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ABSTRACT
Largespectroscopisuneys plus Gaia astrometryhave shownusthattheinner stellarhalo of the Galaxyis dominatedby the
debrisof Gaia Enceladus/Sausa¢@ES).With therichnesof dataathand therearea myriad of waystheseaccretedstarshave
beenselectedWe investigateheseGESselectionsandtheir effectson theinferredprogenitorpropertiesusingdataconstructed
from APOGEEandGaia. We exploreselectionamadein eccentricity,energy-angulamomentum(E-Lz), radialaction-angular
momentum(Jr-Lz), actiondiamond,and[Mg/Mn]-[Al/Fe] in theobservationsselectingoetweernl44and1279GESstarswith
varying contaminatiorfrom in-situ and otheraccretedstars.We also usethe Auriga cosmologicahydrodynamicsimulations
to benchmarkthe different GES dynamicalselections Applying the sameobservationalGES cuts to nine Auriga galaxies
with a GES,we nd thatthe Jr-Lz methodis bestfor samplepurity andthe eccentricitymethodfor completenessGiven the
averagemetallicity of GES(S1.28< [Fe/H] < $1.18),weusethez = 0 mass—metallicityelationshipto nd anaverageM of
4x 10PM . We adopta similar procedureandderiveM for the GES-likesystemsn Auriga and nd thatthe eccentricity
methodoverestimateshetrueM by 2.6x while E-Lz underestimately 0.7 x . Lastly, we estimatethetotal massof GES
to be 101055111\ ysingtherelationshipbetweerthe metallicity gradientandthe GES-toin-situ energyratio. In the end,we
cannotust ‘pick andchoose’how we selectGESstars,andinsteadshouldbe motivatedby the sciencequestion.

Key words: Galaxy:formation— Galaxy:halo— galaxiesdwarf.

1 INTRODUCTION

Galaxiesgrow from the accretionof othersmallergalaxiesandthe
Milky Way is no strangerto this processParticularly,our Galaxy
hashada relatively quiet recentmergerhistory (Gilmore, Wyse &
Norris2002), savefor thecurrentinteractionswith SagittariugIbata,
Gilmore & Irwin 1994 Majewski et al. 2017) andthe Magellanic
Clouds (Gébmezet al. 2015 Laporte et al. 2018, in addition to
dwarf galaxiesand globular clustersthat are tidally disruptedinto
streamdn the stellarhalo (e.g. Belokurovet al. 2006 Shippet al.
2018. However, a seeminglysigni cant mergerin hiding hasbeen
hintedatin the past(Nissen& Schusterl997 Chiba& Beers2000Q
Mezaet al. 2005 Nissen& Schuster2010 becausef the distinct
kinematicsand chemistryimprintedin somehalo starsin the local
Solar neighbourhoodWith datafrom the Gaia missionproviding
astrometryior > 10° starsjn tandenwith largespectroscopisureys
providing chemistryfor > 10° stars,we haveindeedcon rmed the
existencef thismergemwe nowcall Gaia-Enceladus/Sausa§BES;
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Belokurovetal. 2018 Helmi etal. 2018. With virial massM,; >
10'°M (Belokurov et al. 2018, GES has undoubtedlychanged
the courseof the evolution and the resultingpicture of the Milky
Way — from dominatingthe inner stellar halo and causinga break
in the stellarhalo densitypro le (Carolloetal. 201Q Deasoretal.
2018 Hanetal. 2022, to heatingup pre-existingdisc starsto halo
kinematicqBelokurovetal. 2020 Bonaceaetal. 2020, to potentially
diluting the metallicity in theinterstellarmedium(ISM) causingthe
distinct chemistryof the Milky Way thin and thick discs (Grand
etal. 202Q Ciucaetal. 2022). Therole of GESin understandinghe
formationandevolutionof the Milky Way is thereforeunmistakably
important.

An obvious next stepis putting GES into contextwith other
intact and disruptedsatellites(e.g. Fattahiet al. 2020 Hasselquist
et al. 2021, Naidu et al. 2022. Many spectroscopisurveyssuch
as the ApachePoint ObservatoryGalactic Evolution Experiment
(APOGEE; Majewski et al. 2017 and the Hectochellein the
Halo at High ResolutionSurney (H3 Suney; Conroy et al. 2019
hawe beenextremely powerful for thesepurposesA glaringtheme
from theseworks however is that the stellar halo is comprised
of substructuresThe extendednature of GES in its kinematic,
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dynamical,andchemicalpropertiesespeciallymakesit moreprone
to overlapwith accretedstarsfrom otherprogenitorsor evenin-situ
populations.On the other hand, distinct phase-spaceubstructures
in the halo suchasWukong, Arjuna, I'itoi, and Sequoiahavebeen
suggestedo be actuallypartof GES(e.g.Naidu et al. 202Q Horta
et al. 2023. It is becomingincreasinglyapparentand important
to rst understandvhich starsbelongto GES and which do not,
as this would grossly affect the propertiesthat we infer for its
progenitor.

This is furthercomplicatedby the fact thatdifferentsurveys with
differentselectiorfunctionsalsohavedifferentwaysof selectinghe
GESpopulation.This, therefore raisesthe questionOcarwe really
pick and choosethe way we selectGES starsO®ne of the main
ways GES starshavebeenselecteds in E-Lz spaceas originally
donein Helmi et al. (2018 with Gaia DR2 and APOGEEDR14.
Herethey nd that GESforms a separatesequencen the colour—
magnitudediagramandhasslightly retrogradekinematics Another
widely usedselectionis in eccentricityspace A high eccentricity
cuti.e. e > 0.7, is madeto selectGES starsthat have a large
dispersionin V, comparedo V (e.g.Mackerethet al. 2019 with
APOGEE; Naidu et al. 2020 with H3), thereforefalling on the
Osauselregionin the V -V, diagram(Belokurovet al. 2018. A
selectionin Jr-Lz wasalsointroducedby Feuilletetal. (2020 using
datafrom the SkyMapperSouthernSky Survey(Casagrandet al.
2019 and Gaia DR2. Speci cally, they selectedstarswith high
radial actionandfoundthatthis is a cleanerselectionasshowcased
by a normal, Gaussiamrmetallicity distribution function (MDF) for
theresultingGESsample Multiple works havealsousedthe action
diamondto selectGESstars(e.g.Myeongetal. 2019 Lane,Bovy &
Mackereth2022 which usesthe actionsJg, J,, andJ (or L;),
anddelineatesstarsthat haveprogradeversusretrogradeand polar
versusradial orbits. Othershave usedAPOGEE dataand selected
purely on chemistryspeci cally in [Mg/Mn] versus[Al/Fe], asthis
distinctly separateghe accretedfrom the in-situ stars (Hawkins
et al. 2016 Das, Hawkins & Jofre 202Q Carrillo et al. 2022.
Speci cally, this selectiorbene tsfrom chemicalabundancebeing
anintrinsic andinheritedpropertyof starswhich couldthenbeused
to tag themto different populations(Freeman& Bland-Hawthorn
2002.

The variety of selection methodsfor GES stars necessitates
comparisonsof thesedifferent selectionsand the resulting GES
samples.Buder et al. (20229 usedabundancedrom the Galactic
ArchaeologyHERMES (GALAH) DR3 and found that the GES
chemicalselectionrmadein [Mg/Mn] versugNa/Fe]spaceoverlaps
with 29 percentof their dynamicalselectionmadein Jr-Lz. Lane,
Bovy & Mackereth(2022 exploredsix kinematic selectionsfor
GESin an idealizedsimulationwhere they found that the scaled
actionspaceis bestin separatingsES from the isotropic halo and
achievessamplepurity of 82 percent.Limberg et al. (2022 found
a similar level of samplepurity for their GES sampleusing the
Jr-Lz selectionin observationsestimatingthe contaminationfrom
APOGEEabundances.

SelectingGES starsis non-trivial as the performanceof these
selectionsaareusuallyevaluatedbasedon cross-validationbetween
kinematicsandchemistryWhile thisis thebestthatwe candoin the
observationspne shouldbe cognizantthat this is far from perfect.
For example,the samplesare overlappingbut still differentfor the
Milky Way thin andthick discsdependingon how we de ne them—
chemically kinematically or spatially

Thisis wheresimulationscomein, astheycanhelpusunderstand
the biasesand contaminationfrom the different GES selection
methodssince we know which starstruly come from the GES-
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like system.Indeed,Milky Way-like galaxiesthat have accreted
GES-like systemshave beenfound in cosmologicalsimulations.
Mackerethet al. (2019 usedEAGLE simulationsand found that
the GES in the observationsare well-reproducedby progenitors
with 105 M 10° M . Fattahiet al. (2019 alsoexploredthe
Auriga hydrodynamicalcosmologicalzoom-in simulations(Grand
et al. 2017 and found haloeswith radially anisotropic stellar
halo populationsat higher metallicities,similar to GES.Theseare
produceddy progenitorsvitn 10° M 10'°M thatmergedwith
the hostgalaxy 6S 10 Gyr ago. The propertiesof thesehaloeshave
beenfollowed upin detailby Orkneyetal. (2023 wheretheyfound
a diversity in the GES progenitorsin Auriga, for examplein their
diskiness,or in their associatedsatellite population. Theseworks
showthat the simulationsare extremelyvaluablein understanding
thenatureof GES.

In this paper,we aim to understandhow the different GES
selectionscompareto eachother by systematicallyselectingfrom
a sampleconstructedfrom APOGEE DR17 and Gaia DR3, and
applying the sameselectionsto Milky Way-GES systemsin the
Auriga simulations.In particular we investigatethe E-Lz, eccen-
tricity, and Jr-Lz selectionsin both observationsand simulations,
andthe [Mg/Mn] versus[Al/Fe] selectionin the observationsWe
speci cally aim to answerthe following questions(1) Whatis the
overlapbetweereachselectionandwhatcontaminatiordo we have
from other accretedand in-situ components?2) What progenitor
propertiesdo we infer from thesedifferent selections?3) What
selectionis the purestand what selectionis the mostcomplete?n
trying to addresghesequestionswe want to impart more careful
deliberationon how we select GES stars, as this would affect
the sampledataand ultimately the natureand picture of the GES
progenitorthatwe paintfrom this.

This work is organizedasfollows: In Section2 we describeour
observationatlataandthe selectiongnadewithin. In Section3 we
comparethe different GES samplesand their inferred progenitor
properties. Section 4 focuseson the Milky Way-GES systems
in the Auriga simulations,applying the selectionswe usein the
observationsandinvestigatingthe performanceof theseselections.
In Section5 we discussandexploreotheravenueof validatingthe
GESselectionsandlastly, we summarizegheresultsfrom this work
in SectionG.

2 ACCRETED STARS FROM AN
OBSERVATIONAL PERSPECTIVE

In this section,we constructa chemodynamicatlatasetfrom the
Gaia Data(e)DR3(GaiaCollaboration2021, 20233 andAPOGEE
DR17(Abdurro’ufetal. 2022. Wetakethepositionsyadialvelocity,
andpropermotionsfrom Gaia DR3 aswell asthe Gaia Early DR3-
derived distancesfrom Bailer-Joneset al. (2021 for calculating
dynamicalpropertiesof the sample.

The APOGEEdata,takenin the H-band(1.5-1.7um) with R
22500, containgndividual elementabundancefor upto 20 species
for 733901 stars.Of the elementsavailable,we speci cally use
the Mg, Mn, and Al which are useful for selectingaccretedstars
purely from a chemicalstandpoint(e.g. Hawkins et al. 2015 Das,
Hawkins& Jofré 2020 Carrillo etal. 2022).

To ensurethe quality of our sample we makethe following cuts
in this cross-matchedataset:

(i) parallaxerror/parallax< 0.20
(i) radialvelocity error< 2.0km s>*
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Figure 1. [Mg/Mn] versus[Al/Fe] from APOGEE DR17 used for the
chemicalselectionof accretedstars.Top panel:2D histogramshowingthe
distinctgroupof starsat[Al/Fe] < 0andand[Mg/Mn] > 0.25thatcorresponds
to accretedstars.Bottom panel: Threeseparateegionsin the diagramthat
roughly correspondo accretedstars(Regionl, purple),thick disc (Region
2, pink), andthin disc (Region3, orange).

(i) STARFLAG = 0andSNR> 701
(iv) ASPCAPFLAG = 0 andASPCAPCHI2 < 252
(v) [Mg/Fe], [Mn/Fe], [Al/Fe], and[Fe/H] are not null

This selectioncriteria naturally producesa sampleof starswith
effective temperatureshatarewell within the suggestedaluesfor
APOGEE(e.g.4000< Teff/K < 6500).To reducethecontamination
from in-situ material,we alsoavoid the disc andapply a cut of |z|
> 1kpc.With thesecuts,we havearesultingsampleof 41534 stars.
We usetheCautunetal. (2020 potentialwithin thegalpy package
(Bovy 20195 to derivethe orbital propertiesof this Gaias APOGEE
cross-matchedample We discusdaterin detailin Section2.2 the
effectsof obsenationaluncertaintie®nthederivedpropertiesFrom
the parentsampleof 41534 stars,we selectGES throughvarious
ways,aswill bediscussechext.

2.1 Chemical selectionof accretedstarsin obsewations

The [Mg/Mn] versus[Al/Fe] planewith APOGEEdatahasexten-
sively beenusedto selectthe accretegpopulationof the Milky Way.

for goodspectra
2for convergedstellarparameters
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Figure 2. MDFs of thethreeregionsin [Mg/Mn] versugAl/Fe] (seeFig. 1)
that correspondo the accretedstars(Region1), thick disc (Region2), and
thin disc(Region3).

Thisis aneffectivewayto distinguishaccretedrersusn-situmaterial
becauseéVg is anindicator of core-collapsesupernovaeMn is an
indicatorof Typela supernovaeandAl hasbeenshownto belower
for dwarf galaxiescomparedo in-situ stars(e.g. Hasselquistet al.

2021). The accretedstarsseparatanicely asa concentratiorof stars
at[Mg/Mn] > 0.25and[Al/Fe] < 0,awayfrom thebulk of thein-situ
materialasshownin thetop panelof Fig. 1. It is especiallyeffective
in selectingGES starsin the Solarneighbourhoodand inner halo,
showingagreementvith previousstudiesin termsof their agesand
orbital propertiegBonaceetal. 2020 Das,Hawkins& Jofré 2020,

aswell asin their detailedchemicalabundancesespeciallyin the
neutron-capturelementgMatsunoet al. 202Q Aguadoetal. 2021,

Carrillo etal. 2022.

Toillustratehowwell this planeis ableto separatdifferentstellar
populationsn the Milky Way, we showthe diagramsplit into three
differentregionsasshownin the bottompanelof Fig. 1. Regionl
(purple)representtheaccretegopulation region2 (pink) thethick
disc,andregion3 (orange)Xhethin disc.

Fig. 2 illustratesthe MDF andFig. 3 showsthe [Mg/Fe] versus
[Fe/H] for thesethree regions. The Region 1 MDF, which is
associatewvith theaccretedhalopopulation hasapeakatthelowest
metallicity of all threeregionsat [Fe/H] S 1.2. This is in line
with the typical [Fe/H] peakfor GES from previousworks (Das,
Hawkins & Jofreé 202Q Feuillet et al. 2021 Buder et al. 2022).
Thereis a smallersecondarypeakat [Fe/H] S 0.2 which is due
to somecontributionatlower [Mg/Mn] values attheboundarywith
the pink regionthat correspondso the thin disc. As shownin Fig.
3, thesestarsfollow the lower trackin the [Mg/Fe] versus[Fe/H]
planecomparedo the higher[Mg/Fe] in-situ population At [Fe/H]
< $1.5however, thetrack changeslope,similar to whathasbeen
previouslyfoundfor GESin the APOGEEdata(e.g.Myeongetal.
2022. RecentlyFeltzing& Feuillet(2023 lookedinto this diagram
in greaterdetail andfound that thoughthe majority of starsin this
region are accreted somestarsshow kinematicsmore akin to the
Milky Way disc. Accretedmaterialfrom othersystemscananddo
existin this region(seeHortaet al. 2023for a detailedexploration
of the halo substructuret;n APOGEE).Nonetheless,the majority
of oursamplen thisregioncomesrom GESgiventhatit dominates
theaccretegopulationfor Rsc < 20kpc (Naiduetal. 2020 andwe
areprobingalocal regiongivenour cutsin the observations.

MNRAS 527,2165-21842024)
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Figure 3. [Mg/Fe] versugFe/H] of thethreeregionsin [Mg/Mn] versugAl/Fe] asde nedin Fig. 1 thatcorrespondo theaccretedstars(Regionl), thick disc

(Region2), andthin disc (Region3).

The Region2 MDF hasa peakat [Fe/H] S 0.4, in line with
valuesfor thethick disc (Kordopatisetal. 2013 GaiaCollaboration
2018. Thereis a long tail towardslower metallicity, which is due
to contaminationfrom both in-situ halo (Gallart et al. 2019 and
accretedhalo populations.The middle panelof Fig. 3 showsthat
the Region2 starsmainly trackthe [Mg/Fe] versugFe/H] trendfor
thethick disc, but alsoshowsomecontaminatiorfrom starsthatare
associateavith theaccretechalo.

Lastly, the Region3 MDF hasa peakat solar metallicity, much
like whatis expectedor the thin disc of the Galaxy. The boundary
betweenthe thin andthick discsarenot asdistinctin the [Mg/Mn]
versus [Al/Fe] plane comparedto the boundary of the in-situ
populationand that of the accretedpopulation (seetop panel of
Fig. 1). Thus, thereis a bump — not just a tail — for the lower
metallicity half of the Region3 MDF dueto contributionsfrom the
thick disc. This contaminationis especiallyapparentn the [Mg/Fe]
versus[Fe/H] plane showing a considerableportion of the thick
disc track being occupiedby Region3 starsin Fig. 3. None the
less,basednthe MDF andthe[Mg/Fe] versugFe/H], splitting the
different concentrationsn the [Mg/Mn] versus[Al/Fe] is a robust
way of distinguishingaccretedrersusin-situ populationsfrom each
other.

In additionto thechemistrythekinematicgor thesethreeregions
in the[Mg/Mn] versugAl/Fe] planeareconsistenwith theaccreted
halo, thick disc, and thin disc stellar populationsfor regions1, 2,
and3, respectivelyln Fig. 4, we showthe Galactocentrispherical
velocity component$or theseregions.Thesearede ned asfollows:
V, istheradialcomponenty istheazimuthalcomponentandV is
the polar componentWe derivedthesequantitiesfollowing section
2 in Bird et al. (2019 andfolded in the errorsfrom the distance,
propermotions,andradial velocitiesfrom Gaiathroughresampling
100timesanddrawinga new velocity eachtime. The distributions
in Fig. 4 arecreatedrom the mediansphericalvelocity component
for eachstar.Theuncertaintiesn thethreevelocitiesare  15km s>t
for Regionl, 5kms°!for Region2,and 3kms>! for Region3.

Region3, which we associatevith thethin disc,showsthelowest
dispersiorin V,,V ,andV withV ~ 220kms>! thereforeshowing
rotation with the disc,andV, andV centredat zero. The region
associatedvith the thick disc (Region2) showsa largerdispersion
in all three velocity componentscomparedto the thin disc, asis
expectedor a more kinematicallyhot componentln addition,the
V for thethick discis lower thanthe thin disc’'sat ~ 170kms>1,
Lastly, the accretedhalo component(Region1) showsthe largest
dispersionin all threesphericalvelocity componentsand showno
rotationwith V centredat Okms>?.

MNRAS 527,2165-21842024)

Having shown the discerning power of this combination of
elementswethereforeusethe[Mg/Mn] versudAl/Fe] to chemically
selectaccretedhalostarsin the APOGEE Gaia cross-matchwithout
any additional cuts in kinematics.To do this less arbitrarily, we
brokedownthedifferentregionsusingthe GaussiarMixture Model
(GMM) from scikit-learn . We use Bayesian Information
Criterion (BIC) to determinethe best numberof componentsto
describeourdata WeranGMM using3 to 20 componentsandusing
BIC, we determinethe bestnumberof componentgo be 11. This
appeardo be too many componentgo explainthe different stellar
populationdn this chemicalplane,with the majority of themin the
in-situregion.However, for ourpurposesthisis lessimportantaswe
arefocusingontheaccretedhalopopulationln fact,thereis only one
associatedomponenin theaccretedhaloregionastheconcentration
of thesestarsis easily separatedrom the restas shownin the top
panelof Fig. 1. We selectedhestarswith 70 percentprobabilityof
belongingto theaccreteccomponentn the[Mg/Mn] versugAl/Fe]
diagramas given by the predict _proba() functionin GMM
and considerthis the purely chemicallyselectedSES sample Das,
Hawkins& Jofre (2020 andCarrillo etal. (2022 makeafurthercut,
i.e.[Fe/H] S 0.7 to remave contaminatiorfrom kinematicthick
disc stars.However, we do not performthis aswe wantto compare
thedifferentlevelsandsourcesof contaminatioramongthe various
waysGESis selectedn theirverysimplesforms.Withthisselection,
we havea sampleof 351 GESstars.

2.2 Dynamical selectionof accretedstarsin obsewations

The more commonway for selectingGES starsis through their
phase-spacaformation and dynamics.We apply suchselections
in the APOGEEGaia cross-matchspeci cally in energy-angular
momentum(E-Lz; Helmi etal. 2018 Hortaetal. 2023, eccentricity
(e; Naidu et al. 202Q Myeong et al. 2022, radial action-angular
momentum(Jr-Lz; Feuilletet al. 2021, Buderet al. 2022 Limberg
etal. 2022, andactiondiamond(Myeongetal. 2019 Lane,Bovy &
Mackereth2022 spacesWe note that we do not make any other
additionalcuts,suchasin chemistry,n creatingtheseGESsamples.
We alsoexploredthe effectsof observationalincertaintieon these
dynamicalselectionsDueto computationatime, we folded in the
uncertaintiefrom thedistancepropermotions,andradialvelocities
for only 0.5 percentof theparentsampleto understandheir effects.
For eachstar,we drew a new orbital property 100 times given the
input parametersnd their uncertaintiesand inspectedhe median
andstandarddeviationfrom this exercise.With this subsamplewe
note (1) the mediandifferencein the orbital propertybetweenthe
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Figure 4. Distributionsof kinematicsin Galactocentricsphericalcoordinateshowingthe radial (V;), azimuthal(V ), andpolar (V ) velocity component®f
thethreeregionsin [Mg/Mn] versuqAl/Fe] (seeFig. 1) thatcorrespondo theaccretedstars(Regionl), thick disc(Region2), andthin disc(Region 3). Positive

V correspondso rotationwith thedisc.

runwith andwithout resamplingand (2) the medianerror from the
resamplingas follows: energy= (192, 2325)km?s>?, Lz = (6,

78) kpckms®t, Jr = (6, 50) kpckms®t, Jz = (2, 22) kpckms°?,

eccentricity= (0.01,0.031),apocentre= (0.07,0.72)kpc, pericentre
= (0.03,0.22)kpc, andzmax = (0.11,0.92)kpc. Fromthis test,we

canseethatthedifferencesanderrorsin theorbital propertiesvould

haveanegligibleeffectonthedynamicalselectiondecauseheyare
signi cantly smallerin magnitudethanthe cutsapplied.

For the E-Lz method we appliedthe samecutin Lz asoriginally
usedin Helmi et al. (2018 i.e. S1500< L, < 150kpckms>!
althoughmorerecentworksusingGaia DR3 havefurthershownthe
ef cacy of theE-Lz selectiorspacdor GES(seeGaiaCollaboration
20231h. Note that the positive (andthereforeprograde)part of this
selectiondoesnot cover as large of a rangein Lz but this was
originally doneto avoid in-situ material. We modify the boundin
energyfrom $1.8 x 10Pkm2s52 to $1.6 x 10° km2s52. This cut
wasdeterminedrom visualinspectiorto alsoavoid theregionlargely
dominatedby in-situ materialandthat associatedvith Heraclesin
the deepemart of the potential(Horta et al. 2021). The difference
in theappropriateenergyboundis likely dueto thedifferencein the
Milky Way potentialthatwe used. With the E-Lz selectionwe have
a sampleof 619 GESstars.Similarto our chemicalselectionwe do
not employadditionalcutsoutsideof E andLz in orderto compare
theseselectiormethodsn a morestraightforwardvay.

Next, we explore the GES selectionin eccentricity. From the
APOGEEGaia cross-matchwe apply a cut in eccentricityusing
e > 0.7 as similarly done by Naidu et al. (2020 with the H3
suney. This selectionreproduceghe highly radial, ‘sausage’-like
componenbf the haloin V versusV, plane,which is one of the
initial ways GESwasdiscoreredwith Gaia data(Belokurovet al.
2018. A massivesatellitelike the GES would have beenaffected
signi cantly by dynamicalfriction, andthe orbits of its mostbound
starswould havebeenmore radializedwith time (Amorisco 2017
Vasiliev, Belokurov & Evans2022; GES, therefore,has a large
portion of starsat highly eccentricorbits. As this selectionis quite
simplistic, it is (1) proneto contaminatiorof high-eccentricityjn-
situ starsand (2) missesthe low-eccentricitytail of GES.We keep
thesecaveatsn mindthroughouburcomparisongindagain similar
tothetwo otherpreviouslymentionedelectionswedonotmakeany
further cuts outsideof eccentricity.With the eccentricityselection,
wehavea sampleof 1253GESstars.

We alsousethe radial action, Jr, andangularmomentum Lz of
the sampleto selecthighly radial starsin the APOGEEGaia cross-
match.This selectionmadein the (Jr)-Lz spacewasoriginally
introducedby Feuilletetal. (2020 usingthe SkyMapperand Gaia

sunweys asapurerselectionfor GESstarsdeterminedrom its MDF.
Thecutismadewith30  {Jr) 50 (kpckm s°%)¥2 andS500
Lz 500kpckms>t. Intheoriginalpaperthiscutproducesisample
of starswith a narrowMDF (e.g.dispersiorof 0.34 dex) centredat
[Fe/H] = $1.17.With the sameJlr-Lz selectionwe havea sample
of 144 GESstars. Similar to the other selectionmethodswe have
alreadyintroducedwe do not makeany furthercutsin chemistryor
kinematicsin orderto understandhe effectsof purely selectingin
this frame.

Lastly,we usetheactiondiamondto selecthighly radialstars One
axis of the actiondiamondis (J, S Jr)/Jio: andthe otheris J /Jio;
wheredip = |J;| + |Jr| + |9 | andd = L,. Alongthe(J; S Jr)/Jior
axis,valuescloserto S 1 correspondo starswith radial orbitswhile
thosecloserto 1 correspondo starswith polarorbits. On the other
hand,alongthe J /J,; axis, valuescloserto S 1 correspondo stars
with retrogradeorbitswhile thosecloserto 1 arestarswith prograde
orbits. We employ a similar selectionasLane,Bovy & Mackereth
(2022 i.e. |L/d] < 0.07and(J; S Jr)/Jt < S0.3for the GES
starsastheyfoundthatthisactiondiamondselectiorgivesthepurest
sampleof GES starsamongsix otherkinematicmethodsWith this
actiondiamondselectionwe havea sampleof 157 GESstars

3 CHEMICAL VERSUS KINEMATIC
SELECTION IN OBSERVATIONS

3.1 GES samplesfrom the different methods

Wenowlook attheperformancef eachselectiormethodby showing
theselectedsESstarsin theotherspacesve consideredor selection.
Thisis seenin Fig. 5— fromleft to right showsthe GESstars(orange
markers)selectedrom [Mg/Mn]-[Al/Fe], E-Lz, eccentricity,Jr-Lz,

andactiondiamond respectivelyprojectedontothe otherselection
space$romtoptobottom.WealsoincludeV -V;, eventhoughwedo

notusethis spacefor our selectionpecaus¢his showstheelongated
featurealongV, thatis attributedto GES.Thewhole Gaia-APOGEE
data set from which we culled out the different GES samplesis

shownasthe greyedout backgroundin rows 4 and5 of Fig. 5, we

mark the selectionbox for the Jr-Lz and action diamondmethods,
respectivelywith a purplebox.

3.1.1 [Mg/Mn]-[Al/Fe]

This chemicalselectionby constructiononly occupiesthe accreted
area(i.e. Regionl from previousdiscussion)n the[Mg/Mn] versus
[Al/Fe] diagram.This GES sampleis largely at Lz Okpckms>!
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Figure 5. DifferentGESsamplegrojectedonto the variouschemo(dynamicalyliagrams.Columnsfrom left to right: selectiondn [Mg/Mn]-[Al/Fe], E-Lz,

eccentricity,Jr-Lz, and action diamond,respectiely. Rows from top to bottom: projectionsof eachGES sampleonto [Mg/Mn]-[Al/Fe], E-Lz, eccentricity,
Jr-Lz, actiondiamond,andV -V,. The GESsamplesareshownin orangeandthe greyedout backgrounds the parentGaia-APOGEEsample The selection
box for the Jr-Lz andactiondiamondmethodsaremarkedwith a purpleboxin rows4 and5, respectively.

and with energy> $1.6 x 10° km?s°2. Some GES stars go
deeperinto the potentialwith even lower energiesand somestars
showretrogrademotion,reminiscenbf anotheraccretegopulation,
Sequoia(Myeong et al. 2019. Around 66 percent(236) of these
GESstarshavehigh eccentricitied.e. e > 0.75,andthis samplehas
a medianapocentreof 13.9kpc but evenreachesvalues>50kpc.
The lower eccentricitystars(e < 0.75)within this selectionhavea
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lowermedianapocentref 9.5kpc. We alsoprojectthesechemically
selectedGES starsonto the Jr-Lz space.We have markedthe Jr-
Lz box asde ned in Feuillet et al. (2021 to guide the eye. The
majority of the starshavehigh Jr, andinterestinglythe oor for our
samplelies at a lower Jr boundat 22 (kpc km/s)/2 instead
of 30 (kpc km/s)¥2 as de ned for the box. This could be due
to the differencein the potential the starswere integratedin i.e.
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we useCautunet al. (2020 while Feuilletet al. (202Q 2021) use
MWPotentiall4asincludedin galpy . Buderetal. (2022 similarly
nd thattheir chemicalselectionreachlower Jrthanthe Feuillet
et al. (2020 selectionusingthe McMillan (2017 potential. There
are129stars(36 percent)below 22 (kpckm/ s)2 andthesdower
Jrstarsshowhigherdispersiorin Lz comparedo thehigherJrstars.
We showthesechemicallyselectedsESstarsin theactiondiamond
wherewe havealsomarkedthe GESselectionbox asusedby Lane,
Bovy & Mackereth(2022 and Myeong et al. (2019. This GES
selectionoccupiesa large region of this diagrambut for the most
parthave(J, S JR)/Jit < 0 andthereforemovemoreradially. Only
35 starswithin the chemicalselectionoverlapwith actiondiamond
box. Lastly, the V -V, of theseGES starsare indeedelongated,
showing starswith high dispersionin V; at 112kms°! but also
a high dispersionin V at 78kmsS1. A handful of stars(i.e. 54
stars,15 percent)seemto showkinematicsmoreakin to thein-situ
populationwith V > 100kms°! andV; centredatOkms>L. Thisis
in line with Feltzing& Feuillet (2023 thatfound Milky Way disc
starsoverlappingwith this GESselection.

3.1.2E-Lz

These GES starsoccupy a larger spacein the [Mg/Mn]-[Al/Fe]
plane, covering both the accretedand thick disc regions.Indeed,
309 stars(49 percent)arein the regionassociatedvith the in-situ
material in this chemical space.This sample of GES stars are
more retrogradeby constructionas shownin the E-Lz diagram.
Most of the starsare concentratedowardsLz 0 kpc kms>! but
there are also regionsof starswith more retrogrademotions and
at higher energies The majority of this GES sample(82 percent)
haveeccentricitiegreaterthan0.75,showinganincreasingangein
apocentravith increasingeccentricity.n the Jr-Lz spacethesestars
havea largerrangein Jr and extendsto the downwardretrograde
branchthat Feuillet et al. (2021) associatesvith Sequoia.Similar
to the chemicalselection the majority of the starsdo not lie within
the Jr-Lz selectionbox. We note, however, that the Jr-Lz box was
constructedo selectmorepurelyandis thereforeatighterconstraint.
In theactiondiamondspaceit is clearthatthemajority of thesestars
move moreradiallywith (J, S Jr)/Jt < 0. This GESselectiorspans
alargerangein (J, S Jr)/Jior andL,/Jir, With 141 starsoverlapping
with the action diamondselectionbox (Lane, Bovy & Mackereth
2022, whichis 88 percentof the GESstarsselectedrom theaction
diamondmethod.TheseGES starsalsoshowthe classic'Sausage’
featurein V -V, with a noticeablysmallerdispersioncomparedo
the[Mg/Mn]-[Al/Fe] selectionin the rst column.

3.1.3 Eccentricity

Similar to the E-Lz selection,the eccentricitymethodcovers the
regionsin the [Mg/Mn]-[Al/Fe] diagramcorrespondindo boththe
accretedand in-situ populations,with 824 stars(64 percent) that
overlapwith thein-situpopulation.Thissampleof GESstarsarealso
centrecaroundLz 0kpckms>?, althoughthisis by constructioras
aconsequencef usingtheeccentricity.This selectionncludesstars
thatareevendeepelin the potential,crossingthe energyboundthat
hasbeenput forth astheregioncorrespondingo HeraclesKraken,
andAurora (Kruijssenet al. 2020 Hortaet al. 2021, Belokurov&

Kravtsov 2022 Myeong et al. 2029 that have similar chemistry,
different positedorigins, but all partof theinner Galaxy (Rix et al.

2023). Within this sample thereare 272 starsin this lower energy
(i.e.< S1.5x 10° km?s>2) substructureProjectingthesestarsonto
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the[Mg/Mn]-[Al/Fe] diagram only nine of themarein theaccreted
regionandtherest(263stars)arein thein-situregion.

By construction,the starsin this sample have eccentricities
largerthan 0.75. Among thesestarshowever, thereare still some
substructuresthereis a concentrationof starswith apocentresat
6kpc or less(237 stars,19 percent)and are thereforecontainedo
the centreof the Galaxy Interestingly thesestarsalsospanboththe
accreted26 stars)andin-situ (237 stars)regionsin the [Mg/Mn]-
[Al/Fe] diagram.In the Jr-Lz spacefor the eccentricity-selected
sample the majority of the starslie below the selectionbox. This
diagramalsoshowamoreclearlytheoverlapwith thein-situprograde
materialwhichisapparenasashellstartingat Jr 5 (kpckm/ )2
that curvesup andto the right to higherLz values.It is alsoquite
remarkablehatalthoughthe E-Lz andeccentricityselectionsseem
the mostsimilar of the methodswe haveexplored,the populations
theyareprobingarequitedifferentin Jr-Lz. Theeccentricity-selected
GESstarsbarelygo downthelow Jrandretrograddéoranchwhile the
E-Lz selectedstarsdo populatethis region.In the actiondiamond
spacethesestarsare dominatedby radial actionwhile constrained
in Lz, suchthat they appearto occupya smallerdiamondin the
diagram By constructionthis eccentricitycut selectghe elongated
featurein V -V,, thoughinterestinglythesestarsarenot centredat
V = 0kms>L, Thisis mostlydriven by thein-situ contamination,
aspreviouslynoted.

3.1.4 Jr-Lz

The Jr-Lz selectionhasthe leastnumberof starsbut it successfully
selectamostlyaccretedtarsin the[Mg/Mn] versugAl/Fe] diagram.
This dynamicalselectionresultsin 116 out of the 144 starsbeingin
theaccretedhaloregion(Regionl) withoutanyadditionalcuts,with
theremaining28starsbeingin thein-situregionsThisis, in fact,very
similar to the contaminatiorfoundby Limbergetal. (2022 in their
explorationof the Jr-Lz selectiorfor GESstars,i.e.at 18 percent.
IntheE-Lz plane thesestarsarethemostrestrictedn Lz, butarestill
centredaroundLz 0 kpc kms>. Theyarealsoat higherenergies
comparedo theothermethodswith E> $1.3x 10° km? s°2. These
starsexhibit high eccentricitieqi.e. > 0.75) and apocentregreater
than10kpc,andtheyshowtheelongatedeaturenV -V,. Thesestars
areboundwithin the selectiorboxin Jr-Lz sincetheywereselected
in this plane,andthe densityof the starsdecreasevith increasinglr.
As we notedin theotherselectiormethodsthelower boundin Jrfor
this selectionis highercomparedo the others.Thesestarsoverlap
largelywith the GESselectionin theactiondiamondspaceperhaps
unsurprisinglyas both methodsselectstarswith high Jz. Feuillet
etal. (2021 similarly usedAPOGEE(DR16)data,appliedthesame
selectionmethod,and found 299 starsassociatedvith GES. Their
GES starsoccupyhigh-V;, lobessimilar to our Jr-Lz GES sample,
althoughthis signaturen ourwork is notasstrongdueto thesmaller
sample.Interestingly,the chemicalcartographyof the Milky Way
from GaiaCollaboration(2023h alsoshowedthat starswithin this
Jr-Lz selectiorshowhigherzy.c andanaveraggFe/H] S 1.2(see
their g. 31).

3.1.5 Actiondiamond

Finally, we look at the GESstarsselectedrom the actiondiamond.
In the [Mg/Mn] versus[Al/Fe] diagram,69 stars(43 percent)lie
in the accretedegionin [Mg/Mn] versus]Al/Fe] while theresti.e.
91 stars,seemmore in-sitw-like in their chemistry.Contamination
from in-situ material in this selectionhas been similarly found
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Figure 6. MDF of GESfrom thedifferentselectionrmethodsasindicatedin thetitle of eachpanel.Theblackline indicatesthetotalbestt from the Gaussian
mixture modellingwhile the solid dashedinesaretheindividual GaussiansThe associate@GES[Fe/H] peakis notedin thelegendof eachsubpanel.

Table 1. [Fe/H] andmassestimatesor GESfrom the differentselectionrmethodsThe columnsarelabelledasfollows: (1) Selectionmethod,(2) Numberof
starsin the GESsamplefrom the selection(3) GES[Fe/H] from the GMM, (4) Weightassociateavith the GEScomponentn the GMM givenbetweerD to 1
wherel is thehighest,(5) StellarmassM , derivedfrom the mass—metallicityelationship(MZR) in Kirby etal. (2013 usingthe[Fe/H] in column3 (6 & 7),
M derivedfrom Ma etal. (2016 MZR atz = 0 and2, respectively(8) M derivedfrom the observationallymotivatedredshift-evolvedVMZR from Naiduetal.
(2022, essentiallyshiftingthez = 0 Kirby etal. (2013 MZR downby 0.3dex,(9) halomassMpalo, 0f GESusingthe stellarmass—halaassrelationsfrom

Behroozietal. (2019 atz = 0 and2, with theM from column5 asinput.

1) (2 (3) 4 (5) (6) Q) 8 9)
Method N [Fe/H] GMM M z=0,KI3 M ,=0,M15 M ;=2,M15 M ;8evob N22  Mpaio,z= 0,2, B19
weight 108 M 108 M 108 M 108 M 10 M
[Mg/Mn]S[AllFe] 356 S$1.28+ 0.03 0.64 237 1.74 1.72+ 0.32 19.15% 3.24 2451+ 20.27 0.69,1.15
E-Lz 630 S$1.19+ 0.03 0.37 453+ 1.92 2.72+ 0.43 31.19+ 518 43.66+ 26.56 0.96,1.61
eccentricity 1279 $1.18% 0.03 0.28 526+ 2.96 3.02+ 0.50 3472+ 562 52.96+ 51.17 1.04,1.74
Jr-Lz 144 S1.24+ 0.02 047 3.13+ 2.02 211+ 0.34 23.80+ 3.73  33.90+ 23.59 0.80,1.33
Action diamond 160 $1.19+ 0.09 056 475+ 291 2.79% 0.47 3237+ 552 4657+ 37.96 0.99,1.65

by Feltzing & Feuillet (2023 in comparingthis methodto other
selections.This GES sampleis centredat Lz 0 kpc kms>! by
constructiorandthoughmostof the starsareat high energies19 of
themarebelowS1.5x 10° km? s>2. This actiondiamond-selected
GES samplehas starswith highly eccentricorbits with e > 0.8,
thereforealsooccupyingthe ‘sausagetegionin V -V;. Thoughthis
rangein eccentricityis quite similar to that of the Jr-Lz selection,
theactiondiamondmethodalsocontainsstarswith lowerapocentres
(i.e. <6 kpc). Comparedo the Jr-Lz selectionwhich wassimilarly
foundto selectapurerGESsampletheactiondiamondalsoincludes
starswith lower Jg, delvinginto the regionthat overlapsmorewith
thein-situ material.

3.2 Metallicity distribution functions

We nextexplorethe MDF of the resultingGES samplesrom each
selectiormethod,andtheseareshownin Fig. 6. As discussedn the
previoussection,eachmethodhasvarying levels of contamination
from non-GESstellar populations,both in-situ and accreted(i.e.
Sequoia)Thecontaminatioris alsomoreprominentwhenlookingat
the MDFs, especiallyfor the E-Lz, eccentricityandactiondiamond
selectionghatclearly showmultiple peaks.

We next broke down each MDF into a mixture of Gaussian
distributionsto further ascertainthe level of contaminationand to
nd the associatedlistribution and the [Fe/H] peak of GES. We
rst determinedhe bestnumberof componentdy minimizing the
BIC andperformedGaussiarMixture Modelling (GMM) usingthe
sklearn packageTheindividualGaussiamlistributionsareshown
in Fig. 6 asthedashedineswith thetotal, best- tting mixturemodel
shownasthesolid lines.Now with the differentpeaksdenti ed, we
assignedthe GES peakinformed by previousworks with ranges
betweenS1.4 and S1.1dex (e.g. Das, Hawkins & Jofré 202Q
Feuilletetal. 202Q Naiduetal. 202Q Bonifacioetal. 2021 Buder
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etal. 2022 andlist thesevaluesin Table 1. Speci cally, the MDF
peakfor the GESareat $1.28,51.19,51.18,51.24,and$1.19
for the chemical, E-Lz, eccentricity, Jr-Lz, and action diamond
selectionsrespectivelylt is interestinghow the chemicalselection
providesthe lowestpeakin the MDF. This differencebetweenthe
chemicalanddynamicalkselectiondasindeedbeenpreviouslynoted
for the APOGEEdata(seediscussionn Buderet al. 2022 andis
likely a resultof suchselectionsmethodsprobing different stellar
populationsof GES.

We makesenseof the other sourcesof contaminatiorby inves-
tigating the origin of the individual metallicity distributions.The
negatively skewedMDF from the chemicalselection( rst panel)
necessitatetsvo Gaussianso describehe databest.Ononehand,it
is knownthatmassiveMilky Way satelliteshavenegativelyskewed
MDFs (Kirby etal. 2013 andin that case,the lower [Fe/H] peak
is mostlikely associatedvith the samesystemi.e. GES. Indeed,
Amaranteet al. (2022 found in their simulationsof a GES-like
galaxy merging with a Milky Way-like galaxy that there is an
associatedow-[Fe/H] tail with GES;thesestarsendup with lower
eccentricitieandlowerLz (i.e. moreretrograde)Ontheotherhand,
wedo nd starghataretypically associatewith Sequoianthebasis
of their dynamicsin this GESselectionandin thatcasetheywould
be contributingto the lower metallicity tail of the distribution.The
lower metallicity Gaussiamas[Fe/H] atS 1.57 dex,andis weighted
at 36 percentfrom the mixture modelling. Interestingly, Sequoia
is alsoseento peakat [Fe/H] -1.6 (Myeongetal. 2019 Naidu
et al. 2020. However, from Fig. 5, the highly retrogradeSequoia
componentontributesminimally to this selection.Therefore.gven
if Sequoids partof the negative metallicity tail, the majority of the
tail is likely partof GES.

A similar lower [Fe/H] peakis alsoobservedor boththe E-Lz,
eccentricity,andJr-Lz selectionsThesestarsarelargely associated
with the GES basedon their dynamics.The E-Lz, eccentricity,
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and action diamondselectionsall have clear higher [Fe/H] peaks
correspondingdo thein-situ material. The prominenceof the higher
[Fe/H] peak roughly tracks the contaminationmeasuredfor the
E-Lz and eccentricity selections:their weights from the GMM

are 39 percent and 55 percent? respectivelywhile the in-situ
contaminationas determinedfrom Sections3.1.2 and 3.1.3 are
47 percent and 64 percent. On the other hand, though the high
[Fe/H] Gaussiancomponentin the action diamond selectionhas
higher densityin Fig. 6, the GES componentcontributesa larger
weight at 56 percentdue to the large dispersionassociatedvith

it. Interestingly,the Jr-Lz selectionis best t with threeGaussians.

This is surprisingas the motivation for this selectioncomesfrom
producinga well-behavednormal MDF asdeterminedby Feuillet
et al. (2020. However, this seemsto be due to the spatial cut in
z, causinga larger portion of the higher metallicity populationto
be missed.Lastly, the action diamondmethodis best t with two
Gaussianswith a higher metallicity componentcorrespondingo
thein-situ materialaspreviouslynotedin Section3.1.5andseenin
Fig. 5.

Onthebasisof the numberof componentsthe [Mg/Mn]-[Al/Fe]
andthe actiondiamondselectionseenthe purestin selectingGES
starsTheseselectionalsohavethehighestweightsfor the Gaussian
componentassociatedvith GES, at 64 percent and 56 percent,
respectivelyThe MDFs of massiveMilky Way satellitesshowthat
thenegative skewsuchasthatfrom the[Mg/Mn]-[Al/Fe] selectioris
whatis to be expectedor GES.Theactiondiamondhaspreviously
beenshownto purely selectGES starsas well, but we nd that
this still producesa clearmultimodalMDF without anyfurthercuts.
Anotherpureselectionis the Jr-Lz methodthat althoughneededo
be tted with threeGaussiatomponentsshowssigni cant purityin
termsof [Mg/Mn] versudAl/Fe] (seeSection3.1.4). In addition,this
selectiorweighsthe GESasthedominantcomponentt47 percent.
FortheE-Lz, eccentricityandactiondiamondmethodghatall show
multimodalMDFs,the GMM tendsto give a higher[Fe/H] for GES.
In fact, we nd that with increasingcontributionfrom the higher
[Fe/H] Gaussiarcomponent- i.e. going from the [Mg/Mn] versus
[Al/Fe], to Jr-Lz, to E-Lz, to action diamond,to the eccentricity
method- the GEScomponengoesto higher[Fe/H] aswell.

3.3 Stellar massedrom mass—metallicityrelationship

We now usethe [Fe/H] from the GMM of the different selection
methodsto estimatethe stellarmassof GES.We do this by taking
advantagef the mass—metallicityelationship(MZR). We usethe
relationde ned from observationsf satellitegKirby etal. 2013 in
the local Universe,aswell asthe MZR at z = 0 and?2 determined
fromtheFIREsimulationsvhichMaetal. (2016 showedhgreesvith
observationgor z= 0 (Tremontietal. 2004 uptoz 3 (Mannucci
etal. 2009. Wetakethez = 2 relationto roughlyillustratethe MZR
atthetime thatGESwasaccretedntothe Galaxy.We alsocalculate
the stellar massedrom the redshift-evolvedMZR as determined
from disruptedversusintact satellites(Naidu et al. 2022 — thisis
essentiallyshiftedby 0.3 dexfrom thez = 0 relationfrom Kirby
etal. (2013. Thesestellarmassestimatesrelistedin Table 1.
The[Mg/Mn]-[Al/Fe] methodyivesthelowest[Fe/H]for GESand
thereforegivesthe loweststellarmassestimateacrossthe different
MZRs. Converselythe eccentricitymethodhasthe highest[Fe/H]
and resulting stellar massfor GES. From the Kirby et al. (2013
MZR, themassfor GEShasarangeof 2.37-5.26x 10°M , afactor

SHere,we combinethe weightsfrom thetwo Gaussianat [Fe/H] > S1
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of 2.2differencedependingntheselectiormethod Fromthe Ma

etal. (2016 redshift-evolvingMZR, thez = 0 stellarmassesrean
orderof magnitudesmallerthanthez = 2 stellarmasseswhich has
arangeof 1.91-3.47x 10°M . Using the redshift-evolvedVIZR

determinedrom Naidu et al. (2022 givesthe higheststellarmass
rangeof 2.4555.30x 10° M .

With the manywaysthatthe GES starsarede ned, thereareas
many (or evenmore) ways that its stellar masshas beenderived
throughstellardensity(Mackereth& Bovy 2020, N-body simula-
tions(Naiduetal. 2021), matchingto cosmologicahydrodynamical
simulationgMackerettetal. 2019, globularclustergKruijssenetal.
202Q Callinghamet al. 2022, and chemicalevolution modelling
(Ferrandez-Alvaretal. 2018 Vincenzoetal. 2019 Hasselquisetal.
2021 thatgive awiderangeof total stellarmassespanninganorder
of magnitudefrom3x 10°to7x 10°M . Wesimilarly nd awide
rangein stellarmassedasednthe MZR whichis modulateddy the
accretionredshift. More recently,Lane,Bovy & Mackereth(2023
found a lower stellarmassestimatefor GESof 1.45x 18M , but
our massestimatesgreewith their ndings within theerrors.

Next,wedeterminghehalomasof GES Weadoptedheredshift-
evolving stellar mass-halanass(SMHM) relation from Behroozi
etal. (2019 andcalculatedhehalomassatz= 0andz= 2whichare
listedin Tablel. Becauseve wantto beasobservationallynotivated
aspossiblewe usethe stellarmassederivedfrom the Kirby et al.
(2013 MZR atz = 0in calculatingthehalomassof GES.The GES
halomasshasarangeof0.6951.04x 10"*M withthez= Orelation
andarangeof 1.1551.74x 10"'M with thez = 2 relation.This
putsthe GES-Milky Way total massmergerratio at 11S 17 percent
usingthetotal Milky Way massfrom Deasoretal. (2021) pre-LMC
infall andthez = 2 GEShalomassOn averagehowever, the Milky
Way halomassatz = 2 would havebeen 20 percentof its present
day mass thus increasingthe mergerratio to 565 85 per cent.On
theotherhand thestellarmassmergerratio for the GES-Milky Way
collision hasarangeof 255 percentatz = 0 and19S53 percentat
z 2if wesimilarly assumedsHelmi etal. (2018 thatthe stellar
massof theMilky Waywas 10°M atthetime of themerger.n
comparisonGrandet al. (2020 showedthat the GES-Milky Way
stellarmassmergerratio could be aslow as5 percentatinfall with
the Auriga simulations,while Helmi et al. (2018 derived a total
massmergerratio of 25 percentto producethe Toomrediagramin
the observationsLane,Bovy & Mackereth(2023 alsoestimateca
minor mergerratio of 1:8 atthetime of accretionThereis visibly a
wide rangeof mergerratiosfor the Milky Way-GEScollision, with
the redshiftevolution of the GES and Milky Way masseseinga
main factor. With that said,we similarly nd the mergerratiosare
larger for the total massthan the stellar mass,as previousstudies
havenoted.

A hugecaveatin derivingthe stellarandtotal massof GESis the
redshiftdependencef the MZR andthe SMHM, both pushingour
estimatego highervalues.We thereforeaim to be conserative and
reportthe massestimategrom thez = 0 relationfrom observations
aslower limits to thetrue GESmassBasedon our explorationof the
MDFs (Section3.2), we deemthe [Mg/Mn] versus[Al/Fe] method
to bethebestin selectingGESstarsin the observationswith M =
2.37+ 1.74x 1M andMpao= 0.6851.15x 10'*M . Though
this is a lower limit, we canalso placean upperlimit to the total
stellarmassof GESsuchthatit doesnotexceedhetotal stellarhalo
mass.e. 1.4x10°M (DeasonBelokurov& Sander019.

We havesofar exploredthe differentwayswe selectGESstarsin
obsenrations theirrespectie sourcesndlevel of contaminationand
theresultingstellarandhalo massestimateof the GESprogenitor.
Dependingon the selectionmethod the stellarmassestimatecould
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Table 2. Propertieof Auriga haloeswith GES-likesystemsThe columnsarelabelledasfollows: (1) Auriga
halo that containsa GES progenitor,(2) GES peakM™ € givenin 10° M , (3) GES peaktotal massMa)
(i.e. Mago) givenin 1011 M , (4) Milky Way-like host'speakM in 101 M , (5) Milky Way-like host'speak
Motal in 1012M , (6) Average[Fe/H] of GESstars,(7) Percentagef GESstarsin the observationaindow

asdescribedn Section4.

@) @ @) 4)

(5) (6) 0
PercentGESin

Halo GESMUue GESMotal hostM hostMiotal [Fe/H] window
10°M 1011m 10'1m 102m
Au-5 3.83 1.26 0.71 1.19 $0.39 12.78
Au-9 1.88 1.76 0.63 1.16 50.85 6.47
Au-10 0.97 0.39 0.62 1.02 $0.65 1.29
Au-15 2.53 1.26 0.43 1.04 $0.50 8.22
Au-17 0.38 0.33 0.79 1.02 $0.98 0.83
Au-18 144 0.75 0.84 1.39 $0.70 1.62
Au-24 2.56 1.09 0.77 157 $0.60 4.16
Au-26 1054 3.33 114 172 $0.39 1918
Au-27 4.08 172 1.03 1.85 5053 9.40

differ by a factor of 2, but dependingon the adoptedredshift, it
could differ by a factor of 10. In the next section,we benchmark
our different selectionmethodswith simulationswherewe actually
know wherethe starscomefrom — i.e.from GESor not.

4 ACCRETED STARS FROM A SIMULATION
PERSPECTIVE

In the rst partof this work, we investigatedhe differentselections
for GESstarsin observationatiata.Now we checkwhich of these
methodsis bestin selectingGES starsusingsimulationswherewe
have absoluteknowledgeof which starsbelongto the GES-like
progenitor.Throughthis, we hopeto answerthe question:Canwe
really pickandchoose?

We use the Auriga hydrodynamicalsimulations(Grand et al.
2017, which contain 30 high-resolution,cosmologicalzoom-in
simulations of Milky Way-masshaloes (i.e. with virial mas$
1S 2x 10M ) selectedfrom the dark matter-only 10®Mpc?
periodicbox of the EAGLE project(Crainetal. 2015 Schayeetal.
2015. The cosmologicaparametersvereadoptedrom the Planck
Collaboration(Planck CollaborationXXIll 2014). Theseselected
haloeswere resimulatedwith the AREPO code (Springel2010 at
higherresolution.In this work, we usethe resolutionlevel named
Level4in Grandetal. (2017 with massesolutionof 3 x 10°M
for thedarkmatterparticlesand 5x 10*M for thegascells.

The simulation has a comprehensiveprescription for galaxy
formation physicsthat includesprimordial and metal-linecooling,
starformationandstellarfeedbackchemicalenrichmen{from core-
collapsesupernovaelypela supernovaegndwindsfrom asymptotic
giant branchstars),a sub-grid model for the interstellarmedium,
black hole formation and feedback,uniform photoionizing UV
backgroundandmagnetic elds (seeGrandetal. 2017for details).
Notably,we useAuriga becausé hasbeenshownto containMilky
Way systemswith GES-likemergersn thepast,asexploredin detail
by Fattahietal. (2019. We usethe Fattahietal. (2019 datasetand
brie y describdt below,butwe referthereadetto theoriginal paper
for furtherdetails.

4Virial massin the simulationsis the masswithin a spherewherethe mean
matterdensityis 200timesthecritical density.
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In Fattahietal. (2019, starparticleswereconsideredin-situ’ if
they were bound,accordingto the SUBFIND algorithm (Springel,
Yoshida& White 2001), to the main progenitorof the Milky Way
analogueat their formation time3 If the formation time is at z
> 3, z = 3 associationis adopted.Star particlesbound to the
main halo at z = 0 but that were previously born in a different
halo (in the snapshogfter the time of formation) were considered
‘accreted’®

Fromwithin the Auriga sample Fattahietal. (2019 determinedh
subsebf tenhaloeghatcontainaccretedstarsexhibitinghighorbital
anisotropy, > 0.8andhighmetallicity,[Fe/H] S 1,reminiscenbf
GESin theobservationsThey nd thatthe starscontributingto the
‘sausagefeaturein thesimulationscomefrom asingleprogenitorin
mostcasesandin factthe mostmassiveprogenitorto the halowith
stellar massof 10°S10'°M accreted6—10Gyr ago. We usethis
subsamplef Auriga haloesin exploringthe differentobservational
selectionmethodswhenappliedto the simulations.The properties
of thesehaloesare listed in Table 2. We do not include Auriga 22
althoughit wasin the GESsamplefrom Fattahietal. (2019 asour
observationatutsresultin too few starparticlesfor our analysis.

Forthedynamicalpropertiesye usetheorbitalenergyandactions
(speci cally Lz and Jr), as well as the apocentreand pericentre
distancesor starparticlesdeterminedby Callinghametal. (2022 for
the Auriga haloesusingAGAMA (Vasiliev2019. Thisis especially
importantin selectingGES starsin similar ways comparedo the
observations.

To approximatelyrecreatehe sameobservablearea,we limit our
sampleto  10kpc from anarbitrarysolarviewpointat 8.3 kpc and
with Galactocentricadii largerthan3 kpcto avoid the bulgeregion.
We similarly avoid thediscandapplyacutin |z| > 1 kpc. The GES
starscontributebetweenl and 20 per centto the stellarpopulation
in the observationalindow andwe includethesevaluesin Table2.
With thesampleof starsin thisregionfor thenineMW-GEShaloes,
we appliedthedifferentGESselectionavhich we discussn thenext
section.

5In practicethisis determinedtthesnapshoimmediatelyfollowing thebirth
time.

8Fromthisde nition, starsthatformedfrom thegasstrippedrom thesatellite
areconsideredn-situ.
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Table 3. Propertiesof the next four most massive accretedsatellites
(Column 1) of Au-18 after GES. The restof the columnsare de ned as
follows: (2) peakM™€givenin 10° M , (3) peakMgtal givenin 101 M
(4) Average[Fe/H] of starsassociatedvith eachprogenitor,(5) Percentage
of starsin the observationawindow associatedavith eachprogenitor.

Halo M Miotal [Fe/H] Percentin window
10°M 101m

mil 0.55 0.25 $0.82 0.43

m2 0.25 0.21 $0.80 0.69

m3 0.07 0.11 5093 0.02

m4 0.06 0.09 §1.27 0.03

4.1 Selectionof accretedstarsin simulations

We highlight Auriga 18 (Au-18) to illustrate the different methods
of selectingGES starsbut notethatwe apply theseselectiongo all
of thehaloedn Table2. Following Callinghametal. (2022, we also
look atthe nextfour mostmassivecontributors(labelledm1-m4)to
the stellar halo of Au-18 listed in Table 3, with the mostmassive
progenitorcorrespondingo GES.Thisis to give anideaof theother
accretionevents,in additionto the in-situ material,that can affect
the purity andcompletenessf eachselectionmethod.

Weusedhesameselectiorin thesimulationsasin theobservations
for the E-Lz, eccentricity,Jr-Lz, and action diamondmethods(see
Section2). Unfortunately,the simulationsdo not containelement
abundancefor Mn and Al, makingthe exactcomparisorwith the
chemicalselectiorunawailable.However, Tronrudetal. (2022 hawe
shownthatthe chemistryin Auriga, speci cally [ /Fe] and[Fe/H],
arevery promisingin distinguishingaccretedversusin-situ starsin
the disc using neural network models.We note that the different
assemblyhistoriesand orbital evolution of thesehaloes(by virtue
of being takenfrom a cosmologicalsimulation) posedifferences
in where exactly the GES starslie in thesediagrams,as well as
wherestarsfrom other progenitorslie. However, the selectionsin
observationgregenerallygoodapproximationgor the simulations.
In the end, we aim to comparethe performanceof the different
selectionsvith respecto eachotherwithin thesamehalo,soadopting
the cutsfrom the observationss a reasonablapproach.

Fig. 7 showsthedifferent GESsamplegorange)n theobservable
window selectedin E-Lz, eccentricity,Jr-Lz, and action diamond
methods,from left to right. The ‘true’ GES starsin the de ned
obsenrable window are also shavn in blue. The contoursindicate
the density of starsfrom the top v e massie mergereventsthat
contributedothestellarhaloandareassigneasfollows: GES-black,
m1-bluem2-red m3-greenandm4-magental hebackgroundyrey
histogranmshowsthedensityof all thestarsn theobservablevindow,
which is dominatedby the in-situ stars. Lastly, all thesestellar
populationsareprojectedntotheE-Lz, eccentricity-apocentre, Jr-
Lz, actiondiamond,andV -V,diagramsfrom top to bottom.

It is reassuringhatfor Au-18, the differentselectionmethodsdo
selectheGESstarsalthoughto varyingdegreesFor all methodsthe
majority of thein-situ materialin the observablevindow is avoided
by the GESselectioni.e. theselectedsESstarsoverlaplesswith the
bright grey regionsof the background2D histogram.This overlap
is the greatesfor the eccentricityselection followed by E-Lz, then
theactiondiamond thenlastly by Jr-Lz. We canalsocomparehese
GESselectiondo otheraccretednaterial.For examplem3 (green)
andm4 (magentaprebothathigherenergyandhigh eccentricityso
therearecontaminant§rom theseaccretioreventsn theeccentricity
selectiorwithoutmakingfurthercutsin otherpropertiesin theE-Lz
selectiormethodthecontaminatiorirom m2(red)is greatlyreduced
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becauseahey are at lower energieswhile thesestarsremainin the
GESselectionif we only makea cutin eccentricity.The m2 (red),
m3 (green),and m4 (magenta)accretioneventsalso overlap with
the action diamondbox, thoughwe can seein the other selection
diagramsthat making additionalcutsin energyandapocentrewill
remove thesecontaminantsThe Jr-Lz methodseemdo bethe most
selective,having the leastoverlapwith the otheraccretionevents.
With thatsaid,thelargestcontaminantn eachGESselectionis still
thein-situ material, whichwill bediscussedurtherin Sectior4.2.2

Again,we notethatthe overlapamongthe GES,in-situ, andother
accretedstarsis dependentn the haloandits assembhhistory,and
we aremerelyshowingthe casefor Au-18. However,this doesgive
anideaof whatcontributego our calculategurity andcompleteness
valuesfor eachselectionmethod.Thesevaluesare calculatedwith
respectto the GES starsthat are within the observablewindow,
insteadof thetotal GESpopulation. We do thesefor all nine haloes,
andlist thesevaluesin Table 4. Thereis variety in the purity and
completenesfrom haloto halo,assomehaloesare more GES-like
thanothers.However, in general the eccentricitymethodperforms
bestin termsof completenes$62 percent) and the Jr-Lz method
is bestin termsof purity (33 percent).Converselythe eccentricity
methodobtainsthe leastpure sample(15 percent)while the action
diamondmethodis theleastcomplete(6 percent).

Nowthatwehaveasampleof GESstardromthedifferentmethods
in thesimulationswe canlook into the MDFs from theseselections
versusthe real MDF of GES, both for the total populationandthe
obserablewindow.

4.2 Metallicity distribution function

4.2.1 Total versusobservedsESpopulation

One way of distinguishingaccretedversusin-situ material is by
looking attheirchemistryWe haveshownearlierin theobservations
thatregardlessf theselectiormethod GEShasadistinctMDF from
thein-situ materialcentredatlower [Fe/H]. We similarly investigate
this in the simulations.In Fig. 8, we showthe normalizedMDF of
the correspondin@gsESin Au-18 aswell asthein-situ materialboth
for the total population(top panel)and the populationwithin the
observedwindow (bottom panel).We will refer to the metallicity
from the total stellarpopulationsas[Fe/ H]simwhile thosefrom the
stellar populationsin the observationawindow as [Fe/ H];,,. We
alsoincludea lower massaccretedsystemwith M = 1.4x 10" M
for additionalcomparisonLastly, we markthe median[Fe/H] from
thetotal population(dottedline) andthoseonly in the observational
region(dot-dasHine) for thein-situ stars(purple)andGES(orange).

Forthetotal population(top panel) thereis adistinctprogression
of highermetallicity for higherstellarmasssystemgseealsoFattahi
etal. 2020. Thatis, the GES MDF is centredat lower [Fe/ H]sim
comparedo thein-situmaterialwhilst athigher[Fe/ H]sim compared
to the lower massaccretedsystem.This stellar mass—metallicity
relationshipin the simulationsis encouragingswe canpotentially
use the metallicity of the selectedGES starsto estimatetheir
progenitor’sstellarmassaswe havedonein the observations.

In addition theshape®f theMDF seento bequitetelling aswell.
The MDF of GESis negatively skewed similar thoughto a lesser
degreeto that of the in-situ material.On the otherhand,the MDF
of the lower masssystemis wider, and hasmore of a platykurtic
distribution. Theseare reminiscentof the different MDFs of more
massie versuslessmassie dwarfs aroundthe Milky Way (Kirby
etal. 2013.
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Figure 7. Different GES samplesn Auriga 18 projectedonto the variousselectiondiagrams Columnsfrom left to right: selectionsn E-Lz, eccentricity,

Jr-Lz, andactiondiamond,respectiely. Rows from top to bottom: projectionsof eachGES sampleonto E-Lz, eccentricity, Jr-Lz, actiondiamond,and
V -V,. The selectedGESstarsin the observationalvindow are orangewhile the true GESstarsin the samegalacticregionarelight blue. All the starsin the
obsenationalwindow (which is dominatedby the in-situ material)is shavn asthe grey backgroundThe v e mostmassie contributorsto the accretechalo
in the observableegionare shownas contours(33rd and 66th percentile for the inner and outer contours respectively)with GES-blackm1-blue,m2-red,

m3-greenandm4-magenta.

The MDFs for the observedwindow (bottom panel) however
are quite different, due to multiple factors. The biggest factor
is our spatial cut in z. This preferentially removes the highest
metallicity componentof the in-situ materiali.e. the star-forming
disc. Therefore,the GES and in-situ MDFs seemmuch closerto
eachother. The spatialcut in galactocentriaadius( 20kpc) also
preferentiallyselectsthe higher metallicity componenbof the GES
population. This is becausein the Auriga simulations, GES-like
systemshave beenshownto have a negativemetallicity gradient
beforemergingwith the Milky Way-like galaxy,whereinits central
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regionshawe higher[Fe/H] comparedo its outskirts(Orkneyet al.
2023. The morecentrallylocatedstarspre-mergemaremorebound
andstrippediater,endingup atlower galactocentricadii in the host
galaxy,post-mergerThereforewith ourspatialcut, wetendto select
thesehighermetallicity starsfrom the progenitor.On the ip side,
for someof thehaloesvherethe GESsinksdeepeinto thecentrei.e.

3 kpc, our galactocentricadiuscut removesthe most-metalich
part of the GES population.Interestingly,previousworks with the
Aurigasimulationge.g.Ciucaetal. 2022 Orkneyetal. 2022 Pinna,
Walo-Martn & Grand2023), foundthatastarbursts inducedduring
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Table 4. Purity and completenesin termsof percentagdrom the different selectionmethodsfor the nine Auriga haloes

investigatedn thiswork.

halo E-Lz Eccentricity Jr-Lz Action diamond
Purity ~ Completeness Purity  Completeness Purity ~ Completeness Purity — Completeness
Au-5 45 52 41 78 66 24 56 10
Au-9 16 41 15 58 23 13 20 6
Au-10 3 39 6 83 12 23 11 10
Au-15 14 43 21 52 29 8 23 5
Au-17 9 36 5 71 15 23 8 6
Au-18 29 49 13 83 33 33 23 11
Au-24 27 45 14 62 35 24 21 7
Au-26 46 4 38 46 40 10 41 4
Au-27 24 3 28 54 33 9 32 5
Median 24 41 15 62 33 23 23 6

Figure 8. MDFs for the total populationandin the observationalvindow.

Top: MDF of the total populationsfor GES (orange),in-situ stars(purple),
a lower masssystemwith M = 1.4x 10'M (m7, black), andthe restof

theaccretednaterial(grey)for Au-18. The MDFs peakat higher[Fe/H] for

highermasssystemsBottom: MDF for the GES (orange),in-situ (purple),
andtherestof theaccretedgrey) starsin our de ned observationalindow
for Au-18. Both panelsincludethe median[Fe/H] from thetotal population
(dottedline) andin the observationategion (dot-dashline) for the in-situ

starsand GES.The MDFs of thein-situ starsand GESseemmuchcloserto

eachotherdueto the removalof the highermetallicity disc starsand some
lower metallicity GES stars.The MDFs are normalizedsuchthat the area
underthe curveequalsone.

Figure 9. Comparisorof themetallicityfor thetotal GESpopulation(x-axis,
[Fe/ H]sim) versusheGESstarsin theobservablevindow (y-axis,[Fe/ H] gi,)-

Dashedyreyline showsl:1correspondenc@hemajority of the GESmaterial
in the obsenablewindow hashigher[Fe/H] thanthe total population.Due
to the progenitor'snegative metallicity gradient,i.e. its centralregiontends
to havehigher metallicity starsthanthe outskirts,and our spatialselection
of 20kpc, we missthe lower metallicity tail of the progenitorthat are at
greaterdistances.

the MW-GES merger,increasinghe overall stellarmetallicity.” We
showtherelationbetweerthe averagemetallicity in the observable
window, [Fe/ H],, versusthe total population,[Fe/ H]sim, in Fig.
9. Table5 alsolists these[Fe/H] valuesfor the observablaevindow
andthetotal population(in additionto their associatedtellarmass
estimatesdiscussedater Sectiord.3). Althoughthe [Fe/ H] of the
GESpopulationis differentfrom the observablevindow compared
to that from the total population,it is reassuringhat thereis still
a positivetrend— i.e. the haloeswith higher [Fe/H] for the total
GESpopulationgenerallyhavehigher [Fe/ H] from theobservable
window as well, with an offset of 0.150.2dex. This difference
thereforeaffectsthe estimatedM from the [Fe/H] of GESstarsin
total versusthosein the observablewvindow, as later discussedn
Section4.3. In generalthe [Fe/ H] in theobsenablewindow tends
tobehighercomparedothe [Fe/ H] of theoverallpopulationThere
aretwo haloeswherethis is not the case,dueto theseprogenitors
beingmoremassiveandtheir highermetallicity starssinkingdeeper

"By de nition, thesestarswould be consideredn-situ in this work.
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Table 5. Mean[Fe/H] of thetrue GESpopulationwithin the observational
window and the whole progenitor,and the resultingM derivedfrom the
mass—metallicityelationshipof disruptedsatellitesshownlaterin Fig. 11.

Halo [Fe&/Hlsim  [F&/Hlsim log1o(M®s) log1o(M®s)
observed all observed all

Au-5 5078 $0.89 10.08+ 0.38 9.75+ 0.38
Au-9 S1.28 S1.36 8.68+ 0.38 8.48+ 0.38
Au-10 S112 S115 9.12+ 0.38 9.05+ 0.38
Au-15 S0.91 S 1.00 9.71+ 0.38 9.46+ 0.37
Au-17 S141 $1.48 8.37+ 0.38 8.19+ 0.37
Au-18 S 110 S1.20 9.19+ 0.39 8.92+ 0.37
Au-24 $1.00 $0.79 9.48+ 0.37 10.03+ 0.38
Au-26 S$0.98 $0.89 9.49+ 0.37 9.75+ 0.37
Au-27 5095 $1.03 9.60+ 0.38 9.40+ 0.38

into the centreof the Milky Way-like galaxy, which we excludein
our selection.

4.2.2 MDF fromdifferentselections

We now investigatehe MDFs of GESfrom the observablavindow.
Beforethis, however, we reiteratethatthe cutswe appliedgenerally
madethe GES MDF closerto that of the in-situ population.And
in fact, with the different selectionmethodsexplored,the MDFs
haveessentiallybeenindistinguishabldrom eachother. Therefore,
separatinghe GES from the in-situ material basedon their total
MDF from eachselectionis non-sensicalModelling this MDF to t
multiple componentsvould producearti cial distributionsthat do
not havephysicallymotivateddifferentstellarpopulations.

This effect is largely due to the high-masssatellitesin Auriga
being too metal-rich(by 0.5dex) comparecto the observations,
ashasbeenshownin Fig. 13 from Grandetal. (2021). To alleviate
this, we shifted the [Fe/H] of all taggedaccretedmaterial down
by 0.5dex, which we now call [Fe/ H];,,. In Grandet al. (2021),
the mismatchin the satellite MZR betweenthe observationsand
simulationsis strongerfor GES-masssystemswhich lessensand
showsbetteragreemenat the lower massend.However,we apply
the 0.5 dex shift in [Fe/H] to all accretedpopulationbecausehe
lower masssystemgontributevery minimally within theobservable
window, andevenmoresoin theselectiormethodsxplored We use
[Fe/ H]ginin identifying the MDF of the GES versusin-situ stellar
populations.

With the [Fe/ H],,, we show the normalized (un-normalized)
MDFs for the different GES selectionsin Au-18 asthe grey solid
histogramsn thetoprow (bottomrow) of Fig. 10. We performGMM
ontheseMDFsto determinghenumberof differentcomponentshat
contributeto the distribution. The optimal numberof components
was determinedthrough BIC, and theseGaussiansare shown as
the dashedlines in the rst row of Fig. 10 (the total best- tting
GMM is shownwith the solid line). In determiningthe peakthat
is associatedvith the GES,we areinformed by our explorationin
Section 4.1, speci cally pertainingto the purity of the selection
summarizedn Table 4. This tells us that in the simulations,the
majority of the selectedSESstarsfrom any of the methodsare not
associateavith GES.However, of all theaccretednaterial the GES
mergetis typically themostdominantcontributorin thehaloatthese
distancegseealsoFattahiet al. 2019regardinghow this sampleof
Auriga haloeswasselected).

With this in mind, we ascertainedhat it is the secondmost
dominantcomponen{which turnsoutto alsobe the seconchighest
metallicity component)that is associatedvith GES. For example
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and as shownin Fig. 10, the GMM for the MDF of Au-18 gives
a GESthat peaksat [Fe/ H],,=S 1.28,50.81,51.19,and S1.15
for the E-Lz, eccentricity,Jr-Lz, and action diamond selections,
respectivelyOntheotherhand theactualmostdominancomponent
for eachselectionmethodin the simulationscorrespondgo the
in-situ material which peaksat a higher [Fe/H]. We tabulatethe
different mean[Fe/ H];,, for GES from eachselectionin Table 6
for all nine haloesinvestigatedWe note againthat we are quoting
[Fel H]g,, in the table,which areshiftedlower by 0.5dex from the
truevaluein theobservationalvindowin thesimulations[Fe/ H] .
ComparingheMDFsin theobservation¢Fig. 6) to theseonesin the
simulations(Fig. 10) highlightsthatthe latter alsolook differentin
thattheyarenotmultimodal.Thein-situ starsin theMilky Way have
amorewidely separabl®DF fromtheGESstarsn theobservations,
whereasheyarelessdistinguishablén thesimulationsasillustrated
in Fig. 8. We note that thesetwo effectsi.e. the in-situ material
dominatingthe selectioninsteadof GESstars,andthe GESandin-
situ MDFs being lessdistinguishablefrom eachother, are due to
thefollowing factors:(1) the largerstellarmassedor the GES-like
systemsin Auriga especiallywith respectto the Milky Way host
enablethe galaxiesto be morechemicallyenrichedthanis expected
in the observations(2) ata similar massscale the satellitegalaxies
in Aurigagenerallyhavehigher[Fe/H] thanseenn theobservations,
(3) thein-situ discsin Auriga aredifferentandthickerthanthereal
Milky Way’s, thereforethe spatialcut we appliedis not gettingrid
of alot of in-situ starsaswe do in the observationsand(4) noneof
theseare ‘exact’ GESin termsof their massand orbit so the ratio
of in-situ to GES starscanvary andwill not be exactly like what
we seein theMilky Way. Thereforewe expectthe contaminatiorin
the simulationsto be differentandin fact muchlargercomparedo
thetrue contaminatiorin the observationsNonetheless,exploring
thesehaloesn thesimulationds informativeastheystill correspond
to a massivemergerthathappenedt earlierepochsandcontribute
signi cantly to theradially anisotropicstellarpopulationin the halo,
muchlike the GESin the observations.

We alsoshowthe MDFs for thetrue in-situ andGES populations
from eachselectionin the bottom row of Fig. 10. This con rms
our assignmenbdf which Gaussiarcomponentorrespondso GES,
asidefrom the eccentricityselectionwhichwasbest t to havethree
componentshecausef (1) thelower [Fe/H] peakof GEScompared
to thein-situ materialand(2) the largerspreadn the MDF of GES
stars.Oneobviousdrawbackin usingGMM to separatehe in-situ
versusGESMDFsis alsohighlightedhere:thetruein-situandGES
MDFs do not necessariljollow a Gaussiardistribution,thoughwe
haveappliedthis assumptionNonetheless,it is reassuringhatthe
GES(orangehistogram)andin-situ (purple histogram)populations
makeup the bulk of the samplein eachselectionrmethod,asadding
thosetwo histogramstogetherwould give the total MDF (grey
histogram).

4.3 Stellar massdetermination

In theprevioussectionwe havethoroughlyexploredthe MDF of the
GES population— asa whole (e.g. [Fe/ H]sim), in the observable
window (e.g. [Fe/ H];,, and [Fe/ H],which is shifted down by
0.5dex), andwith the different selectionmethods Now we usethe
[Fe/H] estimatedrom the different GES selectiongo convertto a
stellarmassestimateaswe havedonein the observationsin Fig. 8,
thereappeardo be a mass—metallicityrelationshipin the satellites
aroundthe Milky Way systemsn Auriga with the MDFs arranged
from lowestto highestmetallicity going from the leastto the most
massivesystem.
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Figure 10. Metallicity distributionfunctionsfrom different selectionmethodsin the simulations.Top: NormalizedMDF of the stellarpopulationsirom the

differentselectionmethodsin the simulations Fromleft to right, we showthe sampledrom the E-Lz, eccentricity,Jr-Lz, andactiondiamondselectionsThe

black line indicatesthe total best t from the GMM while the solid dashedines arethe individual GaussiansThe associatedsES [Fe/H] determinedrom

the GMM is notedin thelegendof eachsubpanelBottom: Un-normalizedVIDF of the stellarpopulationdrom the selectionmethodsshowingthe truein-situ

(purple)andGES (orange)populationswithin eachsample The metallicity shownhereis [Fe/ H]simi.e. the[Fe/H] in the observablevindow, with theaccreted
materialshifteddown by $0.5 dex. SeeSectionst.2.1and4.2.2for this discussion.

Table 6. Mean[Fe/H] of the GES componenfrom the GMM in the observablevindow, andthe associated estimatefor GESfor the differentselection
methodsn thesimulationsThe[Fe/H] listedin columns2—5are[Fe/ H]sim, i.€. shifteddownby 0.5dexwhichwasappliedduringthe GMM (seeSectiord.2.2).
Thestellarmassesn columns6-9arederivedfrom shifting backup the listed metallicitiesby 0.5dexandusingthe MZR for the satellitesin the simulations.

(1) (2 (3) (4) (5) (6) (7) (8) 9
Halo [Fe/ Hlsim [Fe/ H]sim [F&/ H]sim [Fe/ H]sim log1o(M®s) log1o(M®s) log1o(M®s) log1o(M®s)
E-Lz eccentricity Jr-Lz Jdiamond E-Lz eccentricity Jr-Lz Jdiamond

Au-5 $1.00+ 011 $1.09+ 008 $0.89+ 0.05 $0.99+ 0.04 9.45+ 0.50 9.27+ 043  9.78+ 0.42 9.48 + 0.40
Au-9 $1.01+ 024 $1.04+ 039 $0.93+ 007 $1.17+ 0.28 9.43+ 0.76 933+ 1.13 9.64+ 0.41  9.07+ 0.87
Au-10 $090+ 024 $1.09+ 035 $1.10+ 026 5097+ 0.12 9.71+ 0.76 9.24+ 0.99 9.18+ 0.84 9.52+ 0.49
Au-15 $0.96+ 034 $0.63+ 008 $0.75+ 007 5089+ 0.20 955+ 0.99 10.45+ 0.43 10.15+ 0.44  9.79+ 0.67
Au-17 §142+ 031 $1.19+ 031 $1.04+ 013 $0.84+ 0.16 826+ 0.93 897+ 0.90 9.39+ 054 9.92+ 0.55
Au-18 $1.28+ 024 S0.81+ 014 S$1.19% 0.36 S1.15% 0.35 8.71% 0.75 998+ 054 893+ 1.09 9.05+ 1.03
Au-24 $§1.09+ 019 $0.81+ 007 $1.22+ 020 5090+ 0.09 9.21+ 0.64 998+ 0.44 8.87+ 0.66 9.73+ 0.46
Au-26 $1.15+ 007 $0.87+ 007 S1.11+ 0.18 $0.90% 0.10 9.01+ 0.41 9.81+ 041 9.18+ 0.63 9.72+ 0.45
Au-27 §1.22+ 025 $059+ 003 $1.09+ 014 $096+ 0.11 886+ 0.79 1056+ 0.40 9.24+ 0.53 9.63+ 0.49

We furtherexplorethis relationshipandshowthe mean[Fe/ H]gim
versuspeakstellarmassM , for the destroyedsatellitesaroundthe
Auriga haloeswith GES-likemergersn Fig. 11. It is apparenthat
theMZR in thesimulationsholdsfor alargerangein M and[Fe/H],
speci cally over the rangewherethe GESprogenitordie. This has
beensimilarly notedin previousstudieson the Auriga satellites
(e.g.Grandet al. 2021; Deasonet al. 2023. We adopteda simple
linearrelationshipto describeheMZR, givenby [Fe/H] = 0.37x
log(M /M ) — 3.99with a scatterof 0.13dex/log(M /M ).

We adoptthis MZR to get the stellar massestimatesM®s, for
the GES-likesystemsn Auriga listedin Tables5 and6. We shifted
backupthe[Fe/ H], in Tables5 and6 by 0.5dexto [Fe/ H];,, and
usedthis metallicity to derive M®S'suchthat the GES metallicities
are back on the samescaleas the MZR in the simulations.We
illustratethe distributionof the differentmassestimatedor the nine
Auriga halosin Fig. 12. Speci cally, we showa violin plot of the
logo(MESYM€) from the different selectionspacego moreeasily
seetheirdistributionwith respecto theM'™¢(markedasdashedine).
Thewhitedotshowsthemedianthegreybarshowshe rst andthird

guartiles,and the thin grey line showsthe restof the distribution,
barringoutliers.In general all massestimatesreableto reproduce
the M'"€ but to varying precisionandaccuracyWe notethatagain,
a lot of the scatterhereis mostly due to the different assembly
historiesof the haloesthat we investigated However, this is also
why comparisonso thereal GESstarsin the observationaWindow
(pink) andits total population(brown)areelucidating.
Interestingly,the M®st derivedfrom the GES starsin the obser-
vationalwindow seemso be closerto the true value comparedo
if we takeall of the GES stars.The former hasthe medianvalue
right atthetrue valuewith log;o(M®Y M'™€) = 0.02while the latter
is underestimateaith logyo(M®sY M™€) = $0.24.However, based
on Fig. 11, more than half (5/9) of the GESin the simulationslie
below the MZR. The offset betweenthe MZR andthe progenitors
belowthis relationshipis alsolargercomparedo the offsetwith the
progenitorghatlie above it. Theunderestimatechassfrom thetotal
populationis thereforeexpectedwhile the ‘correction’ to the true
valuefrom the observationalvindow is dueto the biastowardsthe
highermetallicity starsof the GESprogenitorWe notehowever that
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2180 A.Carrillo etal.

Figure 11. Mass—metallicityrelationship(MZR) in the satellitesaroundthe
Auriga haloesthat have GES-like mergers.Every colour correspondgo a
different satellite populationaroundthe samecentral galaxy. The GESin
eachhalois highlightedwith a black circle. The MZR in the simulationsis
shownasa dashedlackline with onesigmaabove andbelowthis relation
lled in grey.

Figure 12. Violin plotof massestimateatiosderivedfrom [Fe/H] for theE-
Lz, eccentricityJr-Lz,andactiondiamondmethodsiswell asGESpopulation
in the observablavindow andthe GEStotal population,orderedfrom top to
bottom.

this distribution of the M®st from the total populationhappenedy
chancepurelybasednwheretheylie onthe MZR.

In termsof accuracyon M€, theactiondiamond(orange)method
is the mostaccuratewith medianlog;o(M®sY M"™€) = $0.01. The
Mesdistributionsfrom the E-Lz (blue)andJr-Lz (green)methodsare
alsogenerallyaccuratej.e. crossingthe 1-to-1line, thoughin bulk
theE-Lz methodunderestimatethetruemasswith logyo(MesY Mu€)
= $0.17 (factor of 0.7 lower) and Jr-Lz overestimatingwith
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logig(MeY M™€) = 0,17 (factor of 1.5 higher). The eccentricity
methodis the leastaccuratawith a medianlog;o(M®sY M"€) = 0.41,
which overestimatetheM'"® by afactorof 2.6.Althoughtheeccen-
tricity selectionis the mostcomplete,it alsohasthe lowestpurity.
The fact thatit is the leastaccuratein estimatingthe true M is in
line with this. Theconversas nottruehowever; the purestselection,
Jr-Lz, doesnot necessarilyive the mostaccurateM ®Sbut the action
diamonddoes.This is alsointerestingasthe actiondiamondby far
hasthelowestcompletenessf all dynamicalselectionsandit hasa
comparableurity to the E-Lz selection.The ef cacy of the action
diamondmethodis likely dueto the contaminatingn-situ starsin
thesameselectiorregionhavingdistinctly highermetallicity (asthey
comefrom theinnermostregionsof the galaxy),which makestheir
MDF moreeasilyseparablérom thoseof the GESstars We dowant
to emphasizéhatthesadistributionsarebasednly onnineGES-like
systemsandarethereforeproneto smallnumberstatistics Nonethe
less,it seemghata smallerGES samplesizeanda purerselection
givenbytheJr-Lzandactiondiamondnethodslendto moreaccurate
stellarmassestimatesMeanwhile alargerGESsamplethatis more
completebut lesspuresuchasthat from the eccentricitymethodis
theleastaccurateandoverestimateshe stellarmass.

This exploration of nine GES-like progenitorsin the Auriga
simulationshas shownthat eachselectionmethodis bene cial in
their own right. The selectionin Jr-Lz wins in terms of purity
(33 percent), eccentricityin completenesg62 percent), and the
E-Lz, JrLz, but mostof all the actiondiamond,in inferring M€,
Interestingly thoughunsurprisinglythe [Fe/H] for thetotal GES
populationis lowercomparedo the [Fe/ H] for theGESpopulation
in theobservationavindowbecauseve areprobingpopulationghat
weremorecentrallylocatedin the progenitorpre-mergerwhich are
alsohigherin [Fe/H]. Althoughthe M estimatefrom the MZR for
thetotal populationis generallyunderestimatedecaus¢hemajority
of thehaloeshappenedo bebelowthe MZR, thebiastowardshigher
[Fe/H] in the observationalindow bringsthe M estimatecloserto
thetruevalue.

5 DISCUSSION

In the rst partof thiswork focusingontheobservationgSection2),
we havedeterminedhat the estimatedstellarmassof GESdiffers
by afactorof 2dependingntheselectiormethod.The[Mg/Mn]-
[Al/Fe] selectiongives the lowest estimatewhile the eccentricity
selectiongives the highest estimatebasedon their MDFs. The
assumptiorthatlargelychangesheM howeveris theadoptedViZR
whichrangedrom 2.37t05.26x 10° M assuminghez = 0 Kirby
etal. (2013 relationto 2.4555.30x 10°M assuminghedisrupted
dwarfs(z > 0) relationfrom Naiduetal. (2022. Thisis anorderof
magnitudedifference!Sufce to say,therealM of GESis likely in
betweerthesevalues.

In the secondpart focusingon the simulations we thentestour
methodof identifying GESstarsandsimilarly derivetheirM using
the MZR for the disruptedsatellitesin Auriga. We arethenableto
comparethis to the true valuein the simulationsshownin Fig. 12.
Thereis notonemethodhatgivesthehighestor lowest)estimateor
theM acrossall the Auriga haloedistedin Table6 becausef their
differentassembljistoriesHowever,in generaltheactiondiamond
methodgivesthe mostaccurateM®s,, while the eccentricitymethod
is theleastaccurateandon averageoverestimatetheM by afactor
of 2.6.In theobservationsthe eccentricitymethodsimilarly gives
the highestM®for GES, followed by the actiondiamond E-Lz, Jr-
Lz, andlastly [Mg/Mn]-[Al/Fe]. The GESsystemin Au-24 follows
a similar trendin the M®sasin the observationswhich hasa peak
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Figure 13. EccentricityversuscurrentGalactocentriaadius,Rsc, colouredby metallicity. The top row shaws this for all the observeddataaswell asthe
GESsampleghroughthe [Mg/Mn]-[Al/Fe] andE-Lz selectionmethodgfrom left to right, respectively) The bottomrow showsthein-situ, GES,andall other
accretednaterialin theobsenationalwindow for Auriga 18. It is noteworthythatthein-situ starshavedecreasingnetallicity with highereccentricitywhile the
GESshowsthe oppositetrend. Thetwo selectionrmethodsn the observationgjualitativelymatchour expectationgrom the simulations.

Miue= 256 x 10°M . From Table6, the variationin MeSwithin
eachAurigahaloislargerin thesimulationssomparedo thatfromthe
observationsNVe conjecturdghatthisis drivenby the GESheingmore
massiveand having higher metallicity in the simulations,making
it lessdistinguishablegrom the in-situ populationcomparedo the
observeddata and thereforeaffecting the [Fe/H] from which we
deriveastellarmass.

For the majority of this work, we havegonethroughthe details
of derivingtheM of GES.But for understandingvhetheror notwe
canpick andchoosea GESselectiormethod,t is worthlookinginto
otherprogenitorpropertiesaswell.

5.1 GES eccentricity

We further checkthe validity of our selectionsby looking at the
eccentricityof starsversustheir currentGalactocentricadius,Rgc,
asshownin Fig. 13. Thetop row showsthesepropertiesasseenin
the observationgor all the stars(left), andthe GESstarsasselected
from [Mg/Mn] versus[Al/Fe] (centre),andfrom E-Lz (right). We
only show resultsfrom thesetwo selectionmethodsbecausehey
arethe only onesthatspanalargerangein eccentricity(seeFig. 5).
The bottomrow showsthe sameplot from the observablevindow
for starsthatarein-situ (left), from GES(centre),andfrom all other
accretedmaterial(right) for Au-18 in the simulations.In addition,
boththetopandbottomrowsarecolouredby [Fe/H] butwe notethat
therangesredifferentbetweertheobservationandthesimulations.
It is apparentthat the way in-situ stars occupy this spaceis
differentcomparedo the GESstars.First, the parentsamplein the
observationss clearly dominatedby highermetallicity in-situ stars
thatin generalshow progressivellower metallicitieswith higher
Rcc. Thisis similarly observedor thein-situ starsin thesimulations
aswell. Onedifferencehowever,s thatthelower Rgc samplein the
obsenationsshov lower metallicitiesat high eccentricitywhereas
this doesnot exist in the simulations. This is likely due to the
differencedn the Auriga discsversusthe Milky Way in additionto

our simpleselectiorfunctionin thesimulationsln contrastthetrue
GESstarsin the simulationsdo not showsucha progressiorwhich
at rst glanceseemdo counterour intuition aboutthe presencef a
metallicity gradient However, thisis becausave aremainly looking
at their currentRgc (over a small rangein Rgc) which is not a
preservedjuantity. Of the two selectionmethodsnvestigatechere,
the chemistryselectionresemble<GES betteras suggestedy the
simulations.The E-Lz selectionshowsa metallicity gradientwith
higher [Fe/H] at lower Rgc which is due to contaminationfrom
in-situ starsasshownin Figs5 and®6.

Anotherinterestingdistinctionbetweerthe in-situ and GESstars
is the oppositgFe/H] gradientfrom low to high eccentricityForthe
in-situ stars,the lower eccentricitystarshavehigher[Fe/H] which
progressivelygoesto lower [Fe/H] at highereccentricity,especially
at higherRgc. Indeedwe seethis bothin the observationsandthe
simulations.On the otherhand,it is the oppositestory for the GES
stars-atlowereccentricitythoughtherearefewerstarsin thisregion,
the GESstarshavelower [Fe/H].2 A largerpercentagef the higher
[Fe/H] sampleare in fact at higher eccentricitiesas well. This is
reasonablé& we considelapre-existingnegativemetallicity gradient
for the GES progenitorandthat the starsthat are strippedlater are
morecentrallylocatedandhighly radializeddueto dynamicafriction
(Amorisco2017, Vasiliev 2019 Amaranteet al. 2022. Indeed,we
similarly seethis in the observationdor both selectionmethods.
However, due to the contaminationfrom in-situ starsin the E-Lz
method this [Fe/H] gradientalongthe eccentricityaxis seemgo be
strongercomparedo thatfrom the [Mg/Mn] versugAl/Fe] method
andfrom thetrue GESpopulationin Au-18.

We also showthis eccentricityversusRgc diagramfor all other
accretednaterialin theobservablevindowin Au-18to highlightthat
thislooksdifferentfromtheGESstarsForall otheraccretednaterial,

8We haveinvestigatedhis diagramfor the otherAuriga haloesin this work
andtheyin fact showstrongettrends However,we chooseo showAul18for
consistency.
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Figure 14. Metallicity gradientversusenergyof Auriga GES systemsin

theobsenationalwindow. Themetallicity gradient, [Fe/ H];eg, is obtained
using the meanorbital radiusi.e. the averagebetweenthe apocentreand
pericentreof the star.Eged Eingsity iS de ned astheratio betweerthe 10th
percentileof the GESstarsandthe 10thpercentileof thein-situstarsin energy
space.The points are also colouredby the GES total mass.In addition,
we show the GES from the Jr-Lz (green),action diamond (orange),and
eccentricity(yellow) selectiondn the observationss stars.The datapoint
for the [Mg/Mn]-[Al/Fe] selectionis outsidethis diagramand markedwith

anarrow.

the[Fe/H] gradientis oppositeto the trendfor GESasa function of
eccentricity.Thatis, all otheraccretedstarshavedecreasingFe/H]
with highereccentricity.In addition,at the high eccentricityregion,
the[Fe/H] for the otheraccretednaterialarelower thanthe GES.

With this exploration,we nd thatthe chemicalandE-Lz selec-
tions qualitatively reproducethe trendsin eccentricity, Rgc, and
[Fe/H] as the true GES population. However, due to the larger
contaminationof in-situ starsin the E-Lz selection,the chemical
selectionis the bettermethodfor encompassinghe natureof the
GESalongtheseaxes.

5.2 The total massof GES

Sofar, we havebeenookingatthestellarmasof GES— nowwewill
focusonobtainingthetotalmasausingonly observationatjuantities.
In Fig. 14, we showthe metallicity gradientfor the GESstarsversus
how deepthe GESsinksinto the potentialfor the nine haloeswe
lookedatin Auriga. Here,we useonly the starsthatarewithin the
obsenationalwindow in the simulations.In addition,we coloured
thesecircles by the total massof GESin Auriga. The metallicity
gradient, [Fe/H]seg is obtainedusingthe meanorbital radiusi.e.
the averagebetweerthe apocentreandpericentreof the star,which
shouldretainmorepre-mergeinformationcomparedo the current
Rcc. To quantifyhow deepthe GESsinksinto the potential,we use
the in-situ starsas a referencepoint. We took the ratio of the 10th
percentileof the GESstarsandthe 10thpercentileof thein-situ stars
in energyspaceEced Enssiu- The relativetrendis moreimportant
thantheabsolutevalueshere— GESsystemswith lowerratios(to the
left) lie athigherenergieavhile thosewith largerratiosareat lower
energiesandaremorebound.

By comparinghesewo observableg thesimulationsve already
seeacleartrend:systemsvith asteepemetallicitygradienti.e.more
negative) sink deeperinto the potential(i.e. higher Eged/ Einssit)-
This is madeevenclearerwhenlooking at the total massof GES.
Indeed,the systemsthat sink deeperand have steepemetallicity
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gradientscorrespondto haloesthat are more massive.This is
expectedasmassie systemsvould hawve starsthataremoreboundto
the progenitor,which would thereforebe strippedmuchlater when
GESis deepeinto thehost’spotential.It alsomakessenseahatthese
samesystemdavesteepegradientasMonachesetal. (2019 found
thatthe Auriga stellarhaloesthathavesteepemetallicity gradients
tendto be dominatedby afew signi cantly largemergers.

With this promisingresult,we canpotentiallyusethe metallicity
gradientandEged Einssiy Of Our selectedGESstarsin the observa-
tionsto obtainatotal massof the GESprogenitorWe testthis outfor
the GESstarsselectedhroughthechemistryeccentricity Jr-Lz,and
actiondiamondmethodsshownasthe non-circularmarkersin Fig.
14. Becauseur selectionfunctionin thesimulationss very simple,
we are not mimicking the fact that we shouldobservefewer stars
with lower Rgc (that are at larger heliocentricdistances)ecause
theyarefainter. Thesestarsaremoreboundandhavelower energies
whichincrease¢heabsolutevaluein thedenominatoof Eged/ Einssitu-
This is not what we seefor the parentsamplein the observations
(dominatedby in-situ stars)becauseve are biasedby the higher
energiesandlargerLz of the brighterdisc stars.Therefore we only
look at starswith [Fe/H] < $0.8 in calculating Eged Eingsit t0
mitigate the effect of the higherenergystarsfrom the disc. On the
otherhand,we note that we are potentially losing the mostbound
andhighestmetallicity starsfrom GESby imposingthis. In addition,
althoughweapplythiscutin calculatinghowdeephe GESsinksinto
theMilky Way potential we donotapplythesamecutfor calculating
themetallicity gradientasthis would introducea sharpandarti cial
boundary.

TheJr-Lz,actiondiamond andeccentricityselectedsESsamples
hawe similarly negative metallicity gradientsas the GES in the
simulationsTheyin factlie onthesamemetallicity gradient—energy
relation which is reassuringIn contrast,the chemically selected
GES samplehasa positive metallicity gradient.Upon inspection,
we nd that this is largely due to a metallicity bias in that this
sample has the lowest value in [Fe/H] in the innermostmean
orbital radiusi.e. [Fe/H] S 1.0 comparedto the other selections
thatreach[Fe/H] S 0.5 at the sameradius.This hadthe net effect
of inverting andmakingthe [Fe/ H] g positivefor the chemical
selection.We are more likely to believe the metallicity gradient
obtainedfrom the Jr-Lz methodbecausdl) it is lesscontaminated
by in-situ materialin the observationsas shownin Figs 5 and 6,
and (2) this is backedby the simulationsthat show it selectsthe
purestGESsample(seeTable4). Theactiondiamondselectionalso
seemgromisingandgives [Fe/ H]gzsand Eged Eingsiu Valuesin
betweenthe Jr-Lz and eccentricitymethods.The recentwork by
Khoperskowetal. (2023 alsoestimateametallicitygradienof 50.14
dex kpc>t with respecto the guidingradius,in agreementvith our
results.

Fromwherethe GESlies basedon the Jr-Lz andactiondiamond
methodswe estimatethat GEShas a total massof 10105111\
in the samerangeasthat of Au5, Aul0, Aul7, Aul8, and Au24.
This independenestimateis lower but well within the range of
halomassesbtainedusingthe SMHM relationfrom Behroozietal.
(2019 in Tablel. Thisalsoagreesvith previousestimate®f theGES
total massusingtailoredN-bodysimulationge.g.Naiduetal. 2021)
and globular clusters(e.g. Callinghamet al. 2022. This method
is indeedpromisingbecauseéhe total massestimatebypassesany
assumptionsn theform of the stellarmass—metallicityelationship
andthe SMHM relation.In addition,it doesnotrely ontheabsolute
valuesof GESpropertiedutinsteaddealswith therelativetrendsin
[Fe/H] andenergiesThe mainassumptiorhereis thatthereal GES
resembleshe GES-likesystemsn the Auriga simulations.
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6 CONCLUSIONS

Arguablythe mostsigni cant mergerthathappenedh our Galaxy’s
history, the GES event,hasbeenstudiedin greatdetail utilizing a
variety of selectionmethodsand sunweys. In this work, we try to

understandf we canreally pick andchoosethe way thatwe select
theseaccretechalostarsandhow this affectstheinferredprogenitor
propertiesWe do this in two parts— rst in the observationshenin

the simulationswherewe know the true GES-like population.The
maintakeawaysfrom this work areasfollows:

(i) In the obsenations, given the sameAPOGEE + Gaia par-
ent sample,we selectbetween144 (from Jr-Lz) and 1279 (from
eccentricity) GES starsdependingon the selectionmethod.These
GESsamplesvhenprojectedbntotheotherselectiordiagramshow
varyinglevelsof agreemenandcontaminatior(Fig. 5).

(i) Thelevel of contaminatioris further supportechy the MDFs
of the GES samples:the E-Lz, eccentricity,and action diamond
methodsall show multimodal distributions,with a higher [Fe/H]
peakcorrespondingo in-situ stars.On the otherhandthe [Mg/Mn]-
[Al/Fe] andJr-Lzmethodhavemorewell-behavednormaldistribu-
tions,indicatingpurerselectionsFromGaussiamixturemodelling,
the GESMDF peakssomewherbetweerS 1.28 < [Fe/ H] < $1.18
dex(Fig. 6).

(i) Therangein [Fe/H] naturallygivesarangein theM estimate
fromtheMZR thataredifferentby afactorof 2 betweerthedifferent
selectionsHowever,moreimportantlythantheselectiormethodthe
adoptedVIZR is the moresensitivefactorthatchangeshe estimated
M by an order of magnitude(Table 1). Basedon the [Mg/Mn]-
[Al/Fe] MDF in the observationsGEShasa lower limit onthe M
of2.37x 1M andanupperimit setby thetotal stellarhalomass
(e.g. 1.4x 10°M ;DeasonBelokurov& Sanderg019. TheM
basedon the averageof all ve methodsin the observationsising
thez = Orelationis 4x 10°M .

(iv) In the simulations,we found that the Jr-Lz methodis best
in selectingthe purestGES sampleat 33 percent purity and the
eccentricitymethodis bestin selectingthe most complete GES
sampleat 62 percentcompletenesérig. 7 andTable4).

(v) Theobserved [Fe/ H] for GESis generallyhighercompared
tothe [Fe/ H] from thetotal GESpopulationdueto the presencef
anggative metallicity gradientin the progenitor(Figs 8 and9).

(vi) Usingthe MZR from thedestroyedsatellitesin the Aurigato
estimateM (Fig. 11), we found that the eccentricitymethodtends
to overestimatehe mostby a factor of 2.6, followed by the Jr-Lz
methodby afactorof 1.5.Theactiondiamondyivesthemostaccurate
Mestwhile the E-Lz methodunderestimatethetrueM of GESby a
factorof 0.7.Nonethe less,theyall areableto getcloseto thetrue
M dependingonthe Auriga halo (Fig. 12).

(vii) Bringingtogethetheobservationandsimulationswefound
thatthe GESandin-situ starsin the simulationshavedistinct[Fe/H]
trendsin the eccentricityversusRgc space.e.the GESstarstendto
havehigher[Fe/H] at highereccentricitiesvhile the oppositetrend
existsfor thein-situ material. Thisis qualitativelyreproducedy the
[Mg/Mn]-[Al/Fe] andE-Lz methodsn the observationgFig. 13).

(viii) Lastly, we are able to estimatea total massfor GES
(10155111 M ) usingonly the relationshipbetweenthe metallicity
gradient and energy of the GES remnant, and the underlying
distributionof GEStotal masseshatdrive thisrelationin the Auriga
simulationg(Fig. 14). Thisis very encouragin@sit doesnotrely on
theMZR andstellarmass—halonassrelation.

Although we hawe venturedto nd the one selectionmethodto
rule them all, we have found that eachmethodis uniquely good
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for estimatingsome progenitor properties,but not all acrossthe
board.Perhapsunsurprisinglythe selectionmethodshouldinstead
be driven by the sciencequestion.In this work, we found that the
chemicalselectionis bestin estimatingthe M basedon the MDF

in the observationsvhile the actiondiamondmethodis bestfor an
M estimatein the simulations’ The Jr-Lz methodgivesthe purest
sample while the eccentricitymethodis the mostcomplete.In the
future, especiallywith dedicatedsuneys aimedat observingfainter
targetsthan APOGEE (e.g. DESI, WEAVE), we can extend our
guestionsnto the fuller pictureandnatureof GESaswe will have
accesdgo its moredistantandpresumablyleastboundstars.
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