we follow the local tidal tensor and its variation
t the location of each subgrid stellar cluster population o v er their
ntire lifetime. Finally, the complete disruptive effects of dynamica
riction are applied in post-processing by removing clusters whose
ime-scale for dynamical in-spiral is shorter than their age. For more
etails on the models, we refer the reader to Pfeffer et al. ( 2018 ) and
ruijssen et al. ( 2019a ). 
The simulations have been found to reproduce many properties

f both the young and old cluster populations observed in the local
niverse (e.g. Kruijssen et al. 2019a ; Pfeffer et al. 2019b ; Hughes
t al. 2020 ) and has led to several predictions for the conditions

eading to the formation of GCs at high redshift (e.g. Pfeffer et al.
019a ; Reina-Campos et al. 2019 ; Keller et al. 2020 ). Additionally,

he model has allowed the use of GC populations to trace the
ormation and assembly history of their host galaxy (e.g. Hughes et al.
019 ; Kruijssen et al. 2019a ; Pfeffer et al. 2020 ; Trujillo-Gomez et al.
021 ). We have recently applied these insights to the GC population
f the Milky  Way, resulting in the quantitative reconstruction of its
erger tree (Kruijssen et al. 2019b , 2020 ). 
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Table 1. Metallicity limits applied to the GC populations as a function of 
their host galaxy stellar mass: lower metallicity cuts, values used to split 
between metal-poor and metal-rich objects, and upper metallicity cuts. 

Galaxy stellar mass Lower [ Fe /  H] Bimodality Upper [ Fe /  H] 
log 10 ( M �  /M � ) (dex) (dex) (dex) 

8.0–8.5 Š2.5 Š1.2 Š1.0 

8.5–9.0 Š2.5 Š1.2 Š1.1 

9.0–9.5 Š2.5 Š1.2 Š0.8 

9.5–10.0 Š2.5 Š1.1 Š0.5 

10.0–10.5 Š2.5 Š1.0 Š0.5 

10.5–11.0 Š2.5 Š0.9 Š0.5 

11.0–11.5 Š2.5 Š0.8 Š0.3 
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.2 Selecting the galaxy sample 

e study all central galaxies with stellar masses M �  � 10 8 M �

ithin the periodic cosmological volume of (34.4 cMpc) 3 from the 

-MOSAICS project (Crain et al., in preparation; see �rst  results in 

astian et al. 2020 and Hughes et al. 2021a ). Since the initial gas
article mass is 2.26 × 10 5 M � (see section 2.2. of Bastian et al. 2020
or more details), this initial selection corresponds to well-resolved 
alaxies with �  500 star particles. This stellar mass cut leaves us with
 =  994 galaxies. 
DM haloes are �rst  identi�ed using the FoF (Friends-of-Friends 
avis et al. 1985 ) algorithm, with a linking length of 0.2 times

he mean particle separation. Then, gas and stellar particles are 

ssociated with the nearest DM particle, and within each halo, and 

he SUBFIND algorithm (Springel et al. 2001 ; Dolag et al. 2009 )
denti�es gravitationally bound substructures. The central galaxies 
sed in this study correspond to the most massive bound structure
ithin each DM halo. We select both the bound and unbound DM
articles within the radius r 200 

2 to de�ne the DM haloes. 
With the aim of comparing to observations, we select stars and 

tellar clusters within the radial range [1 , 15] × r 1 /  2 M �  , 
3 where r 1 /  2 M �  

s the 3D stellar half-mass radius of the host galaxy. When calculating
he projected spatial distributions, we instead use a range spanning 
he same multiples of the projected stellar half-mass radius of the 

alaxy, R 1 /  2 M �  , which is an average over the three projections of the
alaxy along the main axes. 
Additionally, we de�ne our GC populations as those clusters that 

re more massive than M � 10 5 M � at the present day, and that
ave metallicities above [ Fe /  H] =  Š2 . 5. As discussed in detail by
ruijssen et al. ( 2019a ), the lack of a model describing the cold phase
f the interstellar medium in the EAGLE galaxy formation model 

eads to an underdisruption of those clusters that orbit the longes 

ithin the gas-rich disc of their host galaxy. We expect that clusters
ith higher metallicities spend more time orbiting in their dense 
nd disruptive natal environments, and so they are more affected by 

nderdisruption (see �gs  D1 and D2 in Kruijssen et al. 2019a ). In
rder to prevent the inclusion of arti�cially  underdisrupted clusters 

e apply an upper metallicity threshold to our GC populations. This
etallicity cut depends on the stellar mass of the host galaxy as
ore massive galaxies enrich faster. For this purpose, we use the 

etallicity at which the median age–metallicity relation of that mass 
in starts to saturate (see �g.  1 in Horta et al. 2021 ), as our (mass
ependent) metallicity cut. We list the upper metallicity cuts applied 
t each galaxy stellar mass bin in the right side column of Table 1 ,
nd we consider this de�nition as our �ducial  metallicity cut. 
We compare the mass-dependent upper metallicity cuts to the 

bserved peaks of the metallicity distribution of metal-poor and 

etal-rich GCs in Virgo (�g.  14 in Peng et al. 2006 ). We �nd  that
ur upper metallicity limits o v erlap with the metal-rich peaks, which
 It is common to describe the size of DM haloes based on the o v erdensity 
elative to the critical density enclosed within that region, ¯� ( r � r X ) /� cr =  X . 
n this work, we use X =  200 to de�ne the halo masses and sizes, M 200 and 
 200 , and X =  18 � 2 +  82( � m ( z) Š 1) Š 39( � m ( z) Š 1) 2 to de�ne the 

irial radius of the halo, r vir . The EAGLE galaxy formation model adopts the 

osmological parameters � m =  0.307, � b =  0.048, � �  =  0.693, and � 8 =  

.829 as provided by the Planck satellite (Planck Collaboration XVI  2014 , 
ee also table B1 in Schaye et al. 2015 ). 
 Observations typically extend up to � 5–20 times the stellar ef fecti ve radius 
epending slightly on the mass of the galaxy (see �g.  1 by Alabi et al. 2016 ). 
or simplicity, we decide to use a �xed  radial range across our galaxy sample, 
nd we explore the in�uence of the radial range in Appendix B . 
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ctober 2
uggests that our metallicity cut leads to �ducial  GC populations that
ack about half of their metal-rich objects. Despite this caveat, we
ecide to maintain this metallicity cut to a v oid including arti�cially
nderdisrupted metal-rich clusters in our GC populations. 
The resulting number of GCs in galaxies more massive than M �  

 10 9 M � for the different selection criteria used in this work
hen projecting the galaxies on to the x –y plane is shown in the

op panel of Fig. 1 . Regardless of the selection criteria, we �nd
hat the number of GCs steeply increases towards more massive 
alaxies, as expected from the increasing mass of the GC system
owards more massive haloes (see e.g. Peng et al. 2008 ; Georgiev
t al. 2010 ; Harris et al. 2015 , 2017 ; Forbes et al. 2018 ; Eadie, Harris
 Springford 2022 ). 4 Ho we ver, because the total number of GCs

s dominated by the presence of low-mass objects, the sample is
eavily contaminated by the underdisrupted young, low-mass, and 

etal-rich clusters if  no cut is applied. By restricting the sample to
assive GCs ( M � 10 5 M � ) within a given metallicity range, we
reatly reduce the presence of underdisrupted contaminants and we 

eproduce the observed relation. Additionally, selecting GCs located 
n the outer regions of the galaxies ( R >  R 1 /  2 M �  ) is required to a v oid
rowding in the centre of observed galaxies. When applying the 

ame selection criteria on the Harris ( 1996 ) sample of GCs from the
ilky  Way (second version; Harris 2010 ), we �nd  that the Milky
ay contains 91 massive GCs ( M � 10 5 M � ), out of which 78 of

hem have metallicities [ Fe /  H] �  [ Š2 . 5 , Š0 . 5], and only 51 of them
re located outside of the stellar half-mass radius. 5 

Lastly, we restrict our host galaxy sample to contain at least 10
Cs per galaxy within the �ducial  metallicity and projected ( x –y )

adius cuts. The resulting sample consists of 166 galaxies, and their
ain characteristics are shown in Fig. 2 . The requirement of the
inimum number of GCs ele v ates the lowest stellar galaxy mass in
ur sample to M �  �  2.5 × 10 9 M � . 6 We summarize in Table 2 the
ifferent galaxy samples used in this work. 

.3 Comparison of galaxy properties with  obser v ations 

e brie�y  compare our simulated galaxies to observed objects for 

hich the spatial distribution of their GC system has been studied
MNRAS 513, 3925–3945 (2022) 

 In a more detailed analysis, Bastian et al. ( 2020 ) demonstrates that the 

bserved increasing GC–halo mass relation is reproduced by the simulated 
C populations from the (34.4 cMpc) 3 periodic volume of the E-MOSAICS 

roject used in this work. The authors also discuss how this relation is shaped 
y the physics describing the formation and evolution of GCs. 
 The Harris ( 2010 ) catalogue of GCs in the Milky  Way contains information 
or 157 objects. 
 Irrespective of the number of GCs hosted, there are 258 central galaxies with 

tellar masses abo v e 2.5 × 10 9 M � in the E-MOSAICS volume. 

022
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Figure 1. ( Top panel ) Number of GCs for different selection criteria as a 

function of their host DM halo mass for all central galaxies more massive than 
M �  >  10 9 M � from the E-MOSAICS volume. The dotted lines with shaded 
regions show the median and 25–75th percentiles of the o v erall galaxy sample 
with at least one GC within the radial range. Magenta markers indicate the 

number of GCs in the Milky  Way for the corresponding cuts (Harris 2010 ; 
Cautun et al. 2020 ), and the blue and orange empty markers correspond to 

the total GC numbers from the Harris et al. ( 2017 ) and Forbes et al. ( 2018 ) 
samples. Due to the different selections, a direct comparison between the 

simulation and the samples from Harris et al. ( 2017 ) and Forbes et al. ( 2018 ) 
cannot be done, but the Milky  Way indicates that the numbers are consistent. 
( Bottom panel ) Number of GCs in each metallicity subpopulation of GCs 
within the radial range considered, R �  [1 , 15] × R 1 /  2 M �  , as a function of 
their host DM halo mass for the 166 central galaxies from the E-MOSAICS 

volume. Metallicity subpopulations are indicated by different small coloured 
markers, as stated in the legend. The dashed lines with shaded regions show 

the median and 25–75th percentiles of the o v erall galaxy sample with at least 
one GC within the radial range. The magenta star corresponds to the Milky  

Way, and the black crosses show the number of GCs with kinematic data in 

the sample of ETGs from Alabi et al. ( 2017 ). The requirement for galaxies 
having at least 10 GCs within the �ducial  metallicity implies that metallicity 

subpopulations can be as small as one object (see Table 2 ). 
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Figure 2. Top: Stellar masses of the central galaxies as a function of halo 

mass. Bottom: Projected stellar half-mass radii as a function of the stellar 
mass of the central galaxies. We divide the simulated galaxy sample between 
ellipticals and discs using the fraction of stellar energy in co-rotation (see 
Correa &  Schaye 2020 ). Small markers show central galaxies with at least 
10 GCs within a galactocentric radius in the range [1 , 15] × R 1 /  2 M �  in the 

�ducial  metallicity cut, and they are colour-coded by the number of GCs 
they host. Simulated galaxies with smaller GC populations are indicated as 
black points. The magenta star with errorbars corresponds to the Milky  Way 

(Cautun et al. 2020 ). The black crosses with errorbars show the sample of 
ETGs from Alabi et al. ( 2016 , 2017 ), and the black diamonds with errorbars 
correspond to the sample of ETGs from Hudson & Robison ( 2018 ) (only 

included in the top panel). The thin dotted black lines show the galaxy stellar 
mass bins used throughout the analysis. 
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e include the Milky  Way in this �gure, for which we assum
 total stellar mass of M �  =  5 . 04 

+  0 . 43 
Š0 . 52 × 10 10 M � , a halo mass of

 200 =  1 . 08 
+  0 . 20 
Š0 . 14 × 10 12 M � , and a projected stellar half-mass radius

f R 1 /  2 M �  =  3 . 78 kpc (Cautun et al. 2020 ). In the high-mass regime
e also include two samples of early-type galaxies (ETGs). The �rst
ample is from the SLUGGS surv e y presented in Alabi et al. ( 2016 ,
017 ). For these, we show their effective half-light radius in the
ottom panel of Fig. 2 , which tends to be a good tracer of the stellar
alf-mass radius. The second sample corresponds to the galaxies
escribed by Hudson &  Robison ( 2018 ), and are only included in the
op panel. Their halo masses are estimated from the stellar-to-halo
ass relation calibrated using weak gravitational lensing (Hudson
t al. 2015 ), and the errorbars correspond to the intrinsic scatter in
he relation, 0.2 dex. 

As discussed by Schaye et al. ( 2015 ), the EAGLE galaxy formation
odel is known to underpredict the stellar masses of galaxies hosted
NRAS 513, 3925–3945 (2022) 
y haloes with M 200 � 10 12 M � , so our simulated L �  galaxies have
lightly o v ermassiv e haloes compared to observ ed galaxies. Despite
his, the most massive simulated galaxies match the stellar-to-halo
ass relation of the observed ETG samples. Regarding their sizes, we

nd  that our simulated galaxies are slightly more extended than these
bserved systems. This is due to the different morphological types
etween the observed sample and our simulations (i.e. ETGs versus
ny morphological type), as ETGs are observed to be more compac
han late-type galaxies (e.g. van der Wel et al. 2014 ). Additionally,
he inclusion of intracluster stars in the measurement of the size of
he simulated galaxies, which would be excluded by observers, leads
o somewhat in�ated radii. At the lower mass end, the polytropic
quation of state used in the EAGLE simulations has been found to
roduce more extended galaxies relative to observed systems (see
urlong et al. 2017 , for a detailed comparison across redshift and
alaxy mass), which might also be re�ected in the extension of their
C systems. 
We show the diversity of spatial distributions of stars and GCs

round a few selected galaxies in Fig. 3 . These central galaxies and
heir GC populations are a representative subsample of our galaxy se-
ection. It is well established in observational data, as well as in simu-
ations, that there is a strong trend between the mass of the GC system
nd the DM halo mass of their host galaxy (e.g. Blakeslee et al. 1997 ;
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Table 2. Summary of the samples of simulated central galaxies from the E-MOSAICS volume used in this work. From left to right, columns indicate: the name 
of the sample, the selected projection, the metallicity range applied to the stellar and GC populations, the total number of galaxies, the number of galaxies per 
galaxy stellar mass bin, the smallest size of its GC systems, the median size of the GC populations, and the median size per galaxy stellar mass bin. All  samples 
have galaxy stellar masses M �  � 2.5 × 10 9 M � , and the edges of the galaxy stellar mass bins are log 10 ( M �  /M � ) =  [9.4, 10.5, 11, 12] (as indicated in Fig. 2 ). 
The metallicity cuts are applied as a function of the stellar mass as described in Table 1 . The sample without a metallicity cut (last row of the �rst  block) applies 
only to stellar populations, and not to GCs. 

Sample Projection [ Fe /  H] range (dex) Total N glxs N glxs per bin N GCs,min Median N GCs Median N GCs per bin 

Fiducial x –y Lower – upper 166 130 28 8 10 31 21 118.5 848.0 
Metal poor x –y Lower – bimodality 166 130 28 8 1 18 12 63.5 584.5 
Metal rich x –y Bimodality – upper 166 130 28 8 1 12 10 50.5 315.5 
No metallicity cut x –y – 166 130 28 8 – – – – –
Fiducial 3D 3D Lower – upper 164 128 28 8 8 29 22 120 899 

All  3D Lower – upper 258 222 28 8 0 1 12 120 899 
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Figure 3. Projected stellar surface densities in the x –y plane of four galaxies from the E-MOSAICS volume with their GC systems o v erplotted as coloured 
data points. These galaxies are a representative sample of the 166 central galaxies with stellar masses log 10 ( M �  /M � ) � 9.4, that contain at least 10 GCs within 

the �ducial  metallicity cut. The width of the panels, indicated in the bottom left corner, is set to 15 times the stellar half-mass radius of the galaxy, r 1 /  2M �  , to 

reproduce the radial range used to select the data (see Section 2.2 ). We indicate the galaxy stellar mass in the top right corner, and the FoF identi�cation number 
in the bottom right side of each panel. 
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eng et al. 2008 ; Georgiev et al. 2010 ; Harris et al. 2015 ; Kruijssen
015 ; Harris et al. 2017 ; Choksi et al. 2018 ; El-Badry et al. 2019 ;
astian et al. 2020 ). Already from this small subsample, we �nd

he same trend as the observations, i.e. more massive galaxies host
ore populous GC systems (see Bastian et al. 2020 , for a detailed 

tudy). 
The spatial distributions of the GC systems shown in Fig. 3 show

ome intriguing features. The GC systems in some of our galaxies 
race stellar debris from recent accretion events (e.g. FOF010) 
hereas in other galaxies, their GCs are preferentially associate 

ith their inner galactic structure (e.g. FOF065). If  we examine by
ye the distributions of subpopulations based on metallicity, we �nd  

hat the outer GCs in some galaxies are metal-poor (e.g. FOF062)
hereas both subpopulations are well mixed at all radii in other
alaxies (e.g. FOF004). In the next section, we explore in more
etail the radial pro�les of stars and GCs. 
MNRAS 513, 3925–3945 (2022) 



3930 M. Reina-Campos et al. 

M

3
G

I  

o  

s

3

I  

D  

v  

T  

i  

m
l 

g s 
t  

a  

p  

i  

o
 

1  

c , 
�  

c  

p  

s  

i  

p
 

a  

o  

t  

G  

s r 
s  

t  

r - 
d  

t  

s
 

G  

o t 
1  

m  

o  

b s 
o  

g d 
i  

t  

p  

o , 

7

b
f
t
o

a  

c
 

�  

i  

h . 
W  

c  

i

3

W  

a  

t  

( r 
s  

s l 
i  

a  

r  

h . 
T  

b  

o  

d  

m  

m  

b . 
T  

h
 

r  

g  

c  

c  

g  

l  

p  

m  

f z 
e  

2  

2  

p  

e  

a  

G  

l  

o  

d  

r  

a
 

a  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/513/3/3925/6575033 by Liverpool John M
oores U

niversity user on 17 O
ctober 2022
 RADIAL  D ISTRIBUTIONS  OF  STARS AND  

CS 

n this section, we qualitativ ely e xplore the radial distributions
f stars and GCs around central galaxies from the E-MOSAICS
imulations. 

.1 Calculating the radial  proÞles 

n order to characterize the spatial distributions of GCs, stars, and
M around the selected central galaxies from the E-MOSAICS
olume, we calculate their azimuthally averaged radial pro�les.
hese radial pro�les provide support to the qualitative discussion

n Section 3.2 , and we make further quantitative remarks using a
aximum likelihood �tting  method in Section 4 . 
We determine the GC, stellar and DM pro�les for the 258 centra

alaxies more massive than M �  � 2.5 × 10 9 M � (this correspond
o the ‘All’  galaxy sample, see Table 2 ). We estimate the stellar
nd GC radial pro�les in three dimensions, as well as the projected
ro�les for different galaxy orientations. In contrast, since we are

nterested in inferring the DM pro�le  from the GC populations, we
nly measure the spherical density pro�le  of the DM halo. 
First, we determine the number density pro�le  of GCs, n ( r ), in

0 logarithmically spaced shells with r �  [1 , 15] × r 1 /  2M �  in each
entral galaxy, as well as the spherical density pro�le  of stars
( r ), within the same radial range. We then project each of our
entral galaxies along three different orientations: face-on, in the x –y
lane, and edge-on. 7 For each of these orientations, we calculate the
urface number density pro�le  of GCs, n ( R ), in 10 bins evenly spaced

n logarithmic radius R �  [1 , 15] × R 1 /  2M �  , and the surface density
ro�les of the stars, � ( R ), within the same radial range. 
We determine these pro�les for the �ducial  metallicity cut, and

lso for three other metallicity subpopulations that we de�ne based
n the galaxy mass-dependent metallicity cuts in Table 1 . We use
he middle point between the peaks of metal-poor and metal-rich
Cs in Virgo (Peng et al. 2006 ) to determine the metallicity that

eparates both subsamples. This selection describes the metal-poo
ubpopulations (i.e. objects with [ Fe /  H] � Š 2 . 5 and less metal-rich
han the mass-dependent bimodality cut from Table 1 ), the metal-
ich subpopulations (i.e. objects with metallicities within the mass
ependent bimodality and upper metallicity cuts from Table 1 ), and
he entire population (i.e. without any metallicity restriction). We
ummarize the main characteristics of these subsamples in Table 2 . 
We show in the bottom panel of Fig. 1 the resulting number of
Cs in each metallicity subpopulation when projecting the galaxies
n to the x –y plane. The requirement for galaxies to have at leas
0 GCs in the �ducial  metallicity cut implies that, at low galaxy
asses, the metallicity subpopulations can be as small as a single
bject (see Table 2 ). Our simulated GC populations are dominated
y the metal-poor objects across our galaxy mass range, wherea
bservations �nd  that the fraction of metal-rich GCs increases with
alaxy mass (e.g. Peng et al. 2006 ; Harris et al. 2015 ). As discusse

n Section 2 , the mass-dependent upper metallicity cut introduced
o mitigate contamination from underdisruption o v erlaps with the
eak of metal-rich GCs in Virgo (Peng et al. 2006 ). This implies that
ur metal-rich GC subpopulations miss about half of their objects
NRAS 513, 3925–3945 (2022) 

 We rotate the galaxies such that the angular momentum vector of the stars 
ound to the galaxy becomes parallel or perpendicular to the z-axis for the 

ace-on and edge-on projections, respectively. The x –y projection is based on 

he coordinates of the volume, and it ef fecti vely leads to random orientations 
f the galaxies in our sample. 

h  

4  

t  

G  

w  

H  

M  
nd prohibits us from doing accurate comparisons of the relative
ontribution of each metallicity subpopulation. 
Lastly, we calculate the spherical density pro�le  of the DM halo,

DM ( r ), by binning its mass distribution in 32 shells evenly spaced
n logarithmic radius between [0.05, 1] times the virial radius of the
alo, r 200 (see Neto et al. 2007 , for a discussion of the radial range)
e discuss the stellar and GC pro�les in Section 3.2 , and we further

haracterize all the radial pro�les by �tting  analytical distributions
n Section 4 . 

.2 Radial proÞles of stars and GCs in E-MOSAICS 

e start by exploring the spherically averaged radial pro�les of stars
nd GCs around the sample of 258 central galaxies more massive
han M �  � 2.5 × 10 9 M � in Fig. 4 . The median stellar density pro�le
top row in Fig. 4 ) changes from a broken power law (with steepe
lope beyond the break radius) in the lowest galaxy mass bin to a
ingle power law at higher masses. This indicates that less materia
s deposited in the outer parts of low-mass galaxies during their
ssembly relative to higher mass galaxies. A similar conclusion is
eached by Font et al. ( 2011 ) when examining the growth of stellar
aloes in a large sample of L �  galaxies from the GIMIC simulations
he authors �nd  that the transition between the halo being dominated
y in situ stars in the inner region to being mostly accreted in the
utskirts produces a similar change in the slope of the stellar surface
ensities as seen in our simulated galaxies. We also �nd  that the
edian pro�les of galaxies with at least 10 GCs are higher than the
edian pro�le  o v er all galaxies, suggesting that lower stellar surface
rightness galaxies have been less able to form populous GC systems
his difference increases at large distances, such that fainter stellar
aloes host smaller GC populations. 
Over the range of galaxy stellar masses, we �nd  that the median

adial pro�les of stars and GCs become shallower for more massive
alaxies. Since we focus our analysis on the populations around
entral galaxies, this does not correspond to the presence of objects
urrently linked to satellite galaxies. Instead, this re�ects that the
rowth of more massive galaxies is dominated by the accretion of

arge numbers of satellites that can deposit their stellar and GC
opulations further out. By contrast, lower mass galaxies grow
ostly due to in situ star formation and are predicted to have low

ractions of accreted stars (e.g. Abadi et al. 2006 ; Rodriguez-Gome
t al. 2016 ; Qu et al. 2017 ; Clauwens et al. 2018 ; Behroozi et al.
019 ; Choksi &  Gnedin 2019 ; Davison et al. 2020 ; Remus &  Forbes
021 ), which leads to steeper radial pro�les for their stellar and GC
opulations. This result is consistent with the �ndings of Pillepich
t al. ( 2014 ), Pillepich et al. ( 2018 ) for the stellar haloes in ILLUSTRIS

nd ILLUSTRIS-TNG , but in this work we extend the analysis to the
C populations in the E-MOSAICS project. Given the brighter

uminosities of GCs relative to the diffuse stellar component in the
utskirts of galaxies, they are more useful tracers of the outer matter
istribution of their host galaxy. In this study, we explore if  the
adial pro�les of GCs can trace the structure of the DM halo and the
ssembly history of their host galaxies. 
The radial number density pro�les of GCs (bottom row in Fig. 4 )

re noisier in lower mass galaxies, due to the smaller number of GCs
osted by those systems (see Fig. 2 ). In the lowest galaxy mass bin,
0 per cent of the simulated galaxies have fewer than 10 GCs in

he �ducial  cut, and 2 of them have no GCs at all. These smaller
C systems tend to be more concentrated, with the majority being
ithin � 5 times the stellar half-mass radius. Using the catalogue of
arris ( 2010 ), we estimate the number density pro�le  of GCs in the
ilky  Way, and this is shown in the middle panel of Fig. 4 . We �nd
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percentiles of stars and GCs, respectively, for galaxies with at least 10 GCs (‘Fiducial 3D’ sample in Table 2 ). Dash–dotted lines indicate the median for all 
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hat there is good agreement, within the observed g alaxy-to-g alaxy 

catter, between the Galactic GCs and our simulated populations 
also see Kruijssen et al. 2019a , who reported this for the 25 Milky
ay-mass zoom-in simulations of E-MOSAICS ). 
Finally, we compare the spatial distributions of GCs with those 

f satellite galaxies. We include the median number density pro�le  

f satellites around the sample of central galaxies in the bottom row
f Fig. 4 . For this, we consider only central galaxies with at leas
ne bound satellite within the radial range considered, i.e. [1, 15] 
imes the stellar half-mass radius. We only consider satellite galaxies 
ore massive than M �  � 2.2 × 10 7 M � , as this galaxy stellar mass

imit  ensures that the satellites are resolved by at least 100 stellar
articles. We �nd  that satellite galaxies preferentially reside in the 

uter regions across the galaxy mass range. 8 More massive galaxies 
ost a larger number of satellite galaxies, with the most massive 
aloes ( M �  � 10 11 M � ) containing about � 100 satellites. This is
 Applying an explicit mass distribution tensor approach to the EAGLE 

imulations, Velliscig et al. ( 2015 ) �nd  that satellite galaxies lie in anisotropic 
istributions in which they preferentially reside along the major axis of the 

entral galaxy. In contrast, our azimuthally averaged radial analysis prevents 
s from drawing similar conclusions. 

m
 

r
s  

s
a  

b

n order of magnitude smaller than their corresponding GC systems 
ven in the outermost bin at r � 15 r 1 /  2 M 	 . In contrast with the satellite
opulation, galaxies host more numerous GC systems, thus being 

ore suitable tracers of the mass distribution in the galactic outskirts

.3 GC proÞle shapes 

e ne xt e xplore the shapes of the spatial distributions of stars and
Cs, i.e. whether they are prolate, oblate, or spherical. For this,
e project our sample of galaxies along three different orientations 

i.e. face-on, x –y , and edge-on), and we determine the azimuthally-
veraged projected radial pro�les of stars and GCs. Then, we 

alculate the ratio between the projected radial pro�les of the face-on
nd edge-on projections. If  the ratio is close to one, that population
as a nearly spherical distribution. We show the median ratios 
etween the face-on and the edge-on projections o v er three galaxy
ass bins in Fig. 5 . 
The median ratios of the stellar and GC projected pro�les are

emarkably close to unity across our galaxy sample, implying that 
tars and GC systems are, on average, close to being spherical. The
tellar surface density ratio shows a small deviation from sphericity 
t large radii in the lowest galaxy mass bin, with the face-on pro�le
ecoming larger than the edge-on pro�le.  This suggests that, at 
MNRAS 513, 3925–3945 (2022) 
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arge radii, the stellar haloes of low-mass galaxies resemble slightly
blate spheroids, whereas they tend to be spherical in more massive
alaxies. 
The deviation from sphericity is even more pronounced in the GC

opulations hosted by the lowest galaxy mass bin. The decreasin
edian ratio towards large radii suggests these populations might
e slightly prolate. Ho we ver, since the number of objects quickly
rops at the low galaxy mass end, the distributions are more
tochastically sampled. This leads to a larger scatter in the ratios of
he radial pro�les, particularly at large galactocentric radius. When
omparing the trends of the ratios of all GC populations (dash–
otted blue line) relative to those of populations that host at leas
0 objects (solid blue line), we �nd  evidence that the decreasin
rend is dominated by sampling noise. From this, we assume that
he stellar and GC populations are nearly spherical, and so they
an be well approximated by an azimuthally averaged description
n projection. Therefore, the rest of the paper only considers the
rojected radial pro�les obtained o v er the random x –y plane. This
llows us to reproduce the random distribution of orientation in
bserv ed e xtragalactic systems, and will  simplify the comparison of
ur projected radial pro�les with observational data. Additionally,
rom here on we restrict our analysis to the sample of 166 centra
alaxies that contain at least 10 GCs in the �ducial  metallicity cut
�rst  block of samples in Table 2 ). 

.4 Metal-poor versus metal-rich GCs 

bservations of GC populations have found that metal-poor objects
end to be more radially extended than the metal-rich subpopulation
n a variety of galactic environments (e.g. Zinn 1985 ; Rhode &
epf 2004 ; Bassino et al. 2006 ; Caldwell et al. 2011 ; Faifer et al.
011 ; Pota et al. 2013 ; Kartha et al. 2014 ; Cho et al. 2016 ; Kartha
t al. 2016 ; Hudson &  Robison 2018 ). Differences in the spatia
NRAS 513, 3925–3945 (2022) 
istributions of metal-rich and metal-poor GCs have been suggeste
o result from their formation in different galactic environments
 or e xample, metal-poor GCs that form in the early Universe in

ow-mass satellites are later accreted on to the outer regions of
assive galaxies. In contrast, metal-rich GCs reside in the inner part
f the galaxy either because they form in situ in the massive galaxy
r because they are accreted from massive satellites (e.g. Brodie
 Strader 2006 ). This scenario suggests that the subpopulations of
Cs in the outskirts of galaxies can be good tracers of the structure
nd assembly of their host galaxies. 
We now investigate whether our simulated stellar and GC popula-

ions also show similar differences in their radial distributions when
onsidering different metallicity cuts. For this, we explore the median
rojected stellar surface density and number density pro�les of stars
nd GCs in Fig. 6 . We �nd  that metal-poor subpopulations of stars
nd GCs become the dominant subpopulations at large distances ( �
 × R 1 /  2 M �  ) with increasing galaxy mass. In the lowest galaxy mass
in, the broken power-law shape observed in the three-dimensiona
ro�les (Fig. 4 ) is driven by the metal-rich subpopulations. We �nd

hat these trends persist when we account for the standard error of
alculating the median pro�le  among our sample of galaxies. 
In low-mass galaxies, the majority of the metal-rich material in

he outskirts is the result of in situ star formation, which dominate
he growth of the stellar halo (e.g. Rodriguez-Gomez et al. 2016 ;
ehroozi et al. 2019 ), and is therefore more concentrated. More
assive galaxies build up their metal-rich stellar haloes both from

n situ star formation and from the accretion of massive satellites
hich themselves have more metal-rich stars than low-mass satellites

Ma et al. 2016 ). Hence, their radial pro�les have shallower slopes
his result echoes the �ndings of Font et al. ( 2011 ), who �nd  that

n situ metal-rich stellar populations dominate the inner regions of
he stellar haloes surrounding L �  galaxies, whereas the outer regions
end to be mainly accreted and metal-poor. We further explore the
ole of the formation mode in Section 4.1 . 

F or an y giv en galaxy mass bin, we �nd  that metal-poor objects
end to have shallower radial pro�les relative to the metal-rich
ubpopulations. When considering the o v erall galaxy sample, the
adial pro�les of both subpopulations become shallower in more
assive galaxies, which is a hint of the assembly history of their

alaxies (Abadi et al. 2006 ; Pillepich et al. 2014 , 2018 ). We further
uantify and discuss the projected radial pro�les of the metallicity
ubpopulations in Section 4 . The difference in the radial pro�les
f metal-poor and metal-rich GCs is more prominent in the lowest
alaxy mass bin, and a similar trend is seen in the stellar populations
his suggests that the radial pro�les of metallicity subpopulations in

his galaxy mass bin [log 10 ( M �  /M � ) � 10.5] might be more sensitive
o the different origin of these objects, which we explore further
n Section 4.1 . Finally, we also �nd  that the metal-rich GCs tend
o dominate the inner galaxy out to 4–6 × R 1 /  2 M �  , with metal-poo
bjects becoming more numerous in the outskirts. This is in good
greement with observed GC populations (e.g. Caldwell et al. 2011 ;
ota et al. 2013 ), and is further discussed in the next section, where
e make quantitative comparisons. 

 CHARACTERIZ ING  THE  RADIAL  PROFILES  

e characterize the projected radial pro�les of stars and GCs, as
ell as the spherical pro�les of the DM haloes by �tting  analytica
ro�les with different functional forms using a maximum likelihood
pproach. This analysis does not use the binned projected radial
ro�les calculated in Section 3.1 as it only depends on the positions
f individual particles. This is done to a v oid issues with small-numbe
tatistics when the radial distributions are binned. For this, we use
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he populations of objects around the 166 central galaxies (with M �  

2.5 × 10 9 M � ) that contain at least 10 GCs within the �ducial
etallicity cut (�rst  block of samples in Table 2 ). 

.1 Stars and GCs 

e follow the same procedure to �t  the projected azimuthally 
veraged radial pro�les of stars and GCs. First, we calculate the 

rojected galactocentric radius R of stars and GCs within the range 
 �  [1 , 15] × R 1 /  2 M �  in each of the 166 central galaxies. To calculate

he normalizations of the radial pro�les, we also determine the total 
ass in stars and the total number of GCs within the radial range. We

hen use a maximum likelihood method to �nd  the combinations of
arameters that maximize the likelihood of the system studied. This 

ethod a v oids ha ving to bin the data, which can lead to large errors
n the estimation of the parameters when a small number of objects
s considered. Therefore, this analysis depends on the positions of 
ndividual particles only, and does not use the binned projected radial 
ro�les. The likelihood of our systems is de�ned as 

ln L  ( R) =  

N �  

i  

ln P ( R i ) , (1) 
here N is the number of objects considered. The probability P that
n object i is at its projected radius R i given a pro�le  f ( R ) is 

( R i ) =  2 �R  i f  ( R i ) . (2) 

bservational studies suggest that the radial pro�les of GC popula- 
ions can be well characterized with both power -law distrib utions and
 ́ersic-like pro�les (S ́ersic 1963 , 1968 ), i.e. a power-law shape in the
uter regions that �attens in the centre (e.g. Faifer et al. 2011 ; Alamo-
art ́�nez et al. 2013 ; Kartha et al. 2014 ; Cho et al. 2016 ; Hudson
 Robison 2018 ). The radial range considered in this work does not

nclude the central stellar half-mass radii of the galaxies, so we use
he maximum likelihood estimation to characterize the populations 
f stars and GCs assuming two different functional forms: a power-

aw function, and a de Vaucouleurs pro�le  (i.e. equi v alent to a S ́ersic
ro�le  with a slope n =  4). These functions are generally used in

he literature to describe the radial pro�le  of GCs (e.g. Hudson &
obison 2018 ). 
We describe the power-law distribution as, 

 ( R) =  f  e R 
Š	 , (3) 

here R is the projected galactocentric radius of stars and GCs. We
im to �nd  the slope 	 that maximizes the likelihood of the system
ote that the slope 	 is constant o v er the radial range considered
MNRAS 513, 3925–3945 (2022) 
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9 Increasing the minimum number of GCs to 50 objects per galaxy reduces 
the scatter at low galaxy masses, and the trends remain the same. We also 
�nd  that the strength of the correlations discussed in Section 5 increase when 
considering the stricter selection of galaxies, but decide to keep the required 
number of GCs per galaxy at 10 to include the low-mass galaxy systems that 
will  soon be observed with the Vera Rubin Observatory. 
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or each subpopulation studied, we calculate the normalization f e of
he projected pro�les using the following analytical expression: 

 e =  
2 Š 	

2 � ( R 2 Š	
max Š R 2 Š	

min ) 
, (4) 

here the radii R min and R max correspond to the inner and outer edges
f the radial range considered. In the case that the subpopulation
f GCs do not co v er the entire radial range, we modify these radii
o be the smallest and largest radii of GCs in that subpopulation
espectively. 

In order to obtain an estimate of the ef fecti ve size of GC
opulations, we also �t  de Vaucouleurs pro�les to the subpopulation
f stars and GCs, 

 ( R) =  f  e exp 

�  

Šb 4 

�  �
R 

R e 

� 1 /  4 

Š 1 

�  �  

, (5) 

here b 4 =  7.669 (Graham & Driver 2005 ), R e is the ef fecti ve radius
nd f e is the density at that radius. Relative to using a standard S ́ersic
ro�le,  in which both the slope and the ef fecti ve radius are free
arameters, we �nd  that �xing  the slope is crucial to a v oid noisy

ts  because it reduces the degrees of freedom. For a given effective
adius, R e , the normalization of this pro�le  can be calculated as, 

f  e =  
b 8 

4 e Šb 4 

8 �R  2 
e 

×

�  




�  

8 , b 4 

�
R max 

R e 

� 1 
4 
�  

Š 


�  

8 , b 4 

�
R min 

R e 

� 1 
4 
�  �  Š1 

. 

(6) 

oth of these functional forms have only one degree of freedom
 	 and R e , respectively), which reduces the noise introduced from
 v er�tting  parameters. 

Finally, the normalizations f e are multiplied by either the total
ass in stars or the total number of GCs within the radial range, 

 ( R) =  n e R 
Š	 
  n e =  f  e × N GCs ( R min <  R <  R max ) , (7) 

epending on whether the radial pro�le  represents a mass or numbe
ensity pro�le,  respectively. We repeat this �tting  procedure to
etermine the slopes of the projected radial pro�les of the metallicity
ubpopulations of stars and GCs (using the metallicity limits from
able 1 ): �ducial,  metal-poor, metal-rich and, only in the case of
tars, without a metallicity selection (�rst  block of galaxy sample

n T able 2 ). T o a v oid spurious measurements, we only �t  pro�les to
ubpopulations that have more than three objects. 
We maximize the likelihood of each subpopulation to obtain the

est-�tting parameters of a given functional form. For that, we use
nitial guesses for the value of the parameters: the power-law slope is
nitially  set to 	 =  1, and the de Vaucouleurs ef fecti ve radius is �rstly
ssumed to be the median radius of the subpopulation. In the case of

he de Vaucouleurs pro�le,  we bound the radius to be within the range
 . 1 kpc to 150 × R 1 /  2 M �  to reco v er sensible parameters. We try dif-
erent priors for the parameters, and we �nd  that the reco v ered best-
tting  parameters are insensitive to the choice of the initial guesses 

To estimate the quality of the �ts,  we calculate the likelihood of
he best-�tting power-law and de Vaucouleurs pro�les of the stellar
nd GC subpopulations, which we show in Appendix A . Lower
ass galaxies with fewer particles have poorer stellar and GC �ts.
ecause of our requirement that galaxies host at least 10 GCs within

he �ducial  metallicity cut, the metallicity subpopulations in low-
ass galaxies can have very low numbers of GCs (see Tab. 2 ). This

mplies that the radial pro�les of these smaller systems are poorly
onstrained, and they introduce some scatter when examining the
NRAS 513, 3925–3945 (2022) 
eco v ered parameters. Ho we ver, we decide to keep the requiremen
n the number of GCs in the �ducial  cut so that our analysis is based
n the same sample of 166 galaxies regardless of the metallicity cut. 9 

rom the quality analysis, we �nd  that the stellar pro�les are al w ays
etter described by a de Vaucouleurs pro�le,  but the GC populations

n lower mass galaxies (up to M �  �  5 × 10 10 M � for the metal-poo
Cs) are better characterized by power-law distributions. 
We explore the recovered power-law slopes and de Vaucouleur

f fecti ve radii of the stellar and GC subpopulations in Fig. 7 . Focusing
n the stellar populations �rst  (left-hand column), we �nd  that the
ower-law slopes describing their radial pro�les are within the range
=  1–3.5, and the values show little scatter. The mild decreasin

rend of the slope towards more massive galaxies is the result of the
igher accreted fractions in massive galaxies (Pillepich et al. 2014 ,
018 ). The stellar populations have ef fecti ve radii between R e =  1–
0 kpc , and they steeply increase towards higher mass galaxies (e.g.
hen et al. 2003 ; Baldry et al. 2012 ; Lange et al. 2015 ). We include

he half-light radius of the red and blue galaxies from the GAMA
urv e y (Baldry et al. 2012 , bottom-left panel of Fig. 7 ), and we �nd
hat the measured stellar ef fecti ve radii of our simulated galaxies
grees well with these observations. 

If  we now look at the GC populations (right-hand column in
ig. 7 ), we �nd  that these reproduce the same median trends as
btained for the stellar populations. Pillepich et al. ( 2014 , 2018 )

nd  that stellar haloes trace the slope of the DM halo, which we
lso see in our simulations. Given this trend, this similarity between

he GC and stellar properties suggests that the radial pro�les of
C populations might also correlate with the structure of the DM
alo of their host galaxy. The large scatter shown by the reco v ered
arameters describing the GC subpopulations is driven by the low
umber statistics in low-mass galaxies ( M �  � 4 × 10 10 M � ). At those
tellar masses, our galaxies have a median of � 10–80 GCs within the
ducial  metallicity cut, and the metallicity subsamples can include
s few as three objects. 
The power-law slopes describing the surface number density

ro�les of the GC populations also show a decreasing trend towards
igher mass galaxies. This trend is found across the different metal-

icity  subpopulations considered, and it reproduces extragalacti
bserv ations of shallo wer slopes for GC systems hosted in brighter
alaxies (e.g. Harris 1986 ; Kissler-Patig 1997 ; Ashman &  Zepf 1998 ;
irsch, Schuberth &  Richtler 2005 ; Bekki &  Forbes 2006 ; Alabi et al.
016 , 2017 ; Hudson &  Robison 2018 ). We suggest that this is the
esult of higher mass galaxies hosting larger fractions of accreted GCs
e.g. Harris et al. 2017 ), and we further explore this scenario below. 

The slopes of our projected �ducial  GC subsamples are in the
ange 	 =  1–4.5, and seem to �atten in the very high mass end
labi et al. ( 2016 ) perform a literature compilation of extragalacti
ystems, and provide a �t  to the de-projected slope of the GC spatia
ro�le  as a function of the galaxy stellar mass. We project those
lopes by subtracting 1 dex to them, 	 2D =  	 3D Š 1, and include the
elation in Fig. 7 (top-right panel). The shallower simulated slopes
elative to the observed galaxies are likely due to our wide radial
ange, which ignores the inner stellar half-mass radius of the galaxy
nd extends up to 15 times that radius. In order to test this idea
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e repeat our �tting  procedure for different radial ranges. We show 

n Appendix B that the reco v ered slope o v er narrower radial ranges
hows a better agreement with the observed trend. 
When �tting  a de Vaucouleurs pro�le,  we also �nd  that the ef fecti ve

adii of the GC subpopulations increases steeply towards more 

assive galaxies, with the median effective radius of the �ducial  

C subpopulation in the range R e =  5–30 kpc . This trend has been
bserved in a variety of galactic environments (e.g. see �g.  18 of
artha et al. 2014 ), suggesting that more massive galaxies host more

adially extended populations of both stars and GCs. Since the larger 
xtent of the stellar populations in more massive galaxies is mostly
ue to their accreted origin (Abadi et al. 2006 ; Pillepich et al. 2014 ,
018 ; Font et al. 2020 ; Remus &  Forbes 2021 ), we later explore if
he larger size of the GC populations can also be related to a higher
raction of them having formed in accreted satellites. 

In order to compare the increasing ef fecti ve size of the �ducial
C subpopulations to observed extragalactic systems, we include the 

bserved relations from Hudson &  Robison ( 2018 ) and Forbes ( 2017 )
n Fig. 7 (bottom-right panel). Both studies use samples of ETGs to
tudy the correlation between the spatial extent of the GC system
nd their DM haloes. Because of this, they obtain slightly different 
elations between the size of the GC systems and the ef fecti ve radii
f their galaxies. They both �nd  that, as ETGs grow in mass, their
Cs populations grow proportionally in size, in good agreemen 
ith what we also see in the simulated populations. Forbes ( 2017 )
omplements the sample of ETGs with the GC systems in three
ltra-diffuse galaxies (UDGs). They �nd  that the relation become 

hallower for GC populations in UDGs at galaxy masses M �  �
 × 10 10 M � , which roughly corresponds to the same mass as the
hange in slope of the galaxy mass–size relation (e.g. Shen et al.
003 ; Baldry et al. 2012 ; Lange et al. 2015 ). We observe hints of a
imilar �attening in the size of the �ducial  GC populations of our
imulated galaxies in the low-mass regime ( M �  �  2 × 10 10 M � ),
ven though this is the galaxy mass range in which there are low
umber statistics. 
If  we now focus on the metallicity subpopulations of GCs for

 given galaxy mass, we �nd  that metal-poor subsamples have 
hallower radial pro�les that are more extended. The median power- 
aw slopes of the metal-poor GC subsamples are in the range 	 =  2–
.3, whereas the metal-rich objects have median slopes 	 =  2.5–2.9 

imilarly, the median ef fecti ve radii of the metal-poor subpopulation 

re R e =  6–30 kpc , whereas the metal-rich counterparts have R e =  2–
0 kpc . We note that increasing g alaxy-to-g alaxy v ariations to wards

ow galaxy masses are driven by subsamples that have between 3
nd 5 GCs for which the �tting  procedure performs badly, but the
edian values are more robust. 
MNRAS 513, 3925–3945 (2022) 
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are projected on the x –y plane. Each column corresponds to a different galaxy stellar mass bin, and the number of galaxies within the mass bin with at least 10 

GCs ( N 10 GCs 
glxs ) is indicated in the bottom left side of the top row. Solid coloured lines with shaded regions correspond to medians and the 25–75th percentiles of 

different metallicity subpopulations. For each metallicity subsample, the dash–dotted and dashed lines with shaded regions show the medians and the 25–75th 
percentiles of the in situ and accreted objects, respectively. Only central galaxies with at least 10 GCs within the �ducial  metallicity cut are considered. Accreted 
objects tend to dominate the outer parts of galaxies more massive than log 10 ( M �  / M � ) � 10.5 (regardless of the GC metallicity), whereas lower mass galaxies 
host preferentially in situ metal-rich GCs and a mixture of in situ and accreted metal-poor GCs. 
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.1.1 In situ and accreted populations of GCs 

he trend of metal-poor GC systems having more extended spatia
ro�les have been observed in many observational studies (e.g.
hode &  Zepf 2004 ; Bassino et al. 2006 ; Caldwell et al. 2011 ;
aifer et al. 2011 ; Pota et al. 2013 ; Kartha et al. 2014 ; Cho et al.
016 ; Kartha et al. 2016 ; Hudson &  Robison 2018 ). It has been
rgued that these trends result from a scenario in which the outer
etal-poor GCs formed in satellites galaxies that are accreted later
n, whereas the inner metal-rich populations are mostly formed in
itu in the host galaxy (e.g. Forbes, Brodie &  Grillmair 1997 ; Brodie
 Strader 2006 ). 
We explore this scenario by looking at the median number density

ro�les of GCs for different metallicity subpopulations labelled by
NRAS 513, 3925–3945 (2022) 
heir origin. In order to tag particles based on their origin, we start by
dentifying the galaxy to which the particle belongs to in the snapsho
losest in time to its formation. Then, we classify the particle as being
n situ if  its natal galaxy is in the main branch of its host galaxy at
 =  0, and as accreted otherwise. From top to bottom, we show in
ig. 8 the median pro�les of the �ducial,  metal-poor and metal-rich
ubpopulations, in different galaxy mass bins o v er the sample of 166
entral galaxies with at least 10 GCs. Within each panel, we include
he radial pro�les of the corresponding GCs that have formed in situ
r in an accreted satellite, as well as the o v erall radial pro�le.  

Focusing on the �ducial  GCs, we �nd  that low-mass galaxies
2.5 × 10 10 M � � M �  � 3 × 10 10 M � ) are clearly dominated by in situ
Cs within � 5–6 × R 1 /  2 M �  , and they become dominated by accreted
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