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ABSTRACT

Globularclusterd GCs)arebrightobjectshatspanawide rangeof galactocentridistancesandcanthereforeprobethestructure
of darkmatter(DM) haloesIn this work, we explorewhetherthe projectednumberdensityradial pro les of GCscanbe used
to infer the structuralpropertiesof their hostDM haloes.We usethe simulatedGC populationsin a sampleof 166 central
galaxiesfrom the (34.4 cMpc)® periodicvolume of the E-MOSAICS project.We nd that more massivegalaxieshoststellar
andGC populationswith shallowerdensitypro les thataremoreradially extendedIn addition,metal-poorGC subpopulations
tendto haveshallowerand more extendedpro les thanmetal-richsubsamplesyhich we relateto the preferentiallyaccreted
origin of metal-poorGCs.We nd strongcorrelationsbetweenthe power-lawslopesand effective radii of the radial pro les
of the GC populationsandthe structuralpropertiesof the DM haloes suchastheir power-lawslopes ,Navarro—Frenk—White
scaleradii, andconcentratiorparametersAccountingfor a dependencen the galaxystellarmassdecreasethe scatterof the
two-dimensionatelations.This suggestshatthe projectednumbercountsof GCs,combinedwith their galaxymassracethe
densitypro le of the DM halo of their hostgalaxy.Whenappliedto extragalacticGC systemswe recover the scaleradii and
the extentof the DM haloesof a sampleof early-typegalaxieswith uncertaintiesmallerthan0.2 dex. Thus,extragalacticGC
systemgrovideanovelavenueo explorethe structureof DM haloesbeyondthe Local Group.

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

1 INTRODUCTION

Galaxiesesideatthe centreof extendedaloesof darkmatter(DM)
that cannotbe directly mappedusing star light. The presenceand
propertiesof suchhaloesmustbe inferred from their gravitational
in uence on other objects. Arguably, the best environmentsfor
studyingDM haloesarethe outskirtsof galaxiesFirst,thein uence
of thebaryonicphysicsj.e.gascooling,starformation,andfeedback,
modi es the shapeof the DM halo in the centresof galaxies(e.g.
Duffy etal. 2010 Schalleretal. 2015 Pradaetal. 2019 Chuaetal.
2021). Secondlymostof themassin the halolies atlargedistances
from the centre,thus suggestinghat probing beyondthe extentof
thegalaxy( 0.1x rpg0) is requiredto tracethe structureof the DM
halo.
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Diffuse stellar haloessurroundgalaxiesand can extendup to
severalhundredkpc. Theseextendedstellarpopulationshavebeen
found to grow mostly via the accretionof satellite galaxies(e.g.
Bullock & Johnstor2005 Abadi,Navarro& Steinmet2006 Cooper
etal. 201Q Fontetal. 2020, with a few massie accretionevents
dominatingthe massassembly(Deason,Mao & Wechsler2016
Monachesktal. 2019. Althoughtheinnerregionsof stellarhaloes
tendto bedominatedy in situ stars(Fontetal. 2011), their (mainly)
accretedorigin in the outskirtsand their large extentsuggesthat
stellar haloescan be usedas tracersof the DM halo of their host
galaxy. Pillepich et al. (2014 show that the radial pro les of the
stellarhaloedn thelLLUSTRIS simulationscorrelatewith thepro les
of their DM haloes,with more massivehaloesshowingshallower
distributionsof DM and stars(seealso Pillepich et al. 2018. The
authorsrelate this trend to the amountof accretedmassin the
galaxies,i.e. the growth of massivegalaxiesis mostly linked to
the accretionof satellitesthat can deposittheir starsfurther out,
whereadow-masggalaxiesgrow mostlydueto in situ starformation
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(e.g.Rodriguez-Gomeetal. 2016 Quetal. 2017 Clauwenset al.
2018 Behroozi et al. 2019 Davison et al. 2020. Despite this
promisingrelation, measuringthe pro les of diffuse stellarhaloes
out to large galactocentriaadii is observationallychallenging,and
sothis approacthasa limited applicability.

Satellitegalaxiesandbrightglobularclusterd GCs)arealsotracers
of the structureof DM haloes.The kinematicsof thesetracershave
beenusedto probethe galacticoutskirtsvia dynamicalmodels(e.g.
Alabi et al. 2016 2017 Tortora, La Barbera& Napolitano2016
Poci,Cappellari& McDermid 2017 Eadie& Juric 2019 Slizewski
etal. 2021). Theseobjectsaremuchbrighterthanthe diffuse stellar
halo,andsotheycanbeobservedutto muchgreategalactocentric
distancesHowever, thesdracersarenotobservedn equalnumbers,
ascentralgalaxiesgenerallyhostfewer satellitegalaxiesthanbright
GCs. In galaxiesof masssimilar to the Milky Way, up to 10—
20 satellite galaxieswith luminosities M, S 12.3 are observed
(Gehaet al. 2017 Mao et al. 2021), whereasthe GC populations
typicallycomprise 2000bjectge.g.Pengetal.2008. Thissuggests
that GC populationscan be ideal probesof the matterdistribution
at large galactocentricdistances Additionally, dynamicalmodels
require accuratetracer kinematics,and this limits the number of
galaxiesto which thesemodelscanbe appliedasspectroscopgan
becomechallengingt In contrastjf thespatialdistributionsof these
tracersalonecould yield information on the structureof their host
DM halo, thenthesepropertiescould be inferredfor a muchlarger
numberof galaxies.

A surprisingresultfrom the last coupleof decadediasbeenthe
strongcorrelationdbetweerpropertieof theoverall GC populations
and their host DM haloes. The most prominentexampleis the
observedight relationbetweerthe total massin GCsandthe mass
of the DM halo (e.g.Blakeslee,Tonry & Metzger1997 Pengetal.
2008 Spitler & Forbes2009 Georgievetal. 201Q Hudson,Harris
& Harris2014 Harris,Harris& Hudson2015 Harris, BlakesleeX
Harris2017), which hasbeenlinked to the hierarchicalassemblyof
galaxies(e.g.Kruijssen2015 Choksi,Gnedin& Li 2018 El-Badry
etal. 2019 Bastianet al. 2020. It hasalsobeenobservedhatthe
spatialextentof extragalacticsC systemstronglyincreasesvith the
effective radiusof the galaxy (e.g.Rhodeet al. 2007, Karthaet al.
2014 2016 andwith the extentof the DM halo (e.g.Forbes2017.
Hudson& Robison2018, implying thatmoremassivegalaxieshost
moreextendedGC populations Given that the fraction of accreted
masslsoincreasetowardsmassvegalaxieqe.g.Rodriguez-Gomez
etal. 2016 Quetal. 2017 Behroozietal. 2019, this suggestshat
GCscanbeusedasprobesof thedetailedstructuralpropertiesof the
DM haloesof their hostgalaxies.

Basedon theseobservationatesults,in this work we study the
azimuthallyaveragedadial distribution of stellarclustersand eld
stars around central galaxies,and explore how the GC number
density radial pro les map the DM halo of their host galaxies.
For this, we usethe simulatedpopulationsof stellar clustersand
their hostgalaxiesfrom the (34.4cMpc)® periodicvolumeof the E-
MOSAICS project(Pfefferetal. 2018 Kruijssenetal. 20193 Crain
etal., in preparation)Thesesimulationsself-consistentlynodelthe
formationandevolutionof stellarclusterpopulationsalongsidetheir
hostgalaxiesn acosmologicatontextandsotheynaturallyprovide

1Using a suite of 25 Milky Way-masscosmologicalzoom-in simulations
fromtheE-MOSAICSproject,Hughesetal. (20218 nd thatgoodkinematic
informationof atleast150GCspergalaxyis requiredto recoverthemassand
radial distribution of the DM halo usingdynamicalmodelsin extragalactic
systems.
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the spatialinformationof the GCsandtheir hostDM haloesacross
abroadrangeof galaxymassesndenvironments.

We describethe simulationset-upin Section2, andqualitatively
discussthe radial distributionsof starsand GCsin Section3. In
Sectiond, we characterizeéheradialpro les of stars,GCs,andDM,
and explore possiblecorrelationswith the structuralpropertiesof
DM haloesin Section5. The ndings of this work aresummarized
in SectionG.

2 THE E-MOSAICS PROJECT

2.1 The E-MOSAICS model

The E-MOSAICS project (MOdelling Star cluster populationAs-

semblyln CosmologicalSimulationswithin EAGLE; Pfeffer et al.

2018 Kruijssenet al. 20193 combinesa subgrid descriptionof

theformationandevolutionof stellarclustergKruijssenetal. 2011

Pfefferetal. 2018 with thestate-of-the-afEAGLE galaxyformation
model (Evolution and Assembly of GalLaxiesand their Environ-
ments,Schayeet al. 2015 Crainetal. 2015. By modellingstellar
clustersand their host galaxiessimultaneouslythesesimulations
allow usto studytheirformationandassemblycrossosmichistory.
In thisscenarioGCsareconsideredo betheresultof regularcluster
formationacrosscosmictime.

In the E-MOSAICS simulations, every newborn star particle
can form a subgrid stellar cluster population. The formation of
stellarclustersbelongingto sucha populationis describedn terms
of two environmentallydependeningredients.Thesemodelsare
the fraction of star formation in bound clusters(i.e. the cluster
formationef ciency or CFE;Bastian2008 Kruijssen2012), andthe
uppertruncationmassscaleof the Schechte (1976 initial cluster
masgunction(Reina-Campoé& Kruijssen2017). Theseingredients
de ne thestellarmassudgeto form clustersrom, andthe shapeof
theinitial clustermassfunction, respectivelyBoth of thesemodels
have beenshownto accuratelydescribecluster formation in the
local Universe(e.g.Adamoetal. 2015 Reina-Campog&: Kruijssen
2017 Messaet al. 2018 Adamoet al. 2020. The local natal gas
conditionsof newbornstarsin uence the formation of the subgrid
stellar clusters,suchthat higher gaspressureenvironmentdeadto
theformationof alargernumberof clusterswith largermasses.

After their formation, stellar clustersevolve due to stellar evo-
lution, two-body interactionsand tidal shocks.In order to apply
dynamicalisruptionwefollow thelocaltidaltensorandits variation
at the location of eachsubgridstellar clusterpopulationover their
entirelifetime. Finally, the completedisruptiveeffectsof dynamical
friction areappliedin post-processin@py removingclusterswhose
time-scaldor dynamicalin-spiralis shorterthantheirage.For more
detailsonthemodelswe referthereaderto Pfefferetal. (2018 and
Kruijssenetal. (20193.

The simulationshave beenfound to reproducemany properties
of boththe youngandold clusterpopulationsobservedn the local
Universe(e.g.Kruijssenet al. 20193 Pfeffer et al. 2019h Hughes
et al. 2020 and hasled to severalpredictionsfor the conditions
leadingto the formationof GCsat high redshift(e.g. Pfeffer et al.
20193 Reina-Campostal. 2019 Keller etal. 2020. Additionally,
the model has allowed the use of GC populationsto trace the
formationandassemblyistoryof theirhostgalaxy(e.g.Hughe<tal.
2019 Kruijssenetal. 20193 Pfefferetal. 202Q Trujillo-Gomezetal.
2021). We haverecentlyappliedtheseinsightsto the GC population
of the Milky Way, resultingin the quantitativereconstructiorof its
mergertree(Kruijssenetal. 2019h 2020.
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2.2 Selectingthe galaxy sample

We study all central galaxieswith stellar massesvi 100 M
within the periodiccosmologicalolumeof (34.4cMpc)® from the
E-MOSAICSproject(Crainetal., in preparationsee rst resultsin
Bastianet al. 2020 and Hugheset al. 20213. Sincethe initial gas
particlemasss 2.26x 10° M (seesection2.2.of Bastianetal. 2020
for moredetails),this initial selectioncorrespondso well-resolved
galaxieswith  500starparticles Thisstellarmasscutleavesuswith
N = 994 galaxies.

DM haloesare rst identi ed usingthe FoF (Friends-of-Friends;
Davis et al. 1985 algorithm, with a linking length of 0.2 times
the mean particle separation.Then, gas and stellar particles are
associatedvith the nearesDM particle,andwithin eachhalo, and
the SUBFIND algorithm (Springelet al. 2001, Dolag et al. 2009
identi es gravitationallyboundsubstructuresThe centralgalaxies
usedin this study correspondo the mostmassiveboundstructure
within eachDM halo. We selectboth the boundand unboundDM
particleswithin theradiusr,ge? to de ne the DM haloes.

With the aim of comparingto observationsye selectstarsand
stellarclusterswithin theradialrangef1, 15] X ry v ,° wherery oy
isthe3D stellarhalf-masgsadiusof thehostgalaxy.Whencalculating
the projectedspatialdistributions,we insteadusea rangespanning
the samemultiples of the projectedstellar half-massradiusof the
galaxy,Ry2m , Whichis anaverageoverthethreeprojectionsof the
galaxyalongthemainaxes.

Additionally, we de ne our GC populationsasthoseclustersthat
are more massivethanM  10° M at the presentday, and that
havemetallicitiesabove[Fe H] = $2.5. As discussedn detail by
Kruijssenetal. (20193, thelackof amodeldescribinghecoldphase
of the interstellarmediumin the EAGLE galaxy formation model
leadsto an underdisruptiorof thoseclustersthat orbit the longest
within the gas-richdisc of their hostgalaxy.We expectthatclusters
with higher metallicities spendmore time orbiting in their dense
anddisruptivenatalenvironmentsandsothey aremoreaffectedby
underdisruptionsee gs D1 andD2 in Kruijssenet al. 20193. In
orderto preventtheinclusionof arti cially underdisruptedlusters,
we applyanuppermetallicity thresholdto our GC populationsThis
metallicity cut dependson the stellar massof the host galaxy as
more massivegalaxiesenrich faster. For this purpose we usethe
metallicity atwhichthemedianage—metallicityrelationof thatmass
bin startsto saturatgsee g. 1in Hortaetal. 2021), asour (mass-
dependentinetallicity cut. We list the uppermetallicity cutsapplied
at eachgalaxystellarmassbin in theright sidecolumnof Table1,
andwe considerthis de nition asour ducial metallicity cut.

We comparethe mass-dependenipper metallicity cuts to the
observedpeaksof the metallicity distribution of metal-poorand
metal-richGCsin Virgo (g. 14in Pengetal. 2006§. We nd that
ouruppermetallicity limits overlapwith the metal-richpeakswhich

2|t is commonto describethe size of DM haloeshasedon the overdensity
relativeto thecritical densityenclosedvithin thatregion, (r  rx)/ o = X.
In this work, we useX = 200to de ne the halomassesndsizes,M»gg and
oo, and X = 18 2 + 82( m(2) S 1) S 39( m(z) S 1)? to de ne the
virial radiusof thehalo,ryi,. The EAGLE galaxyformationmodeladoptshe
cosmologicaparameters , = 0.307, , = 0.048, = 0.693,and g=
0.829asprovidedby the Plancksatellite(PlanckCollaborationXVI 2014
seealsotableB1 in Schayeetal. 2015.

3Observationsypically extendupto  5—-20timesthestellareffective radius
dependingslightly onthe massof thegalaxy(see g. 1 by Alabi etal. 2016.
Forsimplicity, wedecideto usea xed radialrangeacrosurgalaxysample,
andwe explorethein uence of theradialrangein AppendixB.

GC spatialdistributionsin E-MOSAICS 3927

Table 1. Metallicity limits appliedto the GC populationsas a function of
their host galaxy stellar mass:lower metallicity cuts, valuesusedto split
betweermetal-poorandmetal-richobjects,anduppermetallicity cuts.

Galaxystellarmass Lower[Fe H] Bimodality = Upper[Fée H]
logio(M /M ) (dex) (dex) (dex)
8.0-8.5 S25 S1.2 S1.0
8.5-9.0 325 S1.2 S1.1
9.0-9.5 S25 S1.2 S0.8
9.5-10.0 325 S1.1 30.5
10.0-10.5 S25 S1.0 S0.5
10.5-11.0 825 30.9 30.5
11.0-11.5 S25 S0.8 S0.3

suggestshatourmetallicity cutleadsto ducial GC populationghat
lack abouthalf of their metal-richobjects.Despitethis caveatwe
decideto maintainthis metallicity cut to avoid includingarti cially
underdisruptednetal-richclustersin our GC populations.

Theresultingnumberof GCsin galaxiesmore massivethanM
> 10° M for the different selectioncriteria usedin this work
when projectingthe galaxieson to the x-y planeis shownin the
top panelof Fig. 1. Regardlesf the selectioncriteria, we nd
that the numberof GCs steeplyincreasesowards more massive
galaxies,as expectedirom the increasingmassof the GC system
towardsmore massivehaloes(seee.g. Penget al. 2008 Georgiev
etal. 201Q Harrisetal. 2015 2017 Forbestal. 2018 Eadie Harris
& Springford2022.* However, becausehe total numberof GCs
is dominatedby the presenceof low-massobjects,the sampleis
heavily contaminatedy the underdisruptegoung,low-mass,and
metal-richclustersif no cutis applied.By restrictingthe sampleto
massiveGCs(M  10° M ) within a given metallicity range,we
greatlyreducethe presencef underdisrupted¢ontaminantsandwe
reproduceheobservedelation.Additionally, selectingGCslocated
in theouterregionsof thegalaxiegR > Ry 2y ) is requiredto avoid
crowding in the centreof observedgalaxies.When applying the
sameselectioncriteriaon the Harris (1996 sampleof GCsfrom the
Milky Way (secondversion;Harris 2010, we nd that the Milky
Way contains91 massiveGCs(M  10° M ), out of which 78 of
themhavemetallicities][Fe& H]  [$2.5, $0.5], andonly 51 of them
arelocatedoutsideof the stellarhalf-massadius®

Lastly, we restrictour hostgalaxy sampleto containat least10
GCsper galaxywithin the ducial metallicity and projected(x-y)
radiuscuts. Theresultingsampleconsistof 166 galaxies andtheir
main characteristicsare shownin Fig. 2. The requirementof the
minimum numberof GCselevatesthe loweststellargalaxymassin
oursampletoM  2.5x 10° M .° We summarizen Table2 the
differentgalaxysamplesisedin this work.

2.3 Comparison of galaxy properties with obsewations

We brie y compareour simulatedgalaxiesto observedobjectsfor
which the spatialdistribution of their GC systemhasbeenstudied.

4In a more detailedanalysis,Bastianet al. (2020 demonstrateshat the
observedncreasingGC—halomassrelationis reproducedy the simulated
GC populationsrom the (34.4cMpc)? periodicvolumeof the E-MOSAICS
projectusedin thiswork. Theauthorsalsodiscusshowthisrelationis shaped
by the physicsdescribingthe formationandevolutionof GCs.

5TheHarris (2010 catalogueof GCsin theMilky Way containsinformation
for 157 objects.

Slrrespectiveof thenumbermf GCshostedthereare258centralgalaxieswith
stellarmassesbo/e 2.5x 10° M in the E-MOSAICSvolume.

MNRAS 513,3925-39452022)
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Figure 1. (Top pane) Numberof GCsfor different selectioncriteria asa
functionof theirhostDM halomassdor all centralgalaxiesmoremassivehan
M > 10° M from the E-MOSAICSvolume.The dottedlineswith shaded
regionsshowthemediarand25—75thpercentile®f theoverallgalaxysample
with at leastone GC within the radial range.Magentamarkersindicatethe
numberof GCsin the Milky Way for the correspondinguts (Harris 2010
Cautunet al. 2020, andthe blue and orangeempty markerscorrespondo
the total GC numbersfrom the Harriset al. (2017 andForbesetal. (2018
samplesDue to the different selectionsa direct comparisonbetweenthe
simulationandthe sampledrom Harrisetal. (2017 andForbesetal. (2018
cannotbedone butthe Milky Way indicateshatthenumbersareconsistent.
(Bottompane) Numberof GCsin eachmetallicity subpopulatiorof GCs
within the radial rangeconsideredR  [1, 15] x Ry/2m , asa function of
theirhostDM halomassfor the 166 centralgalaxiesirom the E-MOSAICS
volume.Metallicity subpopulationgreindicatedby differentsmallcoloured
markersasstatedin thelegend.The dashedineswith shadedegionsshow
themedianand25-75thpercentileof theoverall galaxysamplewith atleast
oneGC within theradial range.The magentastarcorrespondso the Milky
Way, andthe black crosseshowthe numberof GCswith kinematicdatain
the sampleof ETGsfrom Alabi etal. (2017). The requiremenfor galaxies
havingatleast10 GCswithin the ducial metallicity impliesthatmetallicity
subpopulationsanbeassmallasoneobject(seeTable2).

We include the Milky Way in this gure, for which we assume
a total stellarmassof M = 5.045243x 10'° M , a halo massof
Moo = 1.08529 x 10?M ,andaprojectedstellarhalf-massadius
of Ryow = 3.78kpc (Cautunetal. 2020. In thehigh-massegime,
we alsoincludetwo sample®f early-typegalaxiefETGs).The rst
sampleis from the SLUGGSsurwy presentedn Alabi etal. (2016
2017. For these,we show their effective half-light radiusin the
bottompanelof Fig. 2, which tendsto bea goodtracerof the stellar
half-massradius. The secondsamplecorrespondgo the galaxies
describedy Hudson& Robison(2018, andareonly includedin the
top panel.Their halo massesare estimatedrom the stellar-to-halo
massrelation calibratedusing weak gravitationallensing (Hudson
etal. 2015, andthe errorbarscorrespondo the intrinsic scatterin
therelation,0.2dex.

Asdiscussethy Schayeetal. (2015, theEAGLE galaxyformation
modelis knownto underpredicthe stellarmassesf galaxieshosted

MNRAS 513,3925-39452022)

Figure 2. Top: Stellarmasse®f the centralgalaxiesasa function of halo
mass.Bottom: Projectedstellar half-massradii as a function of the stellar
massof thecentralgalaxies We divide the simulatedgalaxysamplebetween
ellipticals and discsusing the fraction of stellarenergyin co-rotation(see
Correa& Schaye2020. Small markersshow centralgalaxieswith at least
10 GCswithin a galactocentricadiusin the range[1, 15] x Ryaw in the
ducial metallicity cut, and they are colour-codedby the numberof GCs
they host. Simulatedgalaxieswith smallerGC populationsareindicatedas
black points. The magentastarwith errorbarscorrespondso the Milky Way

(Cautunet al. 2020. The black crosseswith errorbarsshowthe sampleof

ETGsfrom Alabi etal. (2016 2017, andthe blackdiamondswith errorbars
correspondo the sampleof ETGs from Hudson& Robison(2018 (only

includedin thetop panel).Thethin dottedblacklinesshowthe galaxystellar
masshinsusedthroughouthe analysis.

by haloeswith Mogy 102 M , soour simulatedL galaxieshave
slightly overmassie haloescomparedo obseredgalaxies Despite
this, the mostmassivesimulatedgalaxiesmatchthe stellar-to-halo
masgelationof theobserved®E TG samplesRegardingheirsizesywe

nd thatoursimulatedgalaxiesareslightly moreextendedhanthese
observedsystemsThis is dueto the different morphologicaltypes
betweerthe observedsampleandour simulations(i.e. ETGsversus
anymorphologicakype),asETGsareobservedo be morecompact
thanlate-typegalaxies(e.g.van der Wel et al. 2014). Additionally,

theinclusionof intraclusterstarsin the measurementf the size of

thesimulatedyalaxieswhichwould beexcludedby observersieads
to somewhatn ated radii. At the lower massend, the polytropic
equationof stateusedin the EAGLE simulationshasbeenfoundto

producemore extendedgalaxiesrelative to observedsystems(see
Furlonget al. 2017, for a detailedcomparisonacrossredshiftand
galaxymass)whichmightalsobere ectedin theextensiorof their

GCsystems.

We show the diversity of spatialdistributionsof starsand GCs
arounda few selectedyalaxiesin Fig. 3. Thesecentralgalaxiesand
theirGCpopulationsarearepresentativeubsamplef ourgalaxyse-
lection.It iswell establisheih observationatiata,aswell asin simu-
lations thatthereis astrongtrendbetweerthemassf theGCsystem
andtheDM halomasof theirhostgalaxy(e.g.Blakesleestal. 1997,
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Table 2. Summaryof thesampleof simulatedcentralgalaxiesfrom the E-MOSAICSvolumeusedin thiswork. Fromleft to right, columnsindicate:thename
of the sample the selectedrojection,the metallicity rangeappliedto the stellarandGC populationsthe total numberof galaxiesthe numberof galaxiesper
galaxystellarmasshin, the smallessizeof its GC systemsthe mediansizeof the GC populationsandthe mediansizepergalaxystellarmasshin. All samples

havegalaxystellarmassei

2.5x 10° M , andthe edgesof the galaxystellarmasshinsarelogio(M /M ) = [9.4,10.5,11, 12] (asindicatedin Fig. 2).

Themetallicity cutsareappliedasafunctionof the stellarmassasdescribedn Tablel. Thesamplewithoutametallicity cut (lastrow of the rst block) applies
only to stellarpopulationsandnotto GCs.

Sample Projection [Fe/ H] range(dex) Total Ngixs Ngixs perbin Ngcsmin~ MedianNgcs MedianNgcs perbin
Fiducial Xy Lower — upper 166 130 28 8 10 31 21 118.5 848.0
Metal poor Xy Lower— bimodality 166 130 28 8 1 18 12 63.5 584.5
Metal rich =y Bimodality — upper 166 130 28 8 1 12 10 50.5 3155
No metallicity cut Xy - 166 130 28 8 - — - - -
Fiducial3D 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. Projectedstellarsurfacedensitiesin the x-y planeof four galaxiesfrom the E-MOSAICSvolumewith their GC systemsoverplottedas coloured
datapoints. Thesegalaxiesarea representativeampleof the 166 centralgalaxieswith stellarmasse$ogio(M /M )  9.4,thatcontainatleast10 GCswithin
the ducial metallicity cut. The width of the panels,jndicatedin the bottomleft corner,is setto 15 timesthe stellarhalf-massadiusof the galaxy,ri/2m , to
reproduceheradialrangeusedto selecthedata(seeSection2.2). We indicatethe galaxystellarmassn thetop right corner,andthe FoFidenti cation number
in the bottomright sideof eachpanel.

Pengetal. 2008 Georgievetal. 201Q Harrisetal. 2015 Kruijssen
2015 Harrisetal. 2017 Choksiet al. 2018 El-Badry et al. 2019
Bastianet al. 2020. Already from this small subsamplewe nd

the sametrendasthe observationsi.e. more massivegalaxieshost
more populousGC systemgseeBastianet al. 202Q for a detailed

study).

The spatialdistributionsof the GC systemsshownin Fig. 3 show

someintriguing features.The GC systemsn someof our galaxies

trace stellar debris from recentaccretionevents (e.g. FOF010),
whereasin other galaxies,their GCs are preferentiallyassociated
with their inner galacticstructure(e.g. FOF065).If we examineby
eyethedistributionsof subpopulationbasedn metallicity, we nd
thatthe outer GCsin somegalaxiesare metal-poor(e.g. FOF062),
whereasboth subpopulationsare well mixed at all radii in other
galaxies(e.g. FOF004).In the next section,we explorein more
detailtheradialpro les of starsandGCs.
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3 RADIAL DISTRIBUTIONS OF STARS AND
GCS

In this section, we qualitatively explore the radial distributions
of starsand GCs aroundcentral galaxiesfrom the E-MOSAICS
simulations.

3.1 Calculating the radial probles

In orderto characterizahe spatialdistributionsof GCs, stars,and
DM aroundthe selectedcentral galaxiesfrom the E-MOSAICS
volume, we calculatetheir azimuthally averagedradial pro les.

Theseradial pro les provide supportto the qualitative discussion
in Section3.2 and we make further quantitativeremarksusing a
maximumlikelihood tting methodin Section4.

We determinghe GC, stellarandDM pro les for the 258 central
galaxiesmoremassivethanM ~ 2.5x 10° M (this corresponds
to the ‘All'’ galaxy sample,see Table 2). We estimatethe stellar
andGC radialpro les in threedimensionsaswell asthe projected
pro les for different galaxy orientations.In contrast,sincewe are
interestedn inferring the DM pro le from the GC populationswe
only measurehe sphericaldensitypro le of theDM halo.

First, we determinethe numberdensitypro le of GCs,n(r), in
10 logarithmically spacedshellswith r  [1, 15] % ryy in each
central galaxy, as well as the sphericaldensity pro le of stars,

(r), within the sameradial range.We then project eachof our
centralgalaxiesalongthreedifferentorientationsface-onjn thex—y
plane,andedge-on. For eachof theseorientationsyve calculatethe
surfacenumberdensitypro le of GCs,n(R), in 10binsevenlyspaced
in logarithmicradiusR  [1, 15] % Ry2u , andthe surfacedensity
pro les of thestars, (R), within thesameradialrange.

We determinethesepro les for the ducial metallicity cut, and
alsofor threeothermetallicity subpopulationshatwe de ne based
on the galaxy mass-dependemnetallicity cutsin Table 1. We use
the middle point betweenthe peaksof metal-poorand metal-rich
GCsin Virgo (Penget al. 2006 to determinethe metallicity that
separatedoth subsamplesThis selectiondescribeghe metal-poor
subpopulationgi.e. objectswith [F& H] S 2.5 andlessmetal-rich
thanthe mass-dependettimodality cut from Table 1), the metal-
rich subpopulationgi.e. objectswith metallicitieswithin the mass-
dependenbimodality anduppermetallicity cutsfrom Table 1), and
the entire population(i.e. without any metallicity restriction). We
summarizeéhe maincharacteristicef thesesubsamples Table?2.

We showin the bottom panelof Fig. 1 the resultingnumberof
GCsin eachmetallicity subpopulatiorwhenprojectingthe galaxies
on to the x-y plane.The requirementfor galaxiesto haveat least
10 GCsin the ducial metallicity cut implies that, at low galaxy
massesthe metallicity subpopulationganbe assmall asa single
object(seeTable 2). Our simulatedGC populationsare dominated
by the metal-poorobjectsacrossour galaxy massrange,whereas
observationsnd thatthe fraction of metal-richGCsincreasesvith
galaxymass(e.g.Pengetal. 2006 Harrisetal. 2015. As discussed
in Section2, the mass-dependenippermetallicity cut introduced
to mitigate contaminationfrom underdisruptioroverlapswith the
peakof metal-richGCsin Virgo (Pengetal. 2006. Thisimpliesthat
our metal-richGC subpopulationsnissabouthalf of their objects,

"We rotatethe galaxiessuchthat the angularmomentunwvectorof the stars
boundto the galaxybecomegarallelor perpendiculato the z-axis for the
face-onandedge-orprojectionsyespectivelyThex—y projectionis basecon
thecoordinate®f thevolume,andit effectively leadsto randomorientations
of thegalaxiesin our sample.
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and prohibits us from doing accuratecomparisonf the relative
contributionof eachmetallicity subpopulation.
Lastly, we calculatethe sphericaldensitypro le of the DM halo,
om(r), by binningits massdistributionin 32 shellsevenlyspaced
in logarithmicradiusbetween0.05, 1] timesthevirial radiusof the
halo,r,0 (seeNetoetal. 2007, for adiscussiorof theradialrange).
We discusghestellarandGC pro les in Section3.2, andwe further
characterizall the radial pro les by tting analyticaldistributions
in Section4.

3.2 Radial problesof starsand GCsin E-MOSAICS

We startby exploringthesphericallyaveragedadialpro les of stars
and GCs aroundthe sampleof 258 centralgalaxiesmore massive
thanM  2.5x 10° M in Fig. 4. Themedianstellardensitypro le
(top row in Fig. 4) changedrom a brokenpowerlaw (with steeper
slopebeyondthe breakradius)in the lowestgalaxy masshin to a
singlepowerlaw at highermassesThis indicatesthatlessmaterial
is depositedin the outer parts of low-massgalaxiesduring their
assemblyrelative to higher massgalaxies.A similar conclusionis
reachedby Fontetal. (2011) whenexaminingthe growth of stellar
haloedn alargesampleof L galaxiesrom the GIMIC simulations.
Theauthorsnd thatthetransitionbetweerthehalobeingdominated
by in situ starsin the innerregionto being mostly accretedn the
outskirtsproduces similar changdn theslopeof thestellarsurface
densitiesas seenin our simulatedgalaxies.We also nd that the
medianpro les of galaxieswith atleast10 GCsarehigherthanthe
medianpro le overall galaxiessuggestinghatlower stellarsurface
brightnesgalaxieshavebeerlessableto form populousGCsystems.
This differenceincreasest large distancessuchthat fainter stellar
haloeshostsmallerGC populations.

Overtherangeof galaxystellarmasseswe nd thatthe median
radialpro les of starsandGCsbecomeshallowerfor moremassive
galaxies.Since we focus our analysison the populationsaround
centralgalaxiesthis doesnot correspondo the presencef objects
currently linked to satellite galaxies.Instead,this re ects that the
growth of more massivegalaxiesis dominatedby the accretionof
large numbersof satellitesthat can deposittheir stellar and GC
populationsfurther out. By contrast,lower mass galaxiesgrow
mostly dueto in situ starformationand are predictedto havelow
fractionsof accretedstars(e.g.Abadietal. 2006 Rodriguez-Gomez
etal. 2016 Qu et al. 2017 Clauwenset al. 2018 Behrooziet al.
2019 Choksi& Gnedin2019 Davisonetal. 2020 Remus& Forbes
2021), which leadsto steeperadial pro les for their stellarandGC
populations.This resultis consistentvith the ndings of Pillepich
etal. (2014, Pillepichetal. (2018 for thestellarhaloesn ILLUSTRIS
andILLUSTRIS-TNG, but in this work we extendthe analysisto the
GC populationsin the E-MOSAICS project. Given the brighter
luminositiesof GCsrelativeto the diffuse stellarcomponenin the
outskirtsof galaxiestheyaremoreusefultracersof theoutermatter
distribution of their host galaxy. In this study, we exploreif the
radialpro les of GCscantracethe structureof the DM haloandthe
assemblyhistory of their hostgalaxies.

Theradialnumberdensitypro les of GCs(bottomrow in Fig. 4)
arenoisierin lower masgyalaxiesdueto thesmallemumberof GCs
hostedby thosesystemgseeFig. 2). In the lowestgalaxymasshin,
40 per centof the simulatedgalaxieshave fewer than 10 GCsin
the ducial cut, and 2 of themhaveno GCsat all. Thesesmaller
GC systemgendto be more concentratedwith the majority being
within 5 timesthe stellarhalf-massadius.Usingthe catalogueof
Harris (2010, we estimatethe numberdensitypro le of GCsin the
Milky Way, andthis is shownin the middle panelof Fig. 4. We nd
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Figure 4. Sphericalradial pro les of stellardensity(top row) and GC numberdensity(bottomrow) in units of the 3D stellarhalf-massradiusof the galaxy.
Eachcolumncorrespondso a differentgalaxystellarmassbin for the centralgalaxiesfrom the E-MOSAICSvolume.The numberof galaxieswithin themass

binis indicatedin thebottomleft cornerof eachpanelin thetop row (Ngixs), andthe numberof galaxieshostingGCswithin themasshin (Né?fj, andthosewith

atleast10 GCs(Néﬂchﬁ, areindicatedin thetop right cornerof eachpanelin the bottomrow. Solid linesandshadedegionsindicatethe medianand25-75th
percentilesof starsand GCs, respectivelyfor galaxieswith atleast10 GCs(‘Fiducial 3D’ samplein Table 2). Dash—dottedines indicatethe medianfor all
galaxies(All' samplein Table2). Thin greylinesin the middle andright columnscorrespondo the pro les in individual galaxieswithin the corresponding
masshins,whereaghelighter shadedegionsin theleft columnindicatethe 5-95thpercentilesThe greendashedine in the middle bottompanelcorresponds
to theradial distributionof GalacticGCsthat matchthe samecriteriaasappliedto the simulatedGCs (Harris 2010. The purplesolid line andshadedegion

in the bottom-rightpanelcorrespondso the medianand25—75thpercentilesof the numberdensitypro le of satellitesaroundthe sampleof centralgalaxies.

Population®of GCsaremorenumerousandmorespatiallyextendedhansatellitegalaxieswhich makesthemgoodtracersof the galacticoutskirts.

thatthereis goodagreementwithin the observedjalaxy-to-glaxy
scatter,betweenthe Galactic GCs and our simulatedpopulations
(alsoseeKruijssenet al. 2019a who reportedthis for the 25 Milky
Way-masszoom-insimulationsof E-MOSAICS).

Finally, we comparethe spatialdistributionsof GCswith those
of satellitegalaxies.We includethe mediannumberdensitypro le
of satellitesaroundthe sampleof centralgalaxiesin the bottomrow
of Fig. 4. For this, we consideronly centralgalaxieswith at least
one boundsatellitewithin the radial rangeconsideredj.e. [1, 15]
timesthestellarhalf-masgadius.We only considersatellitegalaxies
moremassivehanM  2.2x 10' M , asthis galaxystellarmass
limit ensureghat the satellitesare resolvedby at least100 stellar
particles.We nd that satellitegalaxiespreferentiallyresidein the
outerregionsacrosghe galaxymassrange? More massivegalaxies
host a larger numberof satellite galaxies,with the most massive
haloes(M  10' M ) containingabout 100 satellites.This is

8Applying an explicit mass distribution tensor approachto the EAGLE

simulations\elliscig etal. (2015 nd thatsatellitegalaxiedie in anisotropic
distributionsin which they preferentiallyresidealongthe major axis of the

centralgalaxy.In contrastour azimuthallyaveragedadialanalysisprevents
usfrom drawingsimilar conclusions.

anorderof magnitudesmallerthantheir correspondingsC systems,
evenintheoutermosbinatr  15ry5y . In contrastvith thesatellite
population,galaxieshost more numerousGC systemsthus being
moresuitabletracersof themasdistributionin thegalacticoutskirts.

3.3 GC proble shapes

We next explore the shapef the spatialdistributionsof starsand
GCs, i.e. whetherthey are prolate, oblate, or spherical.For this,
we projectour sampleof galaxiesalongthreedifferent orientations
(i.e. face-on x-y, andedge-on) andwe determinethe azimuthally-
averagedprojectedradial pro les of starsand GCs. Then, we
calculateheratiobetweertheprojectedadialpro les of theface-on
andedge-orprojections.If theratiois closeto one,thatpopulation
has a nearly sphericaldistribution. We show the median ratios
betweenthe face-onandthe edge-onprojectionsover threegalaxy
massbinsin Fig. 5.

The medianratios of the stellar and GC projectedpro les are
remarkablycloseto unity acrossour galaxy sample,implying that
starsand GC systemsare,on averagecloseto beingspherical The
stellarsurfacedensityratio showsa small deviationfrom sphericity
atlargeradii in thelowestgalaxymassbin, with theface-onpro le
becominglarger than the edge-onpro le. This suggeststhat, at
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Figure 5. Ratiosof the face-onrelative to the edge-onradial pro les for
the spatialdistributionsconsideredprojectedstellar surfacedensitypro le
(top pane) and projectednumberdensity pro le of GCs (bottom pane).
Eachline correspond$o themedianratio for agivengalaxystellarmassbin.
Solid lines andshadedegionsindicatethe medianratiosandtheir 25—-75th
percentiledor galaxieswith atleast10 GCs,whereaglash—dottetinesshow
theratioswhenconsideringall the galaxieswithin the massbin. The dash—
dottedlinescanonly bedistinguishedrom the solid linesin thelowestmass
bin. Populationsof GCsin massivegalaxiesare closeto being spherical,
whereadower galaxymasshins sufferfrom the stochasticityof low number
of objects,especiallyat largegalactocentricadius.

largeradii, the stellarhaloesof low-massgalaxiesresembleslightly
oblatespheroidsyhereagheytendto be sphericain moremassive
galaxies.

Thedeviationfrom sphericityis evenmorepronouncedn theGC
populationshostedby the lowestgalaxy massbin. The decreasing
medianratio towardslarge radii suggestghesepopulationsmight
be slightly prolate.However, sincethe numberof objectsquickly
drops at the low galaxy massend, the distributions are more
stochasticallysampledThis leadsto a largerscattetin the ratiosof
theradial pro les, particularlyat largegalactocentricadius.When
comparingthe trendsof the ratios of all GC populations(dash—
dottedblue line) relative to thoseof populationsthat host at least
10 objects(solid blue line), we nd evidencethat the decreasing
trendis dominatedby samplingnoise.From this, we assumethat
the stellar and GC populationsare nearly spherical,and so they
canbe well approximatedoy an azimuthallyaverageddescription
in projection. Therefore,the rest of the paperonly considersthe
projectedradial pro les obtainedover the randomx—y plane.This
allows us to reproducethe randomdistribution of orientationin
obsenedextragalacticsystemsandwill simplify thecomparisorof
our projectedradial pro les with observationatata. Additionally,
from hereon we restrictour analysisto the sampleof 166 central
galaxiesthat containat least10 GCsin the ducial metallicity cut
(rst block of samplesn Table2).

3.4 Metal-poor versusmetal-rich GCs

Observation®f GC populationshavefoundthatmetal-poorobjects
tendto bemoreradially extendedhanthemetal-richsubpopulations
in a variety of galactic environments(e.g. Zinn 1985 Rhode &
Zepf 2004 Bassinoet al. 2006 Caldwell et al. 2011, Faifer et al.
2011 Potaetal. 2013 Karthaetal. 2014 Choetal. 2016 Kartha
et al. 2016 Hudson& Robison2018. Differencesin the spatial
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distributionsof metal-richandmetal-poorGCshavebeensuggested
to result from their formation in different galactic environments.
For example, metal-poorGCs that form in the early Universein
low-masssatellitesare later accretedon to the outer regions of
massivegalaxiesln contrastmetal-richGCsresidein theinnerpart
of the galaxyeitherbecauseheyform in situin the massivegalaxy,
or becausethey are accretedfrom massivesatellites(e.g. Brodie
& Strader2006. This scenariosuggestshatthe subpopulation®f
GCsin the outskirtsof galaxiescanbe goodtracersof the structure
andassemblyof their hostgalaxies.

We nowinvestigatevhetherour simulatedstellarandGC popula-
tionsalsoshowsimilar differencedn their radial distributionswhen
consideringlifferentmetallicity cuts.Forthis,we explorethemedian
projectedstellarsurfacedensityandnumberdensitypro les of stars
andGCsin Fig. 6. We nd that metal-poorsubpopulation®f stars
andGCsbhecomehedominantsubpopulationsitlargedistanceg
5x Ryow ) with increasinggalaxymass.in thelowestgalaxymass
bin, the brokenpower-lawshapeobservedn the three-dimensional
pro les (Fig. 4) is drivenby the metal-richsubpopulationsWe nd
thatthesetrendspersistwhenwe accountfor the standarderror of
calculatingthe medianpro le amongour sampleof galaxies.

In low-massgalaxies,the majority of the metal-richmaterialin
the outskirtsis the resultof in situ starformation,which dominates
the growth of the stellar halo (e.g. Rodriguez-Gomezt al. 2016
Behrooziet al. 2019, and is thereforemore concentratedMore
massivegalaxiesbuild up their metal-richstellar haloesboth from
in situ starformationand from the accretionof massivesatellites,
whichthemselvebavemoremetal-richstarghanlow-masssatellites
(Maetal. 2016. Hence their radial pro les haveshallowerslopes.
This resultechoeghe ndings of Fontetal. (2011), who nd that
in situ metal-richstellar populationsdominatethe inner regionsof
thestellarhaloessurroundind. galaxieswhereagheouterregions
tendto be mainly accretedand metal-poor.We further explorethe
role of theformationmodein Section4.1

For ary given galaxy massbin, we nd that metal-poorobjects
tend to have shallower radial pro les relative to the metal-rich
subpopulationsWhen consideringthe overall galaxy sample,the
radial pro les of both subpopulationgrecomeshallowerin more
massivegalaxies,which is a hint of the assemblyhistory of their
galaxies(Abadietal. 2006 Pillepichetal. 2014 2018. We further
quantify and discussthe projectedradial pro les of the metallicity
subpopulationsn Section4. The differencein the radial pro les
of metal-poorand metal-richGCsis more prominentin the lowest
galaxymassin, andasimilartrendis seenn thestellarpopulations.
This suggestshattheradialpro les of metallicity subpopulationg
thisgalaxymasshin[logio(M /M )  10.5]mightbemoresensitive
to the different origin of theseobjects,which we explore further
in Section4.1 Finally, we also nd that the metal-richGCstend
to dominatethe inner galaxyoutto 4—-6x Ry v , with metal-poor
objectsbecomingmore numerousn the outskirts. This is in good
agreementvith observedsC populationge.g.Caldwelletal. 2011
Potaetal. 2013, andis furtherdiscussedn the nextsectionwhere
we makequantitativecomparisons.

4 CHARACTERIZING THE RADIAL PROFILES

We characterizehe projectedradial pro les of starsand GCs, as
well asthe sphericalpro les of the DM haloesby tting analytical
pro les with differentfunctionalformsusinga maximumlikelihood
approach.This analysisdoesnot use the binned projectedradial
pro les calculatedn Section3.1asit only depend®n the positions
ofindividualparticlesThisis doneto avoidissuesvith small-number
statisticswhenthe radial distributionsare binned.For this, we use
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gixs ) is indicatedin the

Only centralgalaxieswith at least10 GCswithin the ducial metallicity cut are consideredMetal-poor GC subpopulationsendto dominatethe galactic
peripheriesacrosshe galaxymassrange whereaghe inner partsof the galaxiesaredominatecdy the metal-richobjects.

the populationsof objectsaroundthe 166 centralgalaxies(with M
2.5x 10° M ) that containat least10 GCswithin the ducial
metallicity cut ( rst block of samplesn Table2).

4.1 Starsand GCs

We follow the sameprocedureto t the projected azimuthally
averagedradial pro les of starsand GCs. First, we calculatethe
projectedgalactocentricadiusR of starsand GCswithin therange
R [1,15]x Ryav ineachofthel66centralgalaxiesTo calculate
thenormalizationf theradialpro les, we alsodeterminghetotal

massn starsandthetotalnumberof GCswithin theradialrange We

thenusea maximumlikelihood methodto nd the combinationof

parametershatmaximizethelikelihood of the systemstudied.This

methodavoids having to bin the data,which canleadto largeerrors
in the estimationof the parametersvhena smallnumberof objects
is consideredTherefore this analysisdependn the positionsof

individual particlesonly, anddoesnotusethebinnedprojectedadial

pro les. Thelikelihood of our systemss de ned as

N

INL(R)= InP(R), (1)

whereN is thenumberof objectsconsideredThe probability P that
anobijecti is atits projectedradiusR, givenapro le f(R) is

P(Ri)= 2R f (Ri). 2

Observationastudiessuggesthattheradial pro les of GC popula-
tionscanbewell characterizedith bothpowekrlaw distributionsand
Sérsic-likepro les (Sérsic1963 1968, i.e.apower-lawshapen the
outerregionghat attensin thecentre(e.g.Faiferetal. 2011 Alamo-

Martnezet al. 2013 Karthaet al. 2014 Cho et al. 2016 Hudson
& Robison2018. Theradialrangeconsideredn this work doesnot
includethe centralstellarhalf-massradii of the galaxies,sowe use
the maximumlikelihood estimationto characterizehe populations
of starsand GCsassumingwo differentfunctionalforms: a power-
law function,andadeVaucouleurpro le (i.e.equialentto a Sérsic
pro le with a slopen = 4). Thesefunctionsare generallyusedin

the literatureto describethe radial pro le of GCs(e.g. Hudson&

Robison2018.

We describethe power-lawdistributionas,

f (R)= fRS | 3

whereR is the projectedgalactocentricadiusof starsandGCs.We
aimto nd theslope thatmaximizesthelikelihood of the system.
Note thatthe slope
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is constantover the radial rangeconsidered.
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Foreachsubpopulatiorstudied we calculatethe normalizatiorf, of
theprojectedpro les usingthefollowing analyticalexpression:

28
" 2 RE SRS )

max min

fe

wheretheradii Ryin andRnax correspondo theinnerandouteredges
of the radial rangeconsideredIn the casethat the subpopulations
of GCsdo not cover the entireradial range, we modify theseradii
to be the smallestand largestradii of GCsin that subpopulation,
respectively.

In order to obtain an estimate of the effective size of GC
populationsyealsot deVaucouleurpro les tothesubpopulations
of starsandGCs,

f(R)= feexp Sh, R s1 (5)
Re

whereb, = 7.669(Graham& Driver 2009, R is theeffectiveradius,
andf, is thedensityatthatradius.Relativeto usinga standardsérsic
pro le, in which both the slope and the effective radius are free
parametersywe nd that xing the slopeis crucial to avoid noisy
ts becauset reducedhe degreef freedom.For a given effective
radius,Re, the normalizationof this pro le canbe calculatedas,

bgeSb
e = X
8R 2
8b, — § gp -
4 R. 4 Re

Both of thesefunctional forms have only one degreeof freedom
( andRe, respectively)which reduceshe noiseintroducedfrom
over tting parameters.

Finally, the normalizationsf, are multiplied by either the total
massin starsor thetotal numberof GCswithin theradialrange,

N(R)= NeR®  ne= fex NocdRmin < R < Rina), (7)

dependingnwhethertheradialpro le representamassor number
density pro le, respectively.We repeatthis tting procedureto

determingheslopef theprojectedradialpro les of themetallicity

subpopulation®f starsand GCs (using the metallicity limits from

Table 1): ducial, metal-poor,metal-richand, only in the caseof

stars,without a metallicity selection( rst block of galaxy samples
in Table2). To avoid spuriousmeasurementsye only t pro les to

subpopulationshathavemorethanthreeobjects.

We maximizethe likelihood of eachsubpopulatiorto obtainthe
best- tting parametersf a given functionalform. For that, we use
initial guessefor thevalueof the parametershepower-lawslopeis
initially setto = 1,andthedeVaucouleureffectiveradiusis rstly
assumedo bethe medianradiusof the subpopulationln the caseof
thedeVaucouleurro le, weboundtheradiusto bewithin therange
0.1 kpcto 150% Ry oy to recover sensibleparameterswe try dif-
ferentpriorsfor the parametersandwe nd thattherecoveredbest-
tting parameterareinsensitiveto the choiceof theinitial guesses.

To estimatethe quality of the ts, we calculatethe likelihood of
the best- tting power-lawandde Vaucouleursro les of the stellar
and GC subpopulationswhich we show in Appendix A. Lower
massgalaxieswith fewer particleshavepoorerstellarandGC ts.
Becausef ourrequirementhatgalaxieshostatleast10 GCswithin
the ducial metallicity cut, the metallicity subpopulationsn low-
massgalaxiescanhavevery low numbersof GCs(seeTab. 2). This
implies that the radial pro les of thesesmallersystemsare poorly
constrainedand they introducesomescatterwhen examiningthe
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recoveredparametersHowever, we decideto keepthe requirement
onthenumberof GCsin the ducial cutsothatouranalysiss based
onthesamesampleof 166galaxiegegardlessf themetallicity cut®
Fromthequality analysiswe nd thatthestellarpro les arealways
betterdescribedy adeVaucouleursro le, butthe GC populations
in lower massgalaxieuptoM  5x 10°M for the metal-poor
GCs)arebettercharacterizetby power-lawdistributions.

We explorethe recoveredoower-lawslopesand de Vaucouleurs
effectiveradii of thestellarandGCsubpopulations Fig. 7. Focusing
on the stellar populationsrst (left-handcolumn),we nd thatthe
power-lawslopesdescribingheirradialpro les arewithin therange

= 1-3.5,andthe valuesshowlittle scatter.The mild decreasing
trendof the slopetowardsmoremassivegalaxiesis theresultof the
higheraccretedractionsin massivegalaxies(Pillepichetal. 2014
2018. Thestellarpopulationshaveeffective radii betweernRe = 1—
50kpc, andtheysteeplyincreasg¢owardshighermassgalaxiege.g.
Shenetal. 2003 Baldry etal. 2012 Langeetal. 2015. Weinclude
the half-light radiusof the red andblue galaxiesfrom the GAMA
suney (Baldry etal. 2012 bottom-leftpanelof Fig. 7), andwe nd
that the measuredstellar effective radii of our simulatedgalaxies
agreesvell with theseobservations.

If we now look at the GC populations(right-hand column in
Fig. 7), we nd that thesereproducethe samemediantrendsas
obtainedfor the stellar populations.Pillepich et al. (2014 2018

nd that stellar haloestracethe slopeof the DM halo, which we
alsoseein our simulations Giventhis trend,this similarity between
the GC and stellar propertiessuggestghat the radial pro les of
GC populationsmight also correlatewith the structureof the DM
halo of their hostgalaxy. The large scattershownby the recovered
parameterslescribingthe GC subpopulationss driven by the low
numberstatisticsn low-masgalaxiegM  4x 101°M ). At those
stellarmassespurgalaxieshaveamedianof 10—-80GCswithin the
ducial metallicity cut, andthe metallicity subsamplesaninclude
asfew asthreeobjects.

The power-law slopes describingthe surface number density
pro les of the GC populationsalsoshowa decreasingrendtowards
highermassgalaxies.This trendis foundacrosghedifferentmetal-
licity subpopulationsconsidered,and it reproducesextragalactic
obsenationsof shallover slopesfor GC systemshostedin brighter
galaxieqe.g.Harris1986 Kissler-Patigl997 Ashman& Zepf1998
Dirsch,Schuberti& Richtler2005 Bekki& Forbe2006 Alabi etal.
2016 2017 Hudson& Robison2018. We suggesthat this is the
resultof highermasgalaxieshostingargerfractionsof accretedsCs
(e.g.Harrisetal. 2017, andwe furtherexplorethis scenaridelow.

The slopesof our projected ducial GC subsamplesrein the
range = 1-4.5,andseemto atten in the very high massend.
Alabi etal. (2016 performa literaturecompilationof extragalactic
systemsandprovidea t to thede-projecteclopeof the GC spatial
pro le asa function of the galaxy stellar mass.We project those
slopesby subtractingl dextothem, ,p= 3p S 1, andincludethe
relationin Fig. 7 (top-right panel). The shallowersimulatedslopes
relative to the observedgalaxiesare likely dueto our wide radial
range whichignorestheinnerstellarhalf-masgadiusof the galaxy
and extendsup to 15 times that radius.In orderto testthis idea,

9Increasingthe minimum numberof GCsto 50 objectsper galaxy reduces
the scatterat low galaxy massesandthe trendsremainthe same.We also
nd thatthestrengthof thecorrelationgiscussedh Section5 increasevhen
consideringhesstricterselectionof galaxies put decideto keeptherequired
numberof GCspergalaxyat 10to includethelow-massyalaxysystemghat
will soonbe observedvith the VeraRubinObservatory.
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Figure 7. Characterizatiorof the projectedradial pro les of different metallicity subpopulation®f stars(left-handcolumr) and GCs (right-hand column)
aroundcentralgalaxiesrom the E-MOSAICSvolume: tted power-lawslope(top row), andeffective radiusof thede Vaucouleursro le of eachsubpopulation
(bottomrow), asa function of galaxystellarmass.Datapointscorrespondo the 166 centralgalaxieswith at least10 GCswithin the ducial metallicity cut.
Metallicity subpopulationsireindicatedby differentsmall colouredmarkers Colouredmarkerswith errorbarsconnectedy dottedlines showmedianvalues
andthe 25-75thpercentilesThe grey solid anddash—dottedinesin the bottomleft panelshowthe medianhalf-light radiusof blue andred galaxiesfrom the
GAMA suney (Baldryetal. 2012, respectivelyandthegreyshadedegionsindicatethe 16—84thpercentilesThemagentastarswith errorbarsn theright-hand
columncorrespondo the Milky Way (Harris 1976 Wolf etal. 2010 Hudson& Robison2018 Cautunet al. 2020. The grey line andshadedegionin the
top-rightpanelcorrespondso the observationalt obtainedby Alabi etal. (2016, whereaghegreysolid anddashedinesin the bottom-rightpanelcorrespond
to theobservationalelationsobtainedby Hudson& Robison(2018 andForbeq2017), respectiely. Massive galaxieshostshallowerandmoreradially extended
distributionsof starsandGCs,andmetal-poorsubpopulationsendto haveshallowerandmoreextendedpro les thantheir metal-richcounterparts.

we repeatour tting procedurdor differentradialrangesWe show
in AppendixB thatthe recoreredslopeover narrowerradial ranges
showsa betteragreementvith the observedrend.

When tting adeVaucouleurgro le, wealso nd thattheeffective
radii of the GC subpopulationsncreasessteeply towards more
massivegalaxies,with the medianeffective radiusof the ducial
GC subpopulationn therangeR. = 5-30kpc. This trendhasbeen
observedn a variety of galacticenvironmentge.g.see g. 18 of
Karthaetal. 2014, suggestinghatmoremassivegalaxieshostmore
radially extendegopulationof bothstarsandGCs.Sincethelarger
extentof the stellarpopulationgn moremassivegalaxiesis mostly
dueto their accretedrigin (Abadietal. 2006 Pillepichetal. 2014
2018 Fontetal. 2020 Remus& Forbes2021), we later exploreif
thelargersizeof the GC populationscanalsoberelatedto a higher
fractionof themhavingformedin accretedsatellites.

In orderto comparethe increasingeffective size of the ducial
GCsubpopulationto observeaxtragalactisystemsweincludethe
observedelationdromHudson& Robison(2018 andForbeg2017)
in Fig. 7 (bottom-rightpanel).Both studiesusesamplesf ETGsto
studythe correlationbetweernthe spatialextentof the GC systems
andtheir DM haloesBecauseof this, they obtainslightly different
relationsbetweerthe sizeof the GC systemsandthe effective radii
of their galaxies.Theyboth nd that,asETGsgrow in masstheir

GCs populationsgrow proportionallyin size, in good agreement
with whatwe alsoseein the simulatedpopulationsForbes(2017)
complementghe sampleof ETGs with the GC systemsin three
ultra-diffusegalaxies(UDGs). They nd thatthe relationbecomes
shallowerfor GC populationsin UDGs at galaxy massesM
4 x 10'°M , which roughly correspondso the samemassasthe
changein slopeof the galaxy mass—sizeelation (e.g. Shenet al.
2003 Baldry etal. 2012 Langeetal. 2015. We observehints of a
similar attening in the size of the ducial GC populationsof our
simulatedgalaxiesin the low-massregime(M 2 x 101°M ),
eventhoughthis is the galaxy massrangein which thereare low
numberstatistics.

If we now focus on the metallicity subpopulationof GCs for
a given galaxy mass,we nd that metal-poorsubsampleshave
shallowerradialpro les thataremoreextendedThe medianpower-
law slopesof themetal-pooiGC subsamplearein therange = 2—
2.3,whereaghe metal-richobjectshavemedianslopes = 2.5-2.9.
Similarly,themediareffectiveradii of themetal-poosubpopulations
areR. = 6—30kpc, whereashemetal-richcounterparthaveR. = 2—
20kpc. We notethatincreasinggalaxy-to-galaxyvariationstowards
low galaxy massesre driven by subsampleshat have between3
and5 GCsfor which the tting procedureperformsbadly, but the
medianvaluesaremorerobust.
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Figure 8. Medianprojectednumberdensitypro les of metallicity subpopulationef GCsshownasa function of their origin aroundthe centralgalaxiesfrom

the E-MOSAICSvolume: ducial populationgtop row), metal-poorGCs(middlerow), andmetal-richsubpopulationgbottomrow). The spatialdistributions
areprojectedon the x-y plane.Eachcolumncorrespondso a differentgalaxystellarmasshin, andthe numberof galaxieswithin the masshin with atleast10

GCs(N 1,23605) is indicatedin the bottomleft sideof thetop row. Solid colouredineswith shadedegionscorrespondo mediansaandthe 25—75thpercentileof

differentmetallicity subpopulations-or eachmetallicity subsamplethe dash—dottednddashedines with shadedegionsshowthe mediansandthe 25-75th
percentileof thein situandaccretedbjects respectivelyOnly centralgalaxieswith atleastl0 GCswithin the ducial metallicity cutareconsideredAccreted
objectstendto dominatethe outerpartsof galaxiesmoremassivethanlog;o(M /M ) 10.5(regardles®f the GC metallicity), whereadower massgalaxies
hostpreferentiallyin situ metal-richGCsanda mixture of in situ andaccretednetal-poorGCs.

4.1.1 In situandaccretedpopulationsof GCs theirorigin. In orderto tagparticlesbasedntheirorigin, we startby
identifyingthegalaxyto whichtheparticlebelonggo in thesnapshot
closesin timetoits formation.Then,we classifytheparticleasbeing
in situif its natalgalaxyis in the main branchof its hostgalaxyat
z = 0, andasaccretedtherwise Fromtop to bottom,we showin
Fig. 8 themedianpro les of the ducial, metal-poorandmetal-rich
subpopulationsn differentgalaxymasshinsoverthesampleof 166
centralgalaxieswith atleast10 GCs.Within eachpanel,we include
theradialpro les of the correspondingsCsthathaveformedin situ
orin anaccretedsatellite,aswell asthe overall radial pro le.
Focusingon the ducial GCs,we nd that low-massgalaxies
(2.5x 10°M M 3x 10'°°M )areclearlydominatedyin situ
GCswithin  5-6x Ry v , andtheybecomelominatedy accreted

The trend of metal-poorGC systemshavingmore extendedspatial
pro les have beenobservedin many observationalstudies(e.g.
Rhode & Zepf 2004 Bassinoet al. 2006 Caldwell et al. 2011;
Faifer et al. 2011; Potaet al. 2013 Karthaet al. 2014 Cho et al.
2016 Karthaet al. 2016 Hudson& Robison2018. It hasbeen
arguedthat thesetrendsresultfrom a scenarioin which the outer
metal-poorGCsformedin satellitesgalaxiesthatareaccretedater
on, whereaghe inner metal-richpopulationsare mostly formedin
situin thehostgalaxy(e.g.ForbesBrodie& Grillmair 1997 Brodie
& Strader2006.

We explorethis scenaridoy looking atthemediannumberdensity
pro les of GCsfor different metallicity subpopulationsabelledby
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