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ABSTRACT

It hasbeenproposedhattheglobular clusterlike systemTerzan5 is thesurvivingremnantof aprimordialbuilding block of the
Milky Way bulge,mainly dueto the age/metallicityspreadandthe distributionof its starsin the —Feplane.We employSloan
Digital Sky Surveydatafrom the ApachePoint ObservatoryGalacticEvolution Experimentto testthis hypothesisAdopting
a randomsamplingtechnique,we contrastthe abundancesf 10 elementsin Terzan5 starswith thoseof their bulge eld
counterpartavith comparableatmospherigparameters,nding that they differ at statistically signi cant levels. Abundances
betweerthetwo groupsdiffer by morethanl in Ca,Mn, C, O, andAl, andmorethan2 in SiandMg. Terzan5 starshave
lower [ /Fe] andhigher[Mn/Fe] thantheir bulge counterpartsGiven thosedifferenceswe concludethat Terzan5 is not the
remnanf amajor building block of thebulge.We alsoestimatehestellarmassof the Terzan5 progenitorbasedn predictions
by the Evolution and Assemblyof GalLaxiesandtheir Environmentssuite of cosmologicahumericalsimulations,concluding
thatit may havebeenaslow as 3 x 108 M sothatit waslikely unableto signi cantly in uence the meanchemistryof
the bulge/innerdisc, which is signi cantly moremassive( 10'° M ). We brie y discussexistingscenariodor the natureof
Terzan5 andproposeanobservationatestthatmay help elucidateits origin.

Key words: Galaxy:abundances Galaxy:bulge— Galaxy:formation.

https://doi.org/10.1093/mnras/stac968

1 INTRODUCTION

IntheLambdaColdDarkMatter( CDM) scenariogalaxyassembly
takesplacelargely throughhierarchicalmerging.Galaxyformation
theorycanin principlebeconstrainedrom observationsf thestellar
populationswvithin theMilky Way (MW), thegalaxywe canobserve
in greatestdetail. Evidencefor accretionin the MW hasbeenseen
in the past,including the Sagittariusdwarf spheroidal(Sgr dSph)

E-mail:dom.taylorl11@gmail.cofbJT);r.p.schi@on@Ijmu.ac.ukRPS)
© 2022TheAuthor(s).

identi ed by Ibata, Gilmore & Irwin (1994 andthe morerecently
discoveredGaia—Sausage—Enceladi@&SE; Belokurovet al. 2018

Haywoodetal. 2018 Helmi etal. 2018 Mackerethetal. 2019. In

the Galacticbulge,in particular,Hortaet al. (2021) found evidence
for the presenceof the remnantsof the early accretioneventof a
massivesatellitetheynamedHeracles.

The inner few kiloparsecsof the MW, a region that we refer
to, by convention,asthe bulge concentratesin importantfraction
of the Galaxy’s total stellar mass,holding importantcluesto its
earlyformation.Yetits preciseevolutionaryhistoryremainselusive.
The stellar populationcontentof the bulgeis complex,asit hosts

Publishedby Oxford University Presson behalfof Royal AstronomicalSociety.This is an OpenAccessarticle distributedunderthe termsof the Creative
CommondgAttribution License(http:/lcreativecommonsorg/licensbyg/4.0)), which permitsunrestrictedeuse distribution,andreproductiorin anymedium,

providedtheoriginal work is properlycited.
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populationsfrom different Galacticcomponentsand with distinct
chemodynamigroperties(e.g. Minniti 1995 Nataf 2017 Barbuy,
Chiappini& Gerhard2018. Thesituationis exacerbatedy dif cult
observationalaccessdue to crowding and sewere extinction (e.g.
Minniti etal. 2010.

GlobularclustergGCs)aretheoldestsurvivingstellarsystemsn
the Galaxy, and as suchthey are consideredtracersof the early
formation history of the MW. The bulge population of GCs is
particularly interesting,including systemswith a wide range of
properties(e.g.Barbuy,Bica& Ortolani1998 Schiavoretal. 2017
Geisleretal. 2021), with afew caseshostingstellarpopulationswith
arangeof agesandmetallicities(Ferraroet al. 2021). Oneof these
latter GCsis Terzan5, whichis thefocusof our study.

A growing numberof GalacticGCshavebeenfound to exhibit
star-to-stawariationsin metallicity, suchas Centauri(exhibiting
similarly largevariation;Leeetal. 1999 Pancincetal. 200Q Ferraro
etal. 2004 2006 Bellini et al. 2009 201Q 2013 Villanova et al.
2014, M54 (Carrettaet al. 2010, M22 (Marino et al. 2009 2011,
2012, M62 (Yong et al. 2014, NGC 6273 (Johnsoret al. 2017
Pfefferetal. 2021), andrecentlyLiller 1 (Ferraroetal. 2021). The
origin of the complexchemistryof thesesystemss still not entirely
understood.

Photometri@andspectroscopistudiesby Ferrarcetal. (2009 and
Origlia et al. (2011, 2013 identi ed the presenceof a multipeak
metallicity distributionin Terzan5. More recently, Ferraroet al.
(2016 usedHubble SpaceTelescopgHST)-basedpropermotions
(PMs) in orderto bring the stellar populationcontentof Terzan5
into sharprelief, revealingthe existenceof two stellarpopulations
widely separatedh age.Ferraroet al. (2016 suggesthatthe mass
of the Terzan5 progenitorcould havebeenashighas10°~1F M .
Schiaron et al. (2017 showedthat the multiple population(MP)
phenomenolfe.g.Renzinietal. 2015 Bastian& Lardo2018), char-
acterizedythepresenceflight elemenabundancanticorrelations,
is presentin Terzan5, indicatingthat someof its populationshave
chemistrysimilar to thatof standardsCs.

Anotherintriguing propertyof Terzan5 concernghe abundance
patternsof its members.Ferraro et al. (201§ showedthat the
distribution of Terzan5 starsin the —Fe planetracksrelatively
closelythatof the bulge eld. Thedistributionof a system’sstellar
populationsin this planeis a usefuldiagnosticof its starformation
history (Greggio & Renzini 1983 Mannucci et al. 2005 Maoz
et al. 2011). Ferraroet al. (2016 showedthat the changein the
slope— colloquiallytermedthe ‘knee’ — of the[ /Fe]versugFe/H]
relationoccursat a similar metallicity in the two populationsSuch
a correlationindicatesa similarity in the chemicalevolutionof the
systemswhere a declinein the [ /Fe] abundanceatio from the

-enhancedSN ll-enriched plateauvhashistorically beenattributed
to the onsetof Type la SNe (Tinsley 1979 Matteucci& Greggio
1986 but seeMasonet al., in preparation).lt hasbeenclaimed
by various authorsthat the metallicity at which the knee occurs
is relatedto the system’sstellar mass(e.g. Tolstoy, Hill & Tosi
2009 andthe ef ciency of starformationa galaxy achievedprior
to the onsetof pollution of the interstellarmedium(ISM) by large
amountsof Fe from SNe la. Accordingto this scenarioa system
thatboth forms starsthatenrichtheISM in the -elementghrough
core-collapsgCC) supernovaef ciently and retainsthesemetals
producesa distributionin the —Feplanethatis characterizedy a
high metallicity of the knee(e.g.McWilliam 1997 Masonetal., in
preparation)This resultsin a correlationbetweenmmetallicity of the
kneeandgalaxymassasearly starformationratesof moremassive
galaxiesaremorelikely to be highersincetheir potentialwells are
deeperThe similarity betweenTerzan5 andthe bulge eld in this
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planehasthus beensuggestedo be indicative of a high massfor
the progenitorof Terzan5, which would in turn suggestthat this
systemwas an importantcontributorto the stellar masscontentof
the Galacticbulge (Ferraroetal. 2016).

The above evidencded to the suggestiorthat Terzan5 could be
thefossil remnantof a primordial building block of the bulgeof the
MW. Galaxy bulge formationhasbeensuggestedo occurthrough
rapidassemblatearlyepochsfollowed by theevolutionof acentral
disc/barandits interactiononalongertime-scalewith substructures
formedin situ (Immeli et al. 2004 Kormendy& Kennicutt2004
Shenet al. 2010. The role of a systemsuchas Terzan5 in this
picturehasyetto bedetermined.

The hypothesisthat the progenitorof Terzan5 has contributed
signi cantly to the stellarmassbudgetof the Galacticbulgecanbe
testedthroughchemicaltaggingbasedon a largenumberof precise
elementabbundancebor statisticallysigni cant sampledrom both
systemsThis is thetaskwe setout to perform.We reportevidence,
basetnSDSS-IV/APOGEE-DR17spectroscopyhatthedetailed
chemicalcompositiorof Terzan5 starsdiffers from thatof thebulge

eld populationsin a statisticallysigni cant way. In addition, we
examinethe predictionby the EvolutionandAssemblyof GalLaxies
and their Environments(EAGLE) simulationsfor the dependence
of kneemetallicity on stellar massto arguethat the progenitorof
Terzan5 waslikely nota major contributorto the stellarcontentof
the Galacticbulge.

The structureof the paperis as follows. The samplesof stars
associatewith Terzarb andthebulgearepresenteéh Sectior2. The
analysisandresultsof the chemicalabundanceatternsof Terzan5
andbulge eld starsare presentedn Section3. Thoseresultsare
discussedn light of existingscenariogor the origin of Terzan5 in
Sectiond. Our conclusionsaresummarizedn Section5.

2 DATA AND SAMPLE

This paperutilizes datafrom the 17th DataReleasgDR17) of the
SloanDigital Sky Survey(SDSS-1V;Blantonet al. 2017) Apache
PointObservatoryGalacticEvolutionExperimen{APOGEE2; Ma-
jewskietal. 2017). APOGEE2 performsa detailedcharacterization
of the stellar populationsof the MW and its satellite companions
using twin multi bre spectrographgWilson et al. 2019 attached
to the 2.5-m Sloan Foundation Telescopeat the Apache Point
ObservatoryfAPO; Gunnetal. 2006 in New Mexico andthe 2.5-m
du PontTelescopgBowen& Vaughanl973 atthe Las Campanas
Observatory(LCO) in Chile. The high-resolution(R  23000)
spectraare collectedin the near-infrared(NIR) H band,yielding
highly preciseradial velocitiesand chemicalcompositionsfor over
hundredsof thousand®f starsacrosshoth hemispheresThe focus
on the NIR is essentiato investigatestarslocatedin the Galactic
discandbulgedueto thehigh extinctioncausedy interveningdust.
We useatmospheriparameterselementabbundancesandquality
ags for starsfrom APOGEE 2, basedon the automaticanalysis
of its spectraperformedby the APOGEE Stellar Parameterand
Chemical Abundance<Pipeline (ASPCAP; Holtzmanet al. 2015
2018 Garca Pérezet al. 2016 Jonssonet al. 2020,* and stellar
distancegprovidedby anastroNN neuralnetworktrainedon stars
with APOGEE spectraand Gaia EDR3 (Gaia Collaboration2016
2017 parallaxmeasurementd eung& Bovy 20193 b).

1The analysisin this paperis basedon the synspec-revl  versionof the

catalogue.
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The parentsamplefrom which the subsequensubsamplesre
drawn was de ned by applying cuts to the APOGEE-2 DR17
catalogueof datafor 733900 stars.Only starswith spectralpa-
rametersdeterminedwith con dence were considered,.e. those
with parameteASPCAPFLAG = 0. Next, we selectedstarswith
3000K  Teg 6000K andlogg < 3.6, andwhosecombined
DR17 spectrahaveS/N > 70, in orderto limit the sampleto stars
with reliableelementabhbundancewhile maximizingthe numberof
Terzarb candidateanembergseeSectior?.2). At high Ter absorption
linestendto becomdooweakandatlow Tes modelatmosphereto
uncertainfor accurateabundanceleterminationThe high logg cut
is imposedto eliminatecontaminatiorby foregrounddwarfs.

Massariet al. (2014 presentedan analysisof a large sampleof
Terzan5 andbulgestars,basedon ESO/VLT UVES andFLAMES
data. Thereare four starsin commonbetweenthat work and the
APOGEEDR17catalogueonly threeof whichareconsideredh this
work to be Terzan5 candidatenembergseeSection2.2). We nd
thatiron abundancesom ASPCAParelower thanthoseby Massari
et al. (20149 by 0.4-0.6dex. This discrepancycould be possibly
addressety consideratiomf athird dataset,suchastheabundances
derived by Origlia et al. (2011 on the basisof Keck/NIRSPEC
datafor 33 giants,but unfortunatelythereare no starsin common
betweenour sampleandthat study. We speculatehat this sizeable
discrepancymay resultfrom systematiceffectsimpactingdifferent
analysismethodsat T 4000K. Indeed Massarietal. (2014 did
notconsiderstarsin thatTes rangewhenconstructingheir Terzan5
metallicity distribution function, in orderto minimize the impact
of TiO bandson their metallicity determinationsHowever, while
keepingtheabove caweatin mind, we pointoutthatconsideratiorof
this zero-pointdifferenceat facevaluewould placeour samplestars
within the peakof the Massariet al. (2014 Terzan5 MDF, which
makesursampleepresentativef thebulk of thestellarpopulations
in thatsystem.

Most importantly, suchsystematicdeparturegrom resultsfrom
otherstudiesshouldnot affectour conclusionsn a substantiaivay.
It is well understoodhat the abundancanalysisof cool giantsare
notoriouslyuncertain.Most of the uncertaintieshavea systematic
nature,stemmingfrom limitations in model atmospheresnd the
modelling of molecularlines (dueto, e.g.line list incompleteness
andlog gf errors).Ourstrictly differentialapproachmakesheresults
in thiswork lessproneto besigni cantly affectedby suchsystematic
effects.

Theevolutionof APOGEEabundancealongvariousdatareleases
hasbeendocumentedh previouspublicationgHoltzmanetal. 2015
2018 Jonssonet al. 2020, so we refer the readerto thosepapers
for details.Neverthelessywe contrastedhe stellar parametersand
elementalabundancefrom DR17 with thosefrom Schiavonet al.
(2017, which werebasedon DR12. The differencesarenegligible,
typically of theorderof afew 10K, 0.2,and 0.1dexin Tes, l0gg,
andelementabbundances.

2.1 Bulge sample

To createthe subsamplede ning starsfrom the Galactic bulge,
the GalactocentriaistanceRsc for eachstarwasdeterminedusing

2The ASPCAPFLAGbitmaskindicatesissuesassociateavith the ASPCAP
ts, which could possibly raise the uncertaintiesn the stellar parameters
and/or elementalabundancederivations. For additional information, the
readeris referredto the APOGEEDR17allStar ~ datamodelat https:
/ldata.sdss.org/datamodel/

Terzan5 accordingto APOGEE 3431

Galacticlongitudel, latitudeb, astroNN distanced, anddistance
error derr, and assuminga distanceof 8 kpc betweenthe Sunand
the GalacticCentre(Utkin & Dambis2020. An additionalcut was
appliedto remove starswith largedistanceerrors,thusa maskwas
appliedto the parentsamplefor starsmatchingthecriteria:

(i) GalactocentridistanceRsc < 4 kpc,
(i) Fractionaldistanceuncertainty q4/d < 0.2.

Furthermorestarsfor which compositionsn Mg, C, N, O, and
Si could not be determinecby ASPCAPwereremored, alongwith
99 membersof bulge clustersfrom the APOGEEGC value added
cataloguefrom Schiavon et al. (in preparation)resultingin a nal
sampleof 21052 bulgestars.

2.2 Terzan 5 candidates

Terzan5 candidatesvere selectedon the basisof angulardistance
from the clustercentre radialvelocity,andPM. Centralcoordinates
adoptedfor Terzan5 were = 174874580 and = S24 4645,
takenfrom Harris (2010. Relevant valuesdescribingTerzan5 are
summarizedn Tablel. Starswereconsideredo becandidatenem-
bersof Terzan5 if theyarelocatedwithin the clusterJacobyradius
andif their radial velocitiesdiffered from the meanclusterradial
velocity by no morethantwo timesthe cluster’svelocity dispersion.
In addition,we adoptedheir clustermeanradial velocity RVre s =
§82.57kms>t anddispersion gry = 15.5kms°!. Additionalcriteria
arebasednGaiaEDR3(GaiaCollaboratior2021ab) PMs.Terzarb
candidatemembersare consideredo be thosewhosePMs do not
differ from themeanvalueof the cluster(Baumgardetal. 2021) by
morethan ve timestheclustermeanPM dispersion, py (Schiavon
etal.,in preparation)Hence amaskwasappliedto theparentsample
for starsmatchingthefollowing criteria:

(i) Distancefrom clustercentrer < 25.37, .
(i) Radialvelocityin therange$113.57< RV < S51.57kms>?,
(i) pm<2.7masyrSt.

wherer; = 25.37 is the Jacobyradiusof Terzan5, takenfrom
Baumgardtet al. (2021),% pm is the PM residualrelative to that
of Terzan5. Due to the large spreadin [Fe/H] for Terzan5, no
metallicity criterionwasadopted.

A note of cautionis requiredin regardto the adoptionof the
Jacobyradius of Terzan5. Measurement®f tidal radii of GCs
are notoriously uncertain,a problem that is further exacerbated
in crowdedregionssuch as the Galactic bulge. To illustrate this
uncertainty,we refer to the work by Lanzoniet al. (2010, who
obtaineda much smaller tidal radius of 4.6 arcmin from tting
a King (1966 pro le to a combinationof ground-base@&nd HST
data.The muchlargerJacobyradiusfrom Baumgardtet al. (2021)
resultsfrom a dynamicalcalculationmatchingthe cluster’sstellar
densityandvelocity dispersiorpro les (derivedfrom acombination
of literaturesourcesandGaiaeDR3).The Jacobyradiusdepend®n
the cluster'smassandorbit. By de nition, JacobyradiusandKing
tidal radiusdo notnecessarilyagree asclustersdo notfollow aKing
pro le atdistanceof the orderof the Jacobyradius.Nevertheless,
the uncertaintyin the Jacobyradiusof Terzan5 is non-negligible,
becausehecluster’sorbit is notwell known (H. Baumgardtprivate
communication).

Shttps://people.smp.ug.edu.au/HolgerBaumgdgtdbular/ (May 2021 - 3rd
version).
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Table 1. Summaryof the parametersisedto selectcandidateTerzan5 stars,including
clustermeanRA 1er5 and Dec ters5 in degrees,Jacobyradiusry in arcmin, mean
heliocentricclusterradialvelocity RVrers anddispersion gy in kms°1, RA propermotion
i cos( ) andDecpropermotionp in masyr®!, meanpropermotiondispersion py in
masyrS1, andGalactocentriclusterdistanceRgc in kpc.

Ters Ters I, RVrers

rRv M cos() W pm  Rac

267.0202 $24.77906 25.37 $82.57 15.5

§1.9955 S$5.243 0.54 1.65

Table 2. Sampleof candidatestarsmeasuredor Terzan5, in orderof increasingight ascension.

APOGEEID Teit (K) logg  SNR RV (kmsSl) [Fe/H] [C/Fe] [N/Fe] [O/Fe]
2M1747288% 2423378 3964 0.94 141 §79.4 23.1 $0.75+ 0.01 $0.05+ 0.02 +0.16+ 0.02 +0.25+ 0.01
2M174734752429395 4085 1.81 158 $80.6 17.0 +0.26+ 0.01 +0.05+ 0.01 +0.29+ 0.01 +0.06+ 0.01
2M1748008% 2447295 3992 113 268 $99.2 2.41 $0.60+ 0.01 $0.35+ 0.01 +1.26% 0.01 +0.26+ 0.01
2M17480576& 2445000 4026  1.24 95 §76.9 0.33 $0.63+ 0.02 +0.04+ 0.02 +0.78+ 0.02 +0.30% 0.02
2M1748066& 2447374 3973 113 189 $89.9 2.41 S0.61+ 0.01 $0.26+ 0.01 +1.05+ 0.01 +0.27+ 0.01
2M174808552446033 3755 0.76 173 $64.2 118 $0.73+ 0.01 +0.17+ 0.01 +0.46+ 0.02 +0.32+ 0.01
2M1748141& 2446299 3632 0.91 109 S$76.0 2.46 +0.07+ 0.01 +0.02+ 0.01 +0.07+ 0.01 +0.07+ 0.01
[Mg/Fe] [Al/Fe] [SilFe] [S/Fe] [CalFe] [Mn/Fe] [ColFe]
+0.30+ 0.02 $0.05+ 0.03 +0.17+ 0.02 +0.50+ 0.08 +0.11+ 0.02 $0.07+ 0.03 +0.09+ 0.05
+0.02+ 0.01 $0.03% 0.02 $0.03+ 0.01 +0.01+ 0.03 $0.05+ 0.01 +0.31+ 0.01 +0.12+ 0.03
+0.25+ 0.01 +0.53% 0.02 +0.17+ 0.01 +0.21+ 0.05 +0.32+ 0.02 S0.07+ 0.02 +0.39+ 0.03
+0.30+ 0.02 +0.16+ 0.04 +0.16+ 0.02 +0.41+ 0.09 +0.16+ 0.03 $0.04+ 0.03 +0.04+ 0.07
+0.25+ 0.01 +0.18% 0.02 +0.16% 0.01 +0.23+ 0.05 +0.11+ 0.02 S0.05+ 0.02 +0.35+ 0.03
+0.28+ 0.02 — +0.19+ 0.02 - +0.08+ 0.02 - +0.26+ 0.03
+0.01+ 0.01 - $0.04+ 0.02 - S0.11+ 0.02 - -
Application of the above selectioncriteria initially resultedin LI e e e e L
the consideratiorof nine candidatestars, ve of which arelocated il -_' . ’ s JﬂC?by radms- : A Ter 5 stars ]
within the Lanzoniet al. (2010 tidal radius.Out of the remaining <L i il ]
four stars,two differ in RV from the meanclustervalue by more L e L Rt R ]
thanl gy while beinglocatedatangulardistancegomparabléor ;. 244, .- ./.' n . _\-\ . =
Sincethe clustervelocity dispersionis known to drop substantially i I A N
at suchlargedistance$, we decidedto not considerthesetwo stars . —2406F : H . o) 45 ‘\ -
ascandidatenembersThis resultedin a sampleof sevencandidate ['e) Le 1 . s, e \l ]
starsthat are adoptedin the subsequenanalysis.Their properties oagk . } . ’ . 'l ]
aresummarizedn Table2. Candidatestarscanalsobe seenplotted i _“:' v e, e ! ]
on a graphof celestialcoordinatesn Fig. 1, with all otherstarsin 0 A ’ - ,’ 1
APOGEE-2DR17 shownin the background. -2l . \\ o) ]
In additionto that ducial sampleof sevenTerzan5 candidate i * et o ]
stars, we assessthe impact of our Jacoby radius selection by =252 o T . _I‘“-.‘.'._I_._..-"I' | | -

re-runningour analysison the more stringentcandidatemember
sampleof ve starslocatedwithin the Lanzoniet al. (2010 tidal
radiusof the clustercentre.Our resultsare essentiallyunchanged,
asdiscussedn Section3.1, wherewe provide a summaryof the
resultsfor bothcandidatenembeisamplesFinally, we notethatstar
2M1747516% 2443153vasconsidered possibleTerzans member
by Schiavon etal. (2017, but dueto its discrepanGaia-basedPM
it is notincludedin our sample.

3 ANALYSIS AND RESULTS

In possessionf a vettedsampleof Terzan5 memberswe proceed
to comparethe detailedabundanceatternof that clusterwith that
of theGalacticbulge eld. In this sectionwe quantifythe similarity
of theseabundanceatternsjn orderto testthe hypothesighatthe

“https://people.smp.uq.edu.au/HolgerBaumgatdbular/veldis.html
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2664 2066.6 2668 20670 2672 20674 20676
ac

Figure 1. Right ascension anddeclination (in degrees)f candidate
Terzanb5 stars(redshapesplottedoverthebackgroundstars(greydots),with

theclusterJacobyradiusr; (blackdashedine) displayedasareferenceFive

candidatanembersareclusteredaroundthe centre.

progenitorof Terzan5 is amajorcontributorto themassof thebulge
stellarpopulations.

3.1 Terzan 5 versusbulge chemistry

Abundanceratios adoptedin our analysisinclude the following
elements,chosenas they are able to be reliably determinedby
ASPCAP:C,N, O, Mg, Al, Si, S,Ca,Mn, andCo. Priorto carrying
out comparison®f the detailedchemicalcompositionsof Terzan5
with thoseof their eld bulge counterpartswe needto re ne the
sampleusedfor comparisonsn chemicalspacesisingabundances
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Figure 2. [N/Fe]-[C/Fe] (top panel)and [Al/Fe]-[Mg/Fe] (bottom panel)
distributionsof bulge eld stars(hex-bindatapointsdescribecy the colour
bar)andTerzarb stargredshapesherebothplanesncludethethreeN-rich
Terzan5 starssubsequentlyvithdrawnfrom the samplefor only abundances
affectedby the MP phenomenonThe numberof Terzan5 starsdisplayedn
eachpaneldiffers dueto the absencef two [Al/Fe] ASPCAPabundances.
Eachpanelincludesthe solarabundancasa blackdottedline.

for elementghat areaffectedby the MP phenomenorin GCs(e.g.
Renzini2008 Bastianetal. 2020. In particular light elementsuch
asC, N, O, Mg, and Al exhibit important star-to-starabundance
variationsthat would severelybias the comparisonwith the eld
population.In particular, Schiason et al. (2017 showedthat this
phenomenoris presentamongstTerzan5 stars.To accountfor this
effect, we remave from the comparisonswith the eld sampleany
Terzan5 starswith abundancesypical of the so-calledsecond-
generationstars. They can be easily identi ed in Fig. 2, where
the distribution of the two samplesin both the [N/Fe]-[C/Fe]and
[Al/Fe]-[Mg/Fe] planesareshown We adoptathresholdf [N/Fe]=
+ 0.5,abore which starsareconsideredo haveabnormakbundance
patternsAs aresult,the Terzan5 samplés reducedo four starsfor
the affectedabundance$C, N, O, Mg, and Al), whereasall seven
starsareadoptedn the comparisongnvolving all otherelements.
TheresultingTerzan5 starsarecontrastedvith the bulgesample
in variouschemicalplanesin Figs 3 and4, wherethe former/latter
includeelementshatare/arenotaffectedoy theMP phenomenonin
bothsetsof plots,the2D histogramindicateshebulgesamplewithin
anarrowrangein logg (+ 0.25dex) aroundthe meanof Terzan5
for the reasongdiscussedelow. The sampleof Terzan5 member
candidatess shownasredsymbolswhich areassignedonsistently
to eachstarfor easyidenti cation acrossmultiple plots. To guide
the eye,the runningmedianof the bulgesampleis indicatedby the
dashedines — determinedusing the statsmodeldocally weighted

Terzan5 accordingto APOGEE 3433

scatter-plotsmoothing (LOWESS} algorithm (Cleveland 1979,
weightedto afractionof 0.070of thedatasurroundingeachdatapoint
anditerated3 times.We estimatedhe95percentcon denceinterval
(cyanshading)via bootstrappin@®5 percentof the datal00 times
andestimatingthe resultingspread Visual inspectionsuggestshat
thereareimportantdifferencesbetweernTerzan5 andthe bulge eld
for -elementsuchasSi, Ca,0,andMg, aswell asFe-pealelement
Mn. For otherelementsdifferencesarelikely absentpr presenbut
moresubtle.

However, suggestie the comparisondisplayedin Figs 3 and
4 might seem,we need a quantitative estimateof the chemical
differencesbetweenTerzan5 andthe bulge. It is crucial that such
differencese quanti ed in a statisticallyrobustfashion.To achieve
this goal,we calculatethe offsetof the Terzan5 starsfrom thebulge
samplein variousabundancelanes.For any given elementX, we
de ne thequantity x asfollows:

[X/Fe®® S [X/ FePuee
2[X/FeJ®®+ 2[X/Fepuoe

x = median

1)

where[X/Fe]™® ® and [X/Fe]'™"® arethe abundanceatio anderror
of elementX in Terzan5 stari, [X/Fe]*"'® is the medianof [X/Fe]
calculatedfor a subsampleof the bulge eld selectedto narrowly
matchthe[Fe/H] andlog g valuesof Terzarb stari,and [X/Fe]*"'%®
theerrorin themedian.

For eachTerzan5 star, a subsampleof the bulge starsof same
[Fe/H] must be selectedfor the calculationof . In additionto
selectingeld starswith similar [Fe/H] asthatof Terzan5, we need
to control for logg so as to minimize the impact of systematics
in the ASPCAPabundanceleterminationsWeinberget al. (2021)
showedthatsuchsystematicgareresponsibldor importantarti cial
variationsin elementahbundancasafunctionof positionalongthe
giant branch(for a detaileddiscussionseealsoEilers et al. 2022
Hortaetal. 2022 andKisku etal., in preparation)Thus,the bulge

eld starsselectedfor the comparisondiffered by no more than
0.1dexin [Fe/H]and0.25dexin log g from eachTerzan5 candidate
members.

Thenumberof Terzan5 starsconsideredn thecalculationh, was
equalto 4 for elementsaffectedby the MP phenomenorand 7 for
other elementsthoughthis changeddependingon whetheror not
ASPCAPcouldprovideanacceptablelementabbundancéor each
star.In thecaseof Al, for instanceabundanceareavailablefor only
two Terzanb5 starsnot affectedby the MPsphenomenon.

In orderto gainabettergraspof thesigni canceof x obtainedor
Terzanb, we estimatethe valuesthatwould be expectedn the case
that Terzan5’s chemistryis identicalto that of the bulge. Thatwas
achievedhroughabootstrappingechniquewhere x wascalculated
for eachelementX for 1000 Terzan5-sizedrandomsampledrawn
from the bulge populationby picking starswith [Fe/H] andlogg
similar to thoseof our Terzan5 sample with replacementThus,for
eachabundanceatiowe obtain1000randomsample®f amaximum
of sevenstarsfrom the bulge populationby selectingstarswithin a
narrow rangeof [Fe/H] and logg aroundthe candidateTerzan5
stars.Meansizesof the comparisorbulge sampleselectedaround
candidatecluster membersrangefrom 700 to 911, dependingon
the elementandthe star, with the minimum size of 340in Mn, for
the most metal-poorTerzan5 star. In order to preemptarti cial
differencesbeing induced by systematiceffectsin the ASPCAP

Shttps:/iwww.satsmodels.org/devel/generateatsmodels.nonparantét.
smootherdowess.lowess.html
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Figure 3. [X/Fe]-[Fe/H] distributionsof abundancesot affectedby the MP phenomenonwith hex-bindatapoints describedoy the colour bar to indicate
bulge eld stars(in binsof 100and80 for [Fe/H] and[X/Fe] abundanceespectivelyandTerzan5 stars(redtriangles)with applicableabundance€achpanel
includesthe solarmetallicity (black dottedline), its respectivebulge samplerunningmedian(black dashedine), andthe numberof Terzan5 stars( Ter) with

acceptabl@ebundanceshown.

abundancesyeproceedeth preciseljthesamewvayfor eaclrandom
sample Thereforefor eachstari of the randomsample [X/Fe]F"'%®
wasthemedianvaluefrom abulge eld subsampleselectedo differ
in [Fe/H] andlog g from thei starby nomorethan0.1and0.25dex,
respectively.

The above proceduregenerates x distributionsbasedon those
randomsampledor eachelementalabundanceatio [X/Fe], which
canthenbe comparedvith the x obtainedfrom comparisorof the
Terzanb sampldtselfwith thebulge eld sampleslf theabundances
of elementX in the Terzan5 starsdiffer signi cantly from that of
theirbulge eld counterparts, x obtainedrom the Terzan5 sample

MNRAS 513,3429-34432022)

shoulddiffer from that of the medianof the randombulge samples
in astatisticallysigni cant way.

The  distributionsof abundancesot affectedby the MP phe-
nomenonandthosethatare,areshownin Figs5 and6, respectively.
Themedian x of therandomsamplessindicatedby thecyandashed
linesandthatfor the Terzan5 sampleasareddashedine. Thelight
andgrey shadesndicatethe regionswithin 1 and2 awayfrom
themedianof the x distributions,andincludedin eachpanelis the
factorof sigmathatthe x mediandiffer by. We nd thatTerzan5
differsfromthebulgeatleastatthel levelin all abundanceexcept
for S, Co,andN, andby 2 or morein Si andMg. For Ca,Mn, C,
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Figure 4. [X/Fe]-[Fe/H]distributionsof abundanceaffectedby the MP phenomenonwith hex-bindatapointsdescribedy the colourbarto indicatebulge

eld stars(in binsof 100and80 for [Fe/H] and[X/Fe] abundancerespectively)andthe sampleof Terzan5 stars(red triangles)with applicableabundances,

reduceddy removingthethreemostN-rich stars Eachpanelincludesthesolarmetallicity (blackdottedline), its respectivebulgesamplerunningmedian(black
dashedine), andthe numberof Terzan5 stars( Ter) with acceptabl@bundanceshown.

O, and Al, the two systemsdiffer at a level betweenl and2 .
The elementfor which the differenceis the mostsigni cant is Si, at

4 . Perhapsnostsigni cantly, -elementdMg, Ca,O, andSi are
all consistentlydepresseth Terzan5 relativeto the bulge,whereas
themostreliableFe-pealelemenin oursampleMn, is signi cantly
enhancedh Terzan5.

We further checkedthe sensitivity of our resultsto the Terzan5
sampleselectionby running our analysison the alternative,more
stringentlyselectedTerzan5 candidatemembersampleof 5 stars,
by removingstars2M17472880-2423378 and2M17473477-
2429395 from thesample(representedgespectivelypy thesquare
andright-side-upriangleshapesén all Figures) Thesummaryof the

resultsfrom therandomsamplingtechniqueareprovidedin Table3
and Fig. 7. The outcomeof this exerciseis a broad con rmation
of the results obtainedbasedon our ducial Terzan5 sample.
Comparisondetween -distributionsand meancandidatemember
abundancedor the stricter sampleare displayedin Figs A1 and
A2 of the Appendix. All the resultsobtainedon the basisof the
ducial sampleare con rmed, with a slightly decreasedtatistical
signi cance.Theexceptiongrecobalt,sulfur,and,to alesseextent,
nitrogen.Figs A1 and A2 showthatthe differencesin x between
Terzarb andthemediarbulgejumpsto statisticallysigni cantvalues
for theseelementswvhen shifting to the stricter sample.Sulfur and
cobaltabundancetn APOGEEhaveonly moderateprecisiondue
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Figure 5. Histogramsf the -distributionsof the selectedandombulgesamplegor abundancesotaffectedby the MP phenomenorEachpanelincludesthe
correspondingnedianof therandomlysamplecbulge -distribution (cyandashedine) — with light anddarkshadingndicatingits 1 and2 error,respectively

—andTerzan5 (reddashedine), alongwith their separation,

to being basedon few lines (two for S, one for Co; seeJonsson
etal. 2020. It is interestingthat, whenbasedon a strictersample,
abundancefor both elementshowthe samebehaviourasthoseof

elementsfrom the samenucleosynthetidamily ( in the caseof

sulfur, Fe-peakin the caseof cobalt).Giventhelargevarianceof the
[S/Fe]land[Co/Fe]valuesfor Terzan5 starsandthe small sample,
we do not placegreatcon dencein thisresult.

In summarywe concludehatourdataareconsistentvith Terzanb
andthebulge eld beingchemicallydistinct,with elementsSi, Ca,
Mg, andO beingdepressedand Fe-peakelementMn enhancedin
Terzan5 in a statisticallysigni cant way. In the next sectionswe
discusshow our resultsconstrainexistingmodelsfor the natureof
Terzan5.

4 THE NATURE OF TERZAN 5

Inthissectionweexamingheimplicationsof ourresultso scenarios
proposedn the literatureto explainthe propertiesof Terzan5. We
focuson threedifferenthypotheses(l) Terzan5 is theleftover of a
dark-matterdominatedaccretedsatellite;(2) Terzan5 resultsfrom
the evolution of a massiveclump resulting from disc instabilities

MNRAS 513,3429-34432022)

at high redshift;and (3) Terzan5 is anold GC rejuvenatedy star
formation basedon gasresultingfrom accretiondueto encounters
with giantmolecularclouds.

4.1 Terzan 5 asthe remnant of a dark matter dominated system

We concludedn the previoussectionthatthe abundancgatternof
Terzarnb andthebulge eld differ in astatisticallysigni cant way. At
facevalue,this resultimpliesthatthe progenitorof Terzan5 cannot
havemadean importantcontributionto the stellar massbudgetof
thebulge,otherwisetheir abundanceatternsvould be similar. This
resultis apparentlyat oddswith the qualitativeagreemenfoundin
previouswork (e.g.Ferraroet al. 2016 betweenthe distributionof
their starsin the —Feplane,particularlyin regardsto the position
of the knee,which is anindicatorof the stellarmassof the system
(Tolstoyetal. 2009 Masonetal., in preparation).

It is generallybelievedthatit takesa massivesystemdark-matter
dominatedto fosterthetypeof chemicalevolutionresponsibldor a
stellardistributiononthe —Feplanesuchasseernin Terzanb andthe
Galacticbulge.Assumingthat[Fe/H]«neeiS @anunequivocakstimator
of stellarmasswe arethusleft with a conundrumthe progenitorof
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Figure 6. Histogramsof the -distributionsof the selectedandombulge samplesfor abundanceaffectedby the MP phenomenonEachpanelincludesthe
correspondingnedianof therandomlysampledoulge -distribution (cyandashedine) — with light anddarkshadingndicatingits 1 and2 error,respectively

—andTerzan5 (reddashedine), alongwith their separation,

Figure 7. Resultsof the random samplingtechniquefor both the most
stringent(light shading)andour adoptedsample(dark shading)of Terzan5.
Shownis the separation , in units of standarddeviationsof the bulge

-distribution, betweenthe median of the randomly sampledbulge -
distribution and Terzan5  for eachelementanalysed.The resultfor Al
is omittedfor the ve-star sampledueto the absencef availableTerzan5
abundances.

Table 3. Resultsof the random sampling techniquefor both the most

stringentand our adoptedsampleof Terzan5. Column de nitions are as

follows: (1) Numberof considerealustercandidates(2) element®xhibiting

a separatiorof 1 < 2 ;(3)elementsexhibitinga separatiorof
2 . Resultsof our adoptedsamplearegivenin the shadedow.

(1) 2 3)
Nters X1 < 2 X 2
5 Ca,Mn, N, Mg Si, S,Co
7 Ca,Mn, C, 0O, Al Si, Mg

Terzan5 may havehada stellarmassthatis comparableo that of
thebulge,whichimpliesthatit obviouslylost mostof its starsto the
bulge. Yet their abundance@atterndiffer to a reasonablelegreeof
statisticalsigni cance.

However, empirical evidence shawvs that the scaling relation
between[Fe/H]wmee and M exhibits notablescatter.For example,
despiteheFornaxdSphbeing 10x brighterthantheSculptordSph,
they hawe similar [Fe/H]knee (Hendrickset al. 2014). Moreover, the
Large and Small Magellanic Clouds exhibit low [Fe/H]knee Values

MNRAS 513,3429-34432022)
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Figure 8. Thedistributionof [Fe/H]knee asafunctionof M , for simulated
galaxieswith kneesin the L0O34N1034-RECALvolume of the EAGLE
simulations.Rs is the scaling coef cient, and the shadingindicatesthe
Terzan5 progenitormassrangegivenits estimatedFe/Hlknee

for their large massegNidever et al. 2020. de Boer et al. (2014
proposedhatthedependencef [Fe/HneeONstellarmasss affected
by detailsof its starformationhistory,whichin turnis dependenon
its totalmassGiventheseconsiderationsa reassessmenf themass
of the putativeprogenitorof Terzan5 onthe basisof state-of-the-art
theoreticalpredictionds in order.

4.1.1 Progenitor massestimateusingthe EAGLEsimulations

In anewtheoreticaltudy,Masonetal. (2022,in preparationshow
that [Fe/H]knee is Not solely determinedby stellarmass,M , butis
alsoaffectedby detailsof its starformationhistory(seealsoAndrews
etal.2017). In thissectionweusethesaheoreticapredictiondor the
relationbetweernFe/Hlknee andM in orderto estimatethe possible
rangeof masse®f the progenitorof Terzan5.

For this purpose,we employ predictionsbasedon the Virgo
Consortium’'sEAGLE suite of numericalhydrodynamicalsimula-
tions (Crain et al. 2015 Schayeet al. 2015, which follow the
formation of galaxiesevolving in cosmologically representative
volumesof astandard CDM modeloftheUniverseFig.8showshe
theoreticapredictionfromMasonetal. (2022,in preparationjor that
relation,basedon the analysisof datafor galaxypopulationsfrom
a high-resolutionvolume of the EAGLE simulations(L0O34N1034-
RECAL), which evolves1034 dark matterand gasparticlesin a
volume comprisinga periodiccubewith length34 cMpc on a side.
The EAGLE-basedheoreticalpredictionbroadly con rms the ex-
pectationsn theliteraturefor amonotonicallyincreasingelationship
between[Fe/H]wnee and M . In addition, they predicta signi cant
scatterin that relation, in qualitatively good agreementwith the
observationsf-or moredetails,seeMasonetal. (in preparation).

We estimatgFe/H]knee for Terzan5 from thedistributionof mean
[ /Felasafunctionof [Fe/H], wheretheelemententeringthemean
were Si, S, Ca, and O. Consideringthe uncertaintieswe estimate
S0.6 [FelHlnee S0.3for Terzan5. Consideringthatrangeof
[Fe/H]knee (shadedareain Fig. 8), the predictedrangeof possible
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massesor the progenitorof Terzan5 is thereforeM 3 x 10° S
3x 109 M . Estimatesof the massof the Terzan5 progenitorare
naturallyvery uncertain.Basedon comparisonsvith othersystems
containingiron abundancepreadsl.anzonietal. (2010 suggested
a value of the orderof 10° M and a possiblelower limit of

10’ M , which placesit atthe minimum of our estimatedrange.
Consideringthe system’shistory of star formation and chemical
enrichmentFerraroet al. (2016 put forward an initial massof at
leastafew times 10° M . In view of our estimatedrangefor the
masof the Terzans progenitorwe nextdiscussheimplicationsfor
its contributionto the stellarmasscontentof the bulge.

4.1.2 Contributionto the bulgestellar mass

Thecurrentmassf Terzarbis estimatedo beof theorderof 10° M
(Lanzonietal. 2010. Giventheabove estimatedangeof masse®f
the cluster’s progenitor,one concludesthat the original Terzan5
systemcouldin principle havecontributedsomewheréetweenl 0°
and10'® M to the stellarmassbudgetof the Galacticbulge. These
numbersshouldbe contrastedwith the total stellarmasswithin the
central few kpc of the Galactic Centre,an assessmenof which
wasprovidedby Valenti et al. (2016, who estimatedhatthereare

2x 10'°M of starswithin |b| < 9.5 and]|l| < 10.

In view of theabore numberswe canmakeaneducatednference
of thecontributionby the Terzan5 systento the stellarmassbudget
of the Galacticbulge.We rst considerthe mostlikely casewhere
themasf theprogenitoroccupiedhelow endof therangeallowed
by theEAGLE simulationsin thatscenariothemassof the Terzans
progenitorcould beasmuchastwo ordersof magnituddower than
thatof stellarpopulationsvithin thebulge.Sucharelativelylow mass
progenitorcouldeasilyhavecontributedts entirestellarmassto the
Galactic bulge without signi cantly in uencing the latter's mean
chemical composition,which would then explain the differences
reportedn Section3.1

Next, we considerthe casein which the progenitormasswas
considerablymore massiveIn that situation, Terzan5 would have
beenthe nuclearclusterof a 10°-10°M dwarf galaxy that was
accretedto the MW. One such massiveaccretedsystemwould
have contributed substantiallyto the stellar contentof the inner
Galaxywhich, atfacevalue,is atoddswith the chemicaldifferences
discussedn Section3.1 Onepossibleway of accommodatinghe
factthatTerzan5 haslower[ /Fe]thanthebulge eld would bethe
existencef achemicaktompositiorgradienin theprogenitorsothat
mostof its stellarmassavas -enhancedelativeto thenuclearcluster.
Thelikelihood of sucha scenariocanbe assessetly consideration
of the chemistryof existingnuclearclustersandtheir hostgalaxies.
Take,for instancethe caseof the Sagittariusdwarf spheroida(Sgr
dSph)andits nuclearcluster M54. Recently,Hayeset al. (2020
usedAPOGEEDR16 to determinemedianvaluesfor [Mg/Fe]
$0.03and[Si/Fe] S 0.12 for the Sgr dSph core, and slightly
larger valuesfor both the leading and trailing arms (by no more
than0.15/0.06dex in the caseof [Si/Fe]/[Mg/Fe]). Thesenumbers
should be confrontedwith thoseobtainedby Ferrandez-Trincado
etal. (2021), whodeterminedor M54 themearabundancefVig/Fe]

+ 0.2and[Si/Fe] + 0.2.So,boththe coreandtidal streamsf
the SgrdSphhavelower [ /Fe] thanits nuclearcluster,thusgoing
in the oppositedirectionof whatis requiredto explainthe chemical
discrepanciebetweeriTerzan5 andthebulge eld.

EvidenceagainsfTerzan5 beingtheremnanof anaccretediwarf
galaxyhasbeerpresenteth therecentiterature ForinstancePrager
et al. (2017 exploredthe large pulsar populationof Terzan5 to
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nd acurrentstellarmass-to-lightatioM/Ly  2—-3.Theycompare
that numberwith thoseof ultrafaint dwarfs, which are ordersof
magnitudehigher (e.g. McConnachie2012, concludingthat such
adrasticchangein stellarmass-to-lightratio is unlikely, evenafter
accountingfor tidal stripping.In contrastwe arguethat, given our
rangeof estimatedor the progenitormassof Terzan5, its mass-
to-light ratio shouldbe insteadcomparedo thoseof moremassive
dwarfs. Take, for instancethe caseof Fornax,whosemassfalls just
belowthe low-massendof our progenitormassestimateandhasa
stellarmass-to-lightatio in factcomparabléo thatof Terzan5 (e.g.
McConnachi€2012. So,perhapghe mass-to-lightatio of Terzan5
may notin factbeinconsistenwith a dwarf satelliteorigin.

MorerecentlyPfefferetal. (2020 arguedhatTerzans is unlikely
tohavebeerpartof anaccretedjalaxyduetoits hostinga4.5Gyrold
stellarpopulation.Thatwould requirethe occurrenceof arelatively
major accretioneventhavingtakenplacelessthan4.5 Gyr ago,for
which thereis no evidencethoughthereis evidencefor a possible
populationof bulgestarswith similaragege.g.Bensbyetal. 2020.

In view of our results,we cannotrule out the hypothesisthat
Terzarbistheremnanbf anaccretediarkmatter-dominatedystem.
However, the chemicaldifferencesbetweenTerzan5 andits bulge
eld counterpartposea constrainton the progenitor'smasswhich
is well within therangeof theoreticapredictionsfor thedistribution
of its starsin the —Feplane.

4.2 Terzan 5 asa disc-instability clump

ThediscussioriromtheprevioussectionsuggestthatTerzarb may
be the remnantof a minor building block of the bulge.No simple
formationscenariceemsapableof explainingthe propertieof the
bulgestellarpopulationswhich may resultfrom the coalescencef
severalsystemssomeof themaccretede.g. Hortaet al. 2021), as
discussed@bove, andothersformedandevolvedin situ.

Ferraroet al. (2021) haverecentlyfound that the massivebulge
GC Liller 1 hostsa complexmix of stellarpopulationsresembling
that of Terzan5. They suggesthat Liller 1, similarly to Terzan5,
may havebeenanothercontributorto the stellarmassbudgetof the
bulge.By assuminganinitial massof 10°M for the progenitors
of both clusters,Ferraroet al. (2021) suggestthat as many as 10
suchsystemsmay havecontributedto the total stellar massof the
bulge. Consideringchemistryalone,sucha scenariocould in fact
be consistenwith our results.If oneacceptghatthe progenitorof
Terzan5 contributedonly about1/10 of the stellartotal bulgemass,
a chemicalcompositiondifferencebetweenthe two systemswould
not be at all surprising,assuminghe othercontributorsunderwent
differenthistoriesof starformationto explaintheresultingchemical
compositiondifferencesobserved.

Ferraroet al. (2021) suggestthat systemslike Terzan5 and
Liller 1 areremnantof massivehigh-redshiftclumpsresultingfrom
in situ MW discgravitationalinstability, which migratedto theinner
regionsdueto dynamicalfriction andcoalescedvith othersinto the
bulge(Noguchi1998 Ceverino Dekel& Bournaud2010. VELA-3
cosmologicakimulationsanalysedn Mandelkeretal. (2014 2017
showedthat a signi cant fraction of clumpswith masses 10°°
M werelong-livedandsurvivedfeedbaclduringinwardmigration,
allowing themto coalesceénto the bulge.On the observationaside,
Huertas-Compant al. (2020 hasrecently estimatedthe stellar
massef 3000 clumpswithin 1500 galaxieswith 1 < z < 3in
the CANDELS suney (Groginetal. 2011, Koekemoeretal. 2011).
The clump stellarmassesn their samplerangebetween 10’ and

10° M , following a power-lawmassfunction with slopeS0.6.
It is thereforenot altogetheimprobablethata stellarsystemof that
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type could have beenthe precursorof Terzan5, assumingthat its
corecomponentwhich may constituteaslittle as0.1-1percentof
the total initial stellar massof the system,could live long enough
to surviveto this day asthe bulk of the systemis dissolvedwhile
migratinginto theinnerGalaxy.Nonetheless,it isimportantto keep
in mind that, accordingto Huertas-Compangt al. (2020, clump
contributionto the total stellar massof the disc is of the order of
a 2-5 percent,againsuggestinghat theirimpacton the meandisc
chemistryshould be negligible, which is in qualitative agreement
with ourresult.

4.3 Terzan 5 asarejuvenated globular cluster

An alternativescenariohasbeenproposedby McKenzie & Bekki
(2018 andmorerecentlyby Bastian& Pfeffer(2022, accordingto
which Terzan5 mayhavebeenanold GC whoseorbit crossegaths
with molecularclouds.Suchencountersould in principle leadto
gasaccretionandcooling, with subsequenformationof potentially
multiple new stellar generations,dependingon the number of
encountersand assumingthat the clusteris not torn apartin the
process.

Underthis ‘cluster rejuvenation’scenariopnewould expectthat
thechemicakompositiorof thecluster'syoungesstellargenerations
wouldre ect thatof theGalactiadiscitself. Converselythechemistry
of thecluster’soldeststarswould correspondo thatof the GC birth
siteatformationtime, thuslikely distinctfrom thatof thelocal eld
populationin the currentclusterlocation,at the same{Fe/H], which
seemdo becorroboratedy thefactthatwe foundmoderatelymetal-
rich Terzans starsto havelower[ /Fe]thantheirbulgecounterparts.
Unfortunatelyour sampledoesnot havea suf cient numberof stars
overawiderangeof [Fe/H]to afford atestof thesimilaritiesbetween
subsample®f Terzan5 andtheir bulge eld counterpartdgowards
higherandlower metallicities.

The rejuvenationscenariocan, however, be testedoncea larger
Terzan5 sampleis obtained so that quantitativecomparisonsvith
the eld sampleof detailedchemistrysuchasthe one presentedn
this papercanbe conductedvithin narrowage/metallicityranges.

5 CONCLUSIONS

Terzan5 is one of the mostenigmaticstellar systemsn the MW.
Initially deemedo bea standardnetal-richbulgeGC, it wasshown
to hoststellarpopulationsn arangeof ageandmetallicity (Ferraro
et al. 2009 Origlia et al. 2013 Massariet al. 2014 Ferraroet al.
2016 aswell asthe GC-speci c multiple-populationgphenomenon
(Schiavonetal. 2017 Natafetal. 2019. Dueto its complexnature,
andin view of its high metallicity and broad similarity with the
chemicalcompositionof its co-localstellarpopulationsjt hasbeen
proposedo be a remainingfragmentof the building blocks of the
Galacticbulge(e.g.Ferraroetal. 2009 2021).

In this paper, we report a test of this hypothesis,basedon
a comparisonbetweenthe abundancepatternsof Terzan5 and
the bulge eld populations We examinethe abundanceatternof
Terzanb basedn APOGEE-2DR17datafor severcandidatesluster
membersThe APOGEEabundance®r -elementsuchasMg, Si,
Ca,andS con rm the nding by Massarietal. (2014 thatTerzan5
andthebulge eld populationhaveasimilardistributionin the —Fe
plane,in particularregardinghemetallicity of theso-called -knee,
which hasbeensuggestedo correlatewith the massof the system
(e.g.Tolstoyetal. 2009.

We next performa quantitativecomparisorbetweerthe detailed
chemicalcompositionf Terzan5 andthe bulge eld, considering
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the abundance®f 10 elements By adoptinga randomsampling
techniquewe nd statisticallysigni cant differenceshetweerboth
populations suggestinghat the Terzan5 progenitorwas unlikely
to have beena major contributor to the stellar content of the
bulge.

We usethe resultsof the EAGLE hydrodynamicatosmological
simulationsto alleviate this apparenttensionby showingthat the
correlationbetweenFe/H]wnee andM hasa very large scatterWe
showthatif indeedTerzan5 would be the remnantof an accreted
satellite themassof theprogenitorangesetweerl 0® and10° M .

Thesemas®estimatesarecombinedvith thechemicaktomposition
analysisto elaborateon the origin of the Terzan5 system.We rule
out the possibility that its progenitorcould have beena massive
( 10°-10"°M ) satellitegalaxyaccretedo the MW, asthatwould
require the progenitorto be characterizedby unusualabundance
ratio gradients.We arguethat a relatively small progenitormass
( 10°-10° M )canexplainthedisagreemeridetweerthechemistry
of Terzan5 andthatof the bulge eld. Moreover, arelatively small
progenitormassis in qualitativeagreementvith scenarioproposed
in the literature,accordingto which Terzan5 (M 1P M ) is the
remnantof a massivestellarclump (M 10°-1F M ) formedin
the Galactic disc at high redshift and later migratedtowardsthe
Galacticbulge while losing almostthe entirety of its stellarmass,
without making a major contributionto the stellar contentof the
innerGalaxy.

We alsobrie y examinethe propositionby McKenzie & Bekki
(2018 andBastian& Pfeffer (2022 that Terzan5 is insteadanold
GC that underwenta processof rejuvenationthrough recentstar
formation due to accretionof fresh gasresultingfrom encounters
with molecularclouds.

While our datacannotrule out eitherthe massiveclump or the
rejuvenationscenariowe concludeby proposingan observational
testthatmay provide a decisionbetweerthe scenariogliscussedn
this paper.Clusterrejuvenationdiffers from the satelliteaccretion
and/ormassiveclump scenariosn one key aspect.Under cluster
rejuvenationyoung/metal-ricpopulationamustsharethe chemical
propertiesof their eld counterpartswhereaghe abundanceatios
of the old/metal-poorTerzan5 starsshould be different, as they
re ect thepropertieof theoriginalformationsite.Converselyunder
satelliteaccretiorand/omassiveclumpformation,onewouldexpect
the chemicaldifferencessuchasthoseidenti ed in this paperto be
presentbver all agesand metallicities.An expansionof the current
Terzan5 sampleof detailedelementalabundance®y an order of
magnitudecoveringthe entirerangeof Terzan5 metallicitiesshould
rendersuchatestfeasible.

Finally, we highlight whatis perhapshe mostintriguing nding
in this paper,namelythat Terzan5 seemsto havea lower [ /Fe]
thanthe eld starswithin the Galactic bulge. This suggestghat
the Terzan5 progenitorunderwenta moreprolongedstarformation
history, at a lower rate,thanits eld counterpartslf con rmed by
analysiof largerhighquality samplesthisresultintroducesaninter-
estingandlikely challengingnew constrainton Terzan5 formation
scenarios.

Futureinvestigationgnto the natureof complexGC-like systems
suchasTerzarb (andLiller 1) wouldundoubtedlybene tfromlarger
samplesand detailed chemicalabundance®f starsbelongingto
thosesystemsStatisticacomparisonsvith thebulge eld population
could then be determinedwith improved precision. In addition,
additionalinsightsinto the natureof thesesystemswill be gained
from expandingthe datato a wider rangeof elementabundances,
includingdiagnosticof enrichmenfrom additionalnucleosynthetic
pathwaysot exploredin this study.
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Figure Al. Histogram=fthe -distributionsof theselectedandombulgesampledor abundancesotaffectedby theMP phenomenorfor thestrictestsample
consistingof ve candidateTerzan5 stars.Eachpanelincludesthe correspondingnedianof the randomlysampledbulge -distribution(cyandashedine) —
with light anddarkshadingindicatingits 1 and2 error,respectively- andTerzan5 (reddashedine), alongwith their separation,
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Figure A2. Histogramsof the -distributionsof the selectedandombulge sampledor abundanceaffectedby the MP phenomenorfor the strictestsample
consistingof ve candidateTerzan5 stars.Theresultfor Al is omittedfor the ve-star sampledueto theabsencef availableTerzan5 abundance€achpanel
includesthecorrespondingnedianof therandomlysampledulge -distribution(cyandashedine) — with light anddarkshadingndicatingits 1 and2 error,
respectively- andTerzan5 (reddashedine), alongwith their separation,
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