: #$%% & ' &%()*(+%

I "#$H##%
& & ( )
*+ 1 & I - I .$/"0%* "*
102#310/4* 5 , $3$0.36244

: - # . -1 - /| &

#$%% 0 ' %12'12)(% % (13*

= 4
-5
- I 4 #

"# # I, # | /

#! I # : 8 - /| &

[ % # ] ;

6 #/7'



of the
ROYAL ASTRONOMICAL SOCIETY G

MNRAS 509,4372-4391(2022) https://doi.org/10.1093/mnras/stab3128
AdvanceAccesspublication2021Novemberl

The diversenature and formation paths of slow rotator galaxiesin the
EAGLE simulations

Claudiadel P.Lagos”,*? Eric Emsellen®* Jessesande Sande’,%° KatherineE. Harborne!?

LucaCortese’,*? ThomasDavison”,>® CarolineFoster”2° andRubyJ. Wright “'12

LinternationalCentrefor RadioAstronomyResearct{ICRAR),M468, Universityof WesternAustralia, 35 Stirling Hwy, Crawley, WA 6009,Australia
2ARCof Excellencdor All SkyAstrophysicsn 3 Dimension§ASTRO3D)

SEuropeanSoutherrObservatoryKarl-Schwarzstild-Str. 2, D-85748Garching, Germany

4Universityof Lyon, ENSde Lyon, CNRS Centrede Reterche Astrophysiquele Lyon, UMR5574 F-69230Saint-Genis-LavalFrance
5Sydneynstitutefor AstronomySchoolof Physics A28, TheUniversityof SydneyNSW2006,Australia

6JeremiahHorrocks|nstitute, Universityof Central Lancashire PrestonPR12HE, UK

Accepted20210ctober24. Received20210ctober8; in original form 2020Decembet 4

ABSTRACT

We usea sampleof z = 0 galaxiesvisually classi edasslowrotators(SRs)in the EAGLE hydrodynamicasimulationgto explore
the effectof galaxymergerson their formation,characterizeéheir intrinsic galaxypropertiesandstudythe connectiorbetween
quenchingandkinematictransformationSRsthathavehadmajoror minormerger{masgatios 0.3and0.1S 0.3, respectively)
tendto havea highertriaxiality parameterland ex-situ stellarfractionsthanthosethat had exclusively very minor mergersor
formedin the absencef mergerq‘'no-merger’ SRs).No-mergerSRsaremorecompacthavelower black hole-to-stellamass
ratiosand quenchedater thanother SRs,leavingimprints on their z = 0 chemicalcomposition.For the vastmajority of SRs
we nd thatquenchingdrivenby activegalacticnucleifeedbackprecede&inematictransformationexceptfor satelliteSRs,in
which theseprocessebapperin tandemHowever,in 50 percentof thesesatellites satellite—satellitenergersareresponsible
for their SR fate, while environment(i.e. tidal eld andinteractionswith the central)canaccountfor the transformatiorin the
rest.By splitting SRsinto kinematicsub-classesye nd that at SRsprefermajor mergersyound SRspreferminor or very
minor mergersprolateSRsprefergas-poomergersFlatandprolateSRsaremorecommonamongsatelliteshostedoy massive
haloeg> 10'3¢M ) andcentralsof highmassegM > 10'%°M ). AlthoughEAGLE galaxiesdisplaykinematicpropertieghat
broadlyagreewith observationsthereareareasof disagreementuchasinvertedstellarageandvelocity dispersionpro les.
We discusgheseandhow upcomingsimulationscansolvethem.

Key words: galaxiesevolution— galaxiesformation— galaxieskinematicsanddynamics- galaxiesstructure.

1 INTRODUCTION

Theadvenbfintegral eld spectroscop{lFS)andlargelFSsuneys,
suchasATLASSP (Cappellariet al. 2011), the Sydney-AAOMulti-
Objectintegral-FieldSpectrograpliSAMI) GalaxySurwey (Croom
et al. 2012 Bryant et al. 2015, the Calar Alto Legag Integral
Field AreaSuney (CALIFA; Sancheztal. 2012, MASSIVE (Ma
et al. 2014, and the Mapping Nearby Galaxiesat Apache Point
ObservatorfMaNGA) suney (Bundyetal. 2015, haw contributed
to signi cantly expandour understandingf galaxykinematicsand
their connectiorto intrinsic galaxypropertiesandtheir environment
(e.g. see Cappellari2016 for a review on kinematicsof early-
type galaxies).Among the kinematic parameterghat have been
moststudiedin the literatureis the stellar spin parameter, ,, rst
introducedby Emsellemet al. (2007). , providesa measurement
of how rotationally supporteda galaxy is, and strongly correlates
with the stellarrotation-to-velocitydispersiorratio (Emsellemetal.
2012, vande Sandeetal. 2017h Harborneet al. 2020h. The study

E-mail: claudia.lagos@icrar.org

of galaxiesin the -ellipticity ( ) planeled Emsellemetal. (2007,
2011) to coin thetermsslow andfastrotators.

IFS suneys hawe unweiled various correlationsbetween , and
galaxy properties.Emsellemet al. (2011, van de Sandeet al.
(20173, Vealeetal. (2017, Broughetal. (2017, Wangetal. (2020
show that the fraction of low , galaxies,or slow rotators(SRs),
increasesvith stellarmass,andby 10'3-10"5M , abouthalf of
thegalaxiesareclassi edasSR.In addition,Emsellemetal. (20117,
Cappellari(2016, Brough et al. (2017 show that most SRslive
in high densityenvironmentstypical of massivegroupsor galaxy
clustersHowever, whengalaxiesarestudiedat xed stellarmassijt
is yet unclearwhetherthis environmentatrendholds(Broughetal.
2017 Greeneet al. 2017 Grahamet al. 2019 Wanget al. 2020.
Despitethis uncertainty,it is well known from optical surweys that
visually classi ed early-typegalaxies,red and low star formation
rate (SFR) galaxiesbecomemore commonas we move to high
densityenvironmentge.g.Dresslerl980 Pengetal. 201Q Deeley
et al. 2017 Davieset al. 2019, even after controlling by stellar
massWeijmansetal. (2014, Fosteretal. (2017, Li etal. (20183,
Krajnovic etal. (2018 nd thatSRstendto haveahigheroccurrence
of triaxial or prolate intrinsic shapescomparedto fast rotators,
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Formationpathwaysof slowrotatorsin eacLE

which are mostly oblate, axisymmetricsystems(often with bars).
Theintrinsic stellarpopulationsf SRsindicate at / Femetallicity
radial pro les, uniform old stellar ages,and declining metallicity
radial pro les (wherethe centralpartsaremore metal-richthanthe
outerparts;Kuntschneretal. 201Q Bernardietal. 2019 Krajnovic
etal. 2020.

An outstandingquestionis what causesmnorphologicalor kine-
matictransformationn galaxiesandwhetherthesameprocesseare
responsibldor quenchingtheir starformation. Severalsimulations
havesuggestethataneffective way of transformingthe kinematics
of galaxiess via galaxymergerge.g.Di Matteoetal. 2009 Jesseit
et al. 2009 Bois et al. 2011, Naabet al. 2014 Choi & Yi 2017
Lagosetal. 2017, 20183ab; Penoyreetal. 2017, Schulzeetal. 2018.
Although the exactremnantof a galaxy mergeris dependenbn
manyof the mergerparametergnvolved (e.g.massratio, gasmass,
orbital parametersgtc; e.g.Di Matteoetal. 2009 Naabetal. 2014
Lagoset al. 2018, somegeneraltrendshavebeenreportedin the
literature. Amongthe mostinterestingonesis the fact thatgas-poor
mergerdendto decrease, (Naabetal. 2014 Lagosetal. 20183, a
seriesof minor mergersor a singlemajormergercanhavea similar
effect(Naabetal. 2014 Choi & Yi 2017 Lagosetal. 20183, and
thatcircular orbits preferentiallyproducefast rotators(Lagoset al.
2018h Li etal. 20180. Onecommonconclusioramongsimulations
is that evenif an SR remnantis formedafter a merger,continuous
accretionand star formation can quickly rebuild the galaxy disc
andturn the galaxyinto a fastrotator(Naabet al. 2014 Sparre&
Springel2016 Lagosetal. 2017 Penoyreetal. 2017 Walo-Martn
etal. 2020. Thelattersuggestshatquenchinggitherprior or during
the kinematictransformatioris requiredto producean SR. Another
possibleway of transforminggalaxiesis via environmentakffects,
suchasinteractionsbetweengalaxiesor with thetidal eld of the
groupor cluster(e.g.Choi& Yi 2017). With theaim of isolatingthe
effectof environmentCorteseet al. (2019 focusedon the relation
betweenthe changein SFRand , of z = 0 satellite galaxiesin
EAGLE sincetheywereaccreted,nding no correlationbetweerthe
two. This suggestshat quenchingand kinematic transformation
are distinct processegseealso Correa,Schaye& Trayford 2019
Tacchellaet al. 2019 Wright et al. 2019 for similar conclusions
regardingthe connectionof quenchingwith other morphological
indicatorsin simulations).

Many of the conclusionsabovehavebeenachievedy separating
fast and slow rotators using parametricselectionsin the , S

plane. However, the population of galaxiesobtainedby these
parametricforms is diverse,encompassingalaxiesthat are likely
to havedifferent origins. Thoseinclude what would be considered
classicellipticals (round, non-rotatingobjects),relatively at SRs
(at, non-rotatingobjects),prolategalaxies(thosethatdisplaylittle
rotation and rotate along the minor axis),and2  galaxies(which
have countefrotatingdiscsthattendto canceleachother'sangular
momentumyielding a net low rotationalvelocity) (e.g. Emsellem
etal. 2011 Cappellari2016 vande Sandeet al. 2021). In addition,
simulationsuggesthatstudyingthekinematicpropertieof galaxies
beyond | canyield importantinformationregardingthe formation
historiesof galaxies(Bois et al. 2011 Naabet al. 2014 Schulze
et al. 2020. van de Sandeet al. (2021) analysed 1800 SAMI
galaxiesand comparedthe visual classi cation of the kinematic
mapsof galaxieswith how they would be classi ed if they were
to usea parametricselection, nding thatno simple parametriccut
inthe ; S planecantruly provide a high completenesslow
contaminatiorsampleof galaxiesvisually classi edasnon-rotators.
The reasonwhy contaminationis a lot higherthanin the original
work of Emsellemetal. (2011) is likely thepoorerspatialresolution
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in SAMI comparedo thesuney ATLAS®P usedby Emsellemetal.
(2011). BecausetherlargelFS suneys, suchasMaNGA, generally
havesimilarly limited spatialresolution,a high contaminatiorin the
parametricselectionof SRsto SAMI is also expected.This lends
signi cant weight to the processof visual classi cation if we are
to understandhe formation mechanismf truly non- or weakly
rotating galaxiesand the possibleconnectionbetweenkinematic
transformatiorandquenching.

Very few examplesexist of visual kinematic classi cation of
galaxiesn simulationsAmongthesearethework of Li etal. (20181,
who usedvisual classi cationof galaxiesin the lllustris simulation
to nd prolategalaxiesandstudytheir formationmechanismsThey
found that the vastmajority of prolategalaxiesin their simulation
havehad galaxy mergersof nearly radial orbits. Ebrova, okas &
Eliadsek (2021) used visual classi cation of lllustris galaxiesto
identify thosewith kinematicallydecoupleadtoregKDCs)andfound
thattheywerelonglived, with thevastmajority of themformingafter
majormergersSchulzeetal. (2018 visually classi edthekinematic
mapsof early-typegalaxiesn the Magneticumsimulation, nding a
diversefamily amongSRs,including non-rotatorsprolates,and2
galaxies.Schulzeet al. (2018 found that the parametricselection
of SRsof Emsellemet al. (2011) led to signi cant contamination,
with many galaxiesclassedas ‘rotators’ beingmisclassi edasSR.
Theseworks show that visual classi cation of simulated galax-
ies can yield new, importantinformation about the formation of
galaxies.

In this papemwe aimto understandheformationpathway=f SRs
andpossibleconnectiornto quenchingusingthe EAGLE simulations.
EAGLE is a state-of-the-artosmologicahydrodynamicakimulation
suite(Crainetal. 2015 Schayeetal. 2015). Its largestcosmological
box has a good compromisebetweenvolume, (100Mpc)?, and
spatial resolution, 700 pc, that allows us to have a statistically
signi cant sampleof galaxiegseverathousandsvith stellarmasses,
M > 10'°M ) and with enoughstructural detail to be able to
studytheir stellar kinematicproperties EAGLE hasbeencompared
to severalobservation®f the structuralandkinematicpropertiesof
galaxiesin observations,nding thatthe simulationcanreproduce
reasonablywell the size—stellamassrelationof activeandpassive
galaxiesacrosscosmic time (Lange et al. 2016 Furlong et al.
2017 Rosito et al. 2019, the stellar angular momentum-stellar
massrelation(Lagoset al. 2017), the fraction of SRsversusstellar
mass(Lagosetal. 20183, andthe distributionof stellarrotation-to-
dispersionvelocityratio(vandeSandeetal. 2019 Walo-Martn etal.
2020. This makeseAGLE well suitedfor our experimentBecause
we areinterestedin separatingruly SR galaxiesfrom the rest of
the galaxieswe go througha similar exerciseasvande Sandeet al.
(2021, andvisually inspectgalaxiesin EAGLE atz = 0to (i) select
SRs,and(ii) separatelifferentclasse®f SRs( at versusoundSRs,
prolateand2 galaxies)We thentakeadvantagef the plethoraof
galaxypropertieEAGLE allowsusto measureo investigatevhether
thedifferentmergerhistoriesof SRsin EAGLE leaveimprintsontheir
intrinsic galaxy propertiesandkinematicclassat z = 0 that could
in principle be usedto connectto observedSRsandto understand
whetherquenchingandkinematictransformatiorhapperin tandem
or not.

This paperis organizedas follows. Section2 providesa brief
summaryof the EAGLE simulations,how we computekinematic
propertiesof galaxiesand visually classify them, and build the
galaxy mergerhistory of galaxies.We alsocomparethe properties
of SRs betweenthe visually selectedversusparametric-selected
onesin EAGLE. Section3 analysesthe merger history, kinematic
transformationand quenchingof star formation, and the stellar
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4374 C.d.P.Lagosetal.

Table 1. Speci cationsof the EAGLE Ref-L100N1504simulationusedin
this paper.The rows list: (1) initial particle massesof gasand (2) dark
matter,(3) comovingPlummer-equialentgravitationalsofteninglength,and
(4) maximumphysicalgravitationalsofteninglength.Units areindicatedin
eachrow. EAGLE adopts(3) asthe softeninglengthatz  2.8,and(4) atz
< 2.8.This simulationhasa sidelengthof L = 100cMpc. Here,pkpcand
ckpcreferto properandcomovingkpc, respectively.

Property Units Value
) Gasparticlemass M ) 1.81x 10°
) DM particlemass M) 9.7x 10°
3) Softeninglength (ckpc) 2.66
(4) max.gravitationalsoftening (pkpc) 0.7

populationsof the galaxiesthat are visually classi ed as SRsin
EAGLE. Section4 analysesthe connectionbetweenthe different
kinematic classef SRsin EAGLE with their mergerhistory, and
nally in Section5 presents discussiorof themainresultsandour
conclusions.

2 THE EAGLE SIMULATION

TheEAGLE simulationsuite(describedn detailin Schayeetal. 2015
hereafteS15 andCrainetal. 2015 hereaftelC15) consistof alarge
numberof cosmologicalhydrodynamicsimulationswith different
resolutions,cosmologicalvolumes and subgrid models, adopting
a Planck CollaborationXVI (2014 cosmology.S15 introduced
a referencemodel, within which the parametersof the sub-grid
modelsgoverning energyfeedbackfrom starsand accretingblack
holes(BHs) werecalibratedto ensurea goodmatchto thez = 0.1
galaxy stellarmassfunction, the sizesof present-dayisc galaxies
andthe BH-stellarmassrelation (seeC15for detailson the tuning
of parameters).

Table 1 summarizeghe numericalparameter®f the simulation
usedin thiswork. Throughouthetextwe usepkpcto denoteproper
kiloparsecandcMpcto denotecomovingmegaparsecé keyaspect
of EAGLE is the useof state-of-the-arsubgridmodelsthat capture
unresolveghysics.Thesubgridphysicsmodulesadoptedy EAGLE
include:(i) radiativecoolingandphotoheatindWiersma,Schaye
Smith20093, (i) starformation(Schaye& DallaVecchia2008), (iii)
stellar evolutionand chemicalenrichment(Wiersmaet al. 2009,
(iv) stellarfeedback(Dalla Vecchia& Schaye2012, and (v) BH
growth andactive galacticnucleug AGN) feedbackRosas-Gueara
etal. 2015. In addition,thefractionof atomicandmoleculargasin a
gasparticleis calculatedn post-processingpllowing Rahmatietal.
(2013 andLagosetal. (2015. EAGLE employsSUBFIND (Springel
etal. 2001 Dolagetal. 2009 to identify self-boundoverdensitie®f
particleswithin haloes(i.e. substructures)Thesesubstructuresire
thegalaxiesin EAGLE.

Throughoutthe text we will refer to ‘central’ and ‘satellite’
galaxieswherethe centralcorrespondso the galaxyhostedby the
main subhaloof a Friends-of-Friend$alo, while other subhaloes
within thegrouphostsatellitegalaxies(Qu etal. 2017). Lagosetal.
(20183 computedthe stellar spin parameter®f galaxiesin EAGLE
for thesimulationof Tablel, usingthe de nition of Emsellemetal.
(2007:

= iLirilVi ‘ 1)

iLiri Vi2+ i2

whereV; and ; arethe r-bandluminosity-weightedine-of-sight
meanandstandardleviationvelocitiesin apixel i of acubicgrid for
eachgalaxy,andr; is the distancefrom the centreof the galaxyto
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theith pixel (i.e. the circular radius).Eachcubic grid is computed
using a cell of side 1.5 pkpc, which Lagoset al. (20183 showed
producewell-convergedresults.As in Emsellemet al. (2011, to
measurghesequantitieswithin r, we only include pixels enclosed
by the ellipse of major axis r, ellipticity (r), and position angle
pa(n). (r) is computedwithin circularaperture®f radii r usingthe
diagonalizednertiatensorof thegalaxy’sluminositysurfacedensity
(seeequationsl—3in Lagoset al. 2018awhich follow Cappellari
etal. 2007). Here,we adoptr = rsq, the half-light radiusin ther-
bandto makeour measurementsomparablgo observationgrom
local UniverselFU surveys.Note that our method of measuring
(r) canbe biasedlow comparedo whatis donein observations,
whereisophotesarecommonlyused.More detailson how this was
computedare presentedn section2.1 of Lagoset al. (20183. We
measure rand (r) in two orientationswith galaxies/iewedthrough
thez-axisof thesimulation(consideredo berandom)andorienting
themedge-on(usingthe stellarspeci ¢ angularmomentum)As we
measurdoththesequantitieswithin rso, throughouthetextwe refer
tothemas ,, and (,, for randomorientationsand ,; edg&on and
rs0.edgsson TOr theedge-orcase.

Lagoset al. (20183 showedthat the fraction of SRs(using a
variety of de nitions basedon ., and ;) decreasesteeplywith
decreasingstellar mass,being 0.1 at 10'°°M . Consideringthis
andthat the quantitiesabove are well convergedat stellar masses
aboe 101°M (seeappendixA in Lagosetal. 20183, in this study
we focussolelyon galaxiesabove this stellarmassthreshold which
resultsin 3638galaxiesatz = 0.

2.1 Galaxy mergers

We usethe mergertreesavailablein the EAGLE databaseg(McAlpine
et al. 2016 to identify galaxy mergers.Thesemergertreeswere
createdusingthe D S Trees algorithm of Jianget al. (2014. Qu
etal. (2017 describechow this algorithmwasadaptedo work with
EAGLE outputs.Galaxiesthatwentthroughmergershavemorethan
one progenitor,and for our purpose,we track the most massive
progenitorsof the mergedgalaxies,and comparethe kinematic
propertiesof thosewith thatof themergeremnantThetreesstored
in the public data baseof EAGLE connect29 epochs.The time
spanbetweensnapshotsangefrom 0.3 Gyrto 1 Gyr. Lagos
etal. (2017 showedthatthesetime-scalesareappropriateto study
the effect of galaxy mergerson the speci ¢ angularmomentumof
galaxies,as 1 Gyr correspondo the mergersettlingtime. Here,
we studythe mergerhistory from a loockbacktime of 0 to 10 Gyr
of z = 0 galaxies.We classify galaxy mergersas major mergers
whenthe stellarmassratio betweenthe secondaryandthe primary
galaxyM edM | pim,is 0.3.Minor mergersarethosein whichthis
ratiois betweerD.1 and0.3.We classifymergerswith smallermass
ratiosas‘very minor mergers’.The distinctionbetweenvery minor
mergersandhighermassratio mergerss important,astheremnants
of the former can have drastically different properties(Karademir
etal. 2019. Evenwith this classi cation of mergers, 21 percent
of galaxieswvith M 10'*°M donothavemergerddenti ed in the
last10 Gyr. Table2 summarizeghe numberof galaxieswe nd in
eachof thesemergerclasses.

In addition, we computethe total star-forminggas (Msggag-to-
stellarmasgatioinvolvedin thegalaxymergerMsrgagotalM | total =

M‘SFgag M!, wherei = 0, 1 (for two galaxiesinvolved in
a merger). This fraction provides a measuremenbf whethera
mergeris gas-richor poor, with a thresholdat Msrgastota/M | total

0.1 separatinggas-poorand gas-intermediat®r rich mergers.
This thresholdcomesfrom the distribution of MsggasiotalM | total IN
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Table2. Numberof galaxiesn EAGLE atz= OthathaveM  10'°M and
thatwentthrough 1 major mergersin thelast10 Gyr; through 1 minor
mergersand= 0 major mergers(in the sametime period);through 1 very
minor mergersand= 0 minor/majormergergin the sametime period);have
not hadany mergersn thelast10 Gyr; havehad 1 dry mergersihavehad
nodry mergersput 1 wetmergers.

Sample Number
AlM  10°M 3638
Major mergers 1113
Minor mergergandno majormergers) 1042
Very minor mergergandno minor/majormergers) 708
w/o mergers 775
Dry mergergM  sedM | prim > 0) 650
Wetmergergno dry mergersiM | sedM | prim > 0) 2213

galaxymergersn EAGLE presentedby Lagosetal. (2018h. We split

galaxiesbetweernthosethat wentthroughdry andwet mergers py

selectingthosethathad 1 dry mergersover the last 10 Gyr, and
thosethat did not but had 1 wet mergersover the sameperiod
(statisticsof thosearepresentedhn Table?2). Thelogic of this splitis

thatdry mergerson averagehappenater comparedo wet mergers,
and hencein the presenceof dry mergersthe pasthistory of wet

mergerds lessrelevant.

2.2 Building mock kinematic mapsof EAGLE galaxies

An importantaspecbf thispaperis thevisualclassi cationof EAGLE
galaxiesin a way thatresembleshe SAMI suney classi cation of
vande Sandeetal. (2021). Hence we aimto build stellarkinematic
mapsthatmimic SAMI in termsof spatialandvelocity sampling.as
well asseeing For this purposewe generatanock kinematiccubes
for eachEAGLE galaxy with M 10'*°M using the R-package
SIMSPIN (Harborne Power& Robothan20203.

SIMSPIN takesan N-body or hydrodynamicaSPHsimulationand
produceskinematicdatacubein thestyleof anlFS observationWe
havedesignedhesemock observationgo re ect the observational
parametersf the SAMI suney (Scottetal. 2018: kinematiccubes
havea spatialpixel size of 0.5 arcsecand a velocity pixel size of
65kms>! (Greenetal. 2018.

In eachcase the stellarparticle propertieg(initial mass,age,and
metallicity) are usedto assigna ux to eachparticle.We logarith-
mically interpolatethe GALEXEV synthesismodels (Bruzual &
Charlot 2003 hereafterBC03) for simple stellar populationsto
generataspectraknergydistribution(SED)for eachstellarparticle
using PROSPECT(Robothamet al. 2020. In casesin which the
metallicities lie outside the boundariesof the BC03 range, we
extrapolatdo nd asolutionasin Trayfordetal. (2015.

Eachgalaxyhasheerprojectedo adistancesuchthattheprojected
half-stellarmasgradiusis equivalentto a consistenhumberof pixels
within the apertureto reducethe effectsof spatialsampling.The
velocities of eachparticle have beenconvolvedwith a Gaussian
function to mimic the instrumentationeffects, using a kernel of
2.65A to matchthe line-spreadunction of the blue observingarm
of the SAMI spectrograph{van de Sandeet al. 20170. We have
furtherincludedarealisticlevel of seeingn thesemockobservations
by convolving eachspatialplanein the datacubewith a Gaussian
point-spreadunctionwith full width at half-maximum(FWHM) of
1 arcsecThesemagesareproducedat severainclinations,oriented
usingtheinertiatensorlUnlessotherwisespeci ed,weusetheimages
producedat aninclination of 60 degreesThis inclinationis chosen
aswe aretrying to balancetwo requirements(i) to avoid edge-on
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inclinationsas thosehamperthe visual classi cation of, specially,
velocity dispersiormapswhensearchingor decouplectores,local
peakof | etc.;(ii) to avoid orientationgoo closeto face-onasthose
would male all galaxiesappearound. The chosen60 degreess a
goodcompromisegorrespondso theaveragenclinationof galaxies
in theUniverseandis onein whichintrinsically at galaxiesarestill

easyto identify assuch.

Flux, line-of-sight (LOS) velocity, andvelocity dispersionmaps
are constructedrom thesemock datacubesand visualizedusing
PYNMAP.! Flux mapsare simply the sumof the ux in eachpixel
throughouthecube;LOS velocity mapsarethe ux-weighted mean
of the velocitiesat eachpixel; and LOS velocity dispersionmaps
are the ux-weighted standarddeviation of the velocitiesin each
pixel. For more information aboutthe constructionof thesedata
products,we direct the readerto Harborneet al. (20203. Fig. 1
showsexamplef the mapsgeneratedvith siMspiN andvisualized
usingPYNMAP. In somecaseghe centralstellarvelocity dispersion
is lowerthanin the outskirts(seethird andbottomright-handpanels
of Fig. 1). We nd this to be a frequentfeaturein massivegalaxies
in EAGLE. In fact, 55percentof galaxiesvithM > 10'°°M have

(0.5rs50) < (rso), where (0.5r50) and (rsp) are the stellar
velocity dispersionsneasuredisingparticleswithin 0.5rso andrso,
respectivelyThisis furtherdiscussedn Section3.3.

2.3 Visual classibcationof simulated kinematic maps

In previous paperswe have classi ed galaxiesas slow and fast
rotatorsusingparametricriteriabasednthedistributionof galaxies
inthe ., S ., plane.Recently,van de Sandeet al. (2021 have
guestionedthe applicability of thesecriteria which, for the most
part,havebeenbuilt with higherresolutiondata,highlightingthata
visualclassi cationof kinematicmapsyieldsdifferentclassi cations
to thoseobtainedby parametriccriteria. Harborneet al. (20200,
usingnumericakimulationsf galaxief differentdisc/bulgeatios,
qguanti ed how resolutionaffectsthe derived g. They found that
lower resolutionleadsto arti cially low g, which canlead to
galaxiesbeingmisclassi edasbeingbelowtheline of slow rotators
inthe kS plane.A similarresultwaspresentedn Grahametal.
(2018. In addition,Naabetal. (2014 showedthatthe detailsof the
kinematicmapsof galaxiescanyield importantinformation about
the formationhistory of SRs,makingvisual classi cationdesirable
to advanceour understandingf galaxyevolution.

Here,we takeadvantagef the mapsgeneratedn Section2.2to
go througha similar classi cationcampaigraspresentedn vande
Sandeet al. (2021) for SAMI. Theaim is to isolate‘'unambiguous’
SRsin EAGLE and understandheir relationto assemblyhistory as
well as environment.Here, unambiguousrefers to galaxiesthat
visually look like SRs.We rst selectall galaxieswith M
10'°M , which areexpectedo havewell-convergednternalstellar
kinematics Fromthis samplewe takea very conserative selection
iN rgpedgson 0.2, van de Sandeet al. (2021) decomposedhe
galaxypopulationin binsof stellarmassandusedmixturemodelsto
determinethe existenceof adistinctpopulationof low ., in SAMI
andseverakimulationsjncludingEAGLE. A cutat g edggon 0.2
comfortablyincludesall galaxieghatbelongto thepopulationof low

rs IN EAGLE. This selectionin stellarmassand ,, edg&on Yields
559galaxiesatz = 0.

We ask ve memberf ourteamto independentlylassifythose

mapsinto six differentkinematicclasses:at SRs(FSR),roundSRs

Lhttps:/bithub.com/emsellerpynmap
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4376 C.d.P.Lagosetal.

Figure 1. Examplesof ux (left-handpanel),LOS stellarvelocity (middle)
andvelocity dispersion(right-handpanel)mapsfor z = 0 galaxiesn EAGLE.
Units in the x- andy-axesare pkpc. Colour bar’'s minima and maximaare
shownat the bottom left of eachpanel(with velocitiesin km s>1). From
top to bottom, we show examplesof galaxieswith 100 percentagreement
amongclassi ersthatbelongto the at SR,roundSR,2 , prolate,unclear
androtatorkinematicclassesrespectively(seeSection2.3 for details).The
GalaxyID is shownat thetop of eachrow, andcanbe matchedo thelDs in
the EAGLE database(McAlpine etal. 2016).
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Figure 2. Left-hand panel: Distribution of the matching successwith
0 percentindicatingno agreemenbetweenthe kinematicclassef classi-
ers. The majority of galaxieshavean agreemenbf 60 percentamong
classi ers. Right-hand panels: Probability density function of kinematic
classesn four bandsof matchingsuccessas labelledin eachpanel,with
eachcolourshowinga differentclassi er.

(RSR),2 galaxieqthatdisplaytwo clearpeaksn thestellarvelocity
dispersionmap), prolate galaxies(Prol; thosedisplaying rotation
along the minor axis), unclear(Uncl) and rotators.We purposely
avoid giving any instructionsto the classi ersandsimply let them
assessvhat they expectfor thesedifferent classesWe believethis
providesa truly independentlassi cation and avoid con rmation
bias.We thencompiledtheseclassi cationsandanalysethelevel of
agreementrig. 1 showssix example®f thekinematicclassesbove,
for whichall classi ersagreedFortheUncl caseswe nd thatthose
generallyaresimilar to the exampleshownin Fig. 1, in which there
is alot of substructurghatis assignedo thesamesubhaloThisis a
well-known shortcomingof 3D subhalo nders (Cafiasetal. 2019,
which tendsto getworsein high densityenvironments.

The left-handpanelof Fig. 2 showsthe distributionof matching
successamong classi ers. Most galaxies can be kinematically
classi edwith anagreement 60 percent(3 outof 5 classi ersagree
ontheclass) By adoptingthis thresholdwe areleft with 501 of the
initially 559classi edgalaxieqi.e. 90percentof thesample)The
right-handpanelof Fig. 2 showsthedistributionof kinematicclasses
in the differentlevels of agreemenbf eachindependentlassi er.
For the casesn which 2/5 agreewe nd thatthe con ict arisesin
whethemalaxiesarerotators/uncleaornot.2 galaxiesarealsohard
to classify,with mostof thembeingin the matchingsuccespanels
of 40 percentand60 percent.We notethatEAGLE producegyalaxies
of diversekinematic classeswhich are also seenin observations
(Emsellemetal. 2017). Schulzeetal. (2018 via visualclassi cation
of the kinematic mapsof early-typegalaxiesin the Magneticum
simulationsalsofound similarly diversekinematicclassesTable3
presentghe numberof galaxiesclassi ed in eachkinematicclass
with acon dencelevel 60 percent.

The classi cation betweenFSR and RSR so far adoptedcan
be subjective.In orderto determinewhetherthereis an obvious
ellipticity thresholddistinguishingbetweenthe two subclassesye
turn to the ellipticity distribution of the visual classesFSRsand
RSRs.Thisis shownin Fig. 3 for eachclassi er. Overall,athreshold
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Table 3. Numberof galaxiesat z = 0 visually classi ed with a con dence
60 percentin eachkinematicclass.

Sample N
All (con dence 60 percent) 501
FlatSR 238
RoundSR 192
Prolate 49
2 12
Unclear 9
Rotator 1

60 : 60 :

50 - Kin clagss = FSR 50 - Kin clag.ss = RSR

40
2 30 1

20 A

10 1

0 0
0.00.10.20.30.40.50.6 0.00.10.20.30.40.50.6
Erso, 60deg Erso, 60deg

Figure 3. Distribution of ellipticities for at (left-hand panel)and round
(right-handpanel)SRs.Eachcolouredhistogramshowsa differentclassi er.

Ellipticities herearemeasuredirectlyfrom thesiMspiNmapswhichadopted
aninclination of 60 degreesThe verticalline shows ., sodeg= 0.2, which

we considerareasonabléhresholdio separateat androundSRs.

Table 4. Numberof galaxiesin our unambiguousSR sampleat z = 0 that
wentthrough 1 majormergersn thelast10Gyr;through 1minormergers
and =0 major mergers(in the sametime period); through 1 very minor
mergersand= 0 minor/majormergergin thesametime period);havenothad
any mergersin the last 10 Gyr; havehad 1 dry mergershavehadno dry
mergersput 1 wetmergersWe alsoshowthe breakdowrbetweercentrals
andsatellitesin eachgroup.

Sample All Cens Sats
Visual SRs(con dence 60 percent) 479 293 186
Major mergers 225 149 76
Minor mergergandno major mergers) 145 87 58
Very minor mergergandno minor/majormergers) 72 41 31
w/o mergers 37 16 21
dry mergers 178 113 65
Wetmergergno dry mergers) 264 164 100

of 1,60deg= 0.2 appearsppropriatdor all classi ers.Fromhereon,
we usethis thresholdto classifygalaxiesbetweerFSRandRSR.

Fromthesendings, wewill considersSRsin EAGLE all galaxies
visually classi ed as FSR, RSR, and prolate. Unless otherwise
speci ed, we only considerSRsin which thereis 60 percent
agreemeramongclassi ersandreferto thissampleasunambiguous
SRs. This thresholdwas chosento be similar to that adoptedin
van de Sandeet al. (2021). Table 4 presentdhe breakdownin the
incidenceof differenttypesof mergersn the unambiguou$SRsand
the breakdowrbetweercentralsandsatellites Becausesomeof the
subsamplearerathersmall,we tendto subdividethemin waysthat
we alwayshave 10 galaxiesto measurenediangrom.

4377

2.4 Parametric versusvisually classibedslow rotators in EAGLE

As discussedh theintroduction,mostsimulation-base@apershave
adopteda parametricselectionof SRsto analysetheir formation
history. Thus, it is importantto understandow differentour visual
classi cationof SRsis from parametricselections.

Fig.4 showsthedistributionof ., v, rs,, andstellarmassofall
galaxiesn EAGLEatz= OwithM  10°M , andthesubsamples
of galaxiesselectedas SRsbasedon the parametricclassi cation
of van de Sandeet al. (2021 andthe visually identi ed SRs.The
parametricclassi cationof vande Sandeetal. (2021) is asfollows:

o < 012+ 0.25 ., for ,, 05, )

Most visually classi ed SRsfall within the classi cationof vande
Sandeet al. (2021) with a small fraction ( 12 percent)falling in
the region of low , and elevated ,,,. We visually inspectthe
galaxiesthatarein theunambiguou$SRsampleandhave ,,, > 0.2
( 6 percentof the sample).We nd theseare a mix bag of 2
galaxies galaxiesthathavesomerotationin the outskirtsbutnonein
thecentralparts andgalaxieghathavecontaminatiorirom substruc-
ture but not enoughasto fall in the ‘unclear’ category, sothey can
still be easilyidenti ed asSR. Somethingn commonamongthese
galaxiess thattheyhave0.1 <, cdgson < 0.2, soby theoriginal
criterionof Emsellenetal. (2007 theywouldnotbeconsidere®Rs.
Thereis anothergvensmallerfraction( 2.7 percent)of SRsin the
unambiguousSR samplewith ,, > 0.5. The succesgate of the
van de Sandeet al. (2021) classi cationin EAGLE is 85 percent,
which is similar to the succesgate obtainedby the authorsusing
a visually classi ed sampleof SAMI galaxies( 90 percent).The
downsideis thatthis parametricselectionhasa high contamination
rate, selecting295 galaxiesthat are not SRs (40 of thosehavea
lower visual classi cation con dence,< 60 percent,and 205 have

rsp,edgeson > 0.2). Evenin the bestcasescenarig(in whichwe drop
our con dence thresholddown to 40 percent), the purity of the
selection(fraction of unambiguousSRs)would be 65 percentin
EAGLE.

Ingeneralwe nd thatthevisuallyclassi edSRsprefer ,, 0.5,

with mostof themhaving0.1 ~ ,,  0.5. Notethatthesevaluesof

rs, COverawider rangethanthe SR selectiorcriterionof Cappellari
(2019, who imposesa threshold , 0.4 for a galaxy to be
consideredan SR. Thus,the criterion of vande Sandeet al. (202])
works betterin EAGLE, albeitwith a high contaminationFrom the

rst and third panelsof Fig. 4, it is clear that visually classi ed
SRstendto populatethe lower ., andhigher ., regionsof the
parametricSRsdistributions.Thereis alsoa small tendencyof the
visual SRsto havelower ., and higher stellar masseshan the
parametricSRs.In additiontothepropertiesn Fig. 4, weinvestigated
severalother galaxy propertiesand found that the specic SFR
(sSFR)andrsy were on average23 percentlower and 10 percent
larger, respectively,in the visual SRscomparedto the parametric
onesVisual SRsalsohaveahigherincidenceof galaxymergerswith
the meannumberof mergersin this samplebeing 4.3 compared
to 3.7 in the parametricSRs. All the evidenceabove showsthe
importanceof the visual classi cation of the kinematic mapswe
presentin this paperrequiredto isolatea sampleof unambiguous
SRsin the simulation, from which we can study their kinematic
transformation.

An interestingresultin Fig. 4 regardingthe entiregalaxypopula-
tionin EAGLE, isthatthe  distributionshowssignsof abimodality,
with peaksat 0.2and 0.6.vande Sandeetal. (2021 presenta
detailedquanti cation of the existenceof a bimodality in ,, at
xed stellarmass.andconcludethateventhoughthis bimodalityis
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Figure 4. Distributionof r, s,

stellarvelocity dispersionandstellarmassof z = 0 galaxiesn EAGLE with M

109M . Thedistributionsareshownfor

all galaxies SRsclassi edfollowing the parametricselectionof vande Sandeetal. (2021), andthevisually classi ed SRs(with acon dence 60 percent),as

labelled.Theverticallines showthe mediansof eachdistribution.

clearin SAMI (seealso Grahamet al. 2018 for a similar analysis
in MaNGA), it appeardessclearin EAGLE. For massivegalaxies,
vande Sandeetal. (2021) showedthat,althoughtwo betafunctions
wererequiredfor agood t, the onepeakingatlow ., in EAGLE
had a prominenttail towardshigh valuesof ,,. Oneimportant
differencewith theanalysisof vande Sandeetal. (2021) is thathere
we include all EAGLE galaxieswith M 10*°M , while van de
Sandeetal. (2021) analysedh subsamplef the simulationselected
to havethe samestellarmasdistributionasthe SAMI sunwey, which
endsup biasedowardshigh massegwith apeakat 10:*3 M ). This
possiblymeanghatthe bimodality in observationsnay be stronger
thanreported,in which casea volume completesamplewould be
neededo con rm that. Anotherimportantresultfrom Fig. 4 is that
the sampleof visually classi ed SRsin EAGLE is only a fraction of
the galaxiesthat would be associatedavith thelow ., population.
This populationof SRsis notdistinctenoughto becleanlyseparated
by statisticalmeans,lending supportto our approachof visually
classifyinggalaxiesto study the formation mechanism®f SRsin
EAGLE.

3 THE PROPERTIES OF SLOW ROTATORS IN
EAGLE

In this sectionwe analysevarious propertiesof EAGLE galaxies
selectedas SRs basedon the visual classi cation presentedin
Section2.3andthathavea classi cationcon dence 60 percent.
We study the distribution of SRsin the ,— r, in Fig. 5. We
separat&SRsthathad 1 minoror majormergersn thelast10 Gyr,
from thosethat did not. We showfor referencethe parametricSR
classi cationsof Cappellari(2016 andvande Sandeet al. (2021).
Fig. 5 showsthatthemostmassivéSRshavehad 1 minoror major
mergersn thelast10Gyr, while in thesubsebf SRswithoutmergers
or exclusively veryminormergersye preferentiallynd lowermass
galaxies.This is quanti ed in the top panelof Fig. 6, wherewe
showthe contributionof the four subsetf SRsselectedbasedon
their mergerhistory asa function of stellarmass.The subsebf ‘no
mergers’is only presenat 10°°M < M < 10'*5M , while most
galaxiesin the ‘very minor mergers’subsetarepreferentiallyin the
10'°M < M < 10"'M range.Thefractionof SRsthathavenot
experiencedanergerds muchsmallerthanthe ‘no mergers'fraction
of theentiregalaxypopulationat xed stellarmasqseebottompanel
of Fig. 6). On the otherhand,about40S 50 percentof SRshad 1
majormergerdn thelast10 Gyr, evenatrelativelow stellarmasses
(10'°°M < M < 10'°5M ), whichis twice theincidenceof major
mergerseerin theoverallgalaxypopulatioratthesamestellarmass.
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Figure 5. r;, asafunctionof r, atz= 0for SRsin EAGLE. Thetop panel
showsSRsthathavehad mergerswith massratios 0.1in thelast10 Gyr,
while thebottompanelshowsthe complemenSRs.Sizesandcoloursof the
symbolscorrespondo different stellarmassesaslabelledin the top panel.
Forreferencave showassolidanddashedinestheparametriclassi cations
of Cappellari(2016 andvande Sandeetal. (2021), respectively.

Minor andvery minor mergersarerepresentedh similarfractionsin
the SRsandall galaxiessamplesat xed stellarmass.

Thesigni cantly lowerfractionof ‘no mergersandhigherfraction
of major mergersamongSRsshowsthe importanceof the latterin
producingSRsin EAGLE. In thecomingsectionsyve analysentrinsic
propertiesof SRsselectedby their mergerhistory to understand
whetherthere are observablepropertiesthat are expectedto be
systematicallydifferentamongtheseSRs.

3.1 Intrinsic properties of slow rotators

We focuson intrinsic propertiesof SRsthat haveattractedinterest
in the literature,including: intrinsic shapeyvelocity anisotropyand
sizes.In addition, as we are interestedin quenchingand galaxy
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Figure 6. Thetoppanelshowsthefractionof SRsthathad 1 majormergers
(grey shadedregion), no major mergersbut 1 minor mergers(green),no
minor or majormergersput 1 very minor mergerg(blue) andno mergers
(red) over the last 10 Gyr, asa function of stellarmass.The bottom panel
showsthe samebut for all galaxiesregardles®f their kinematicclass.

mergerdn SRs,we alsoexploretheir BH massesndstellarex-situ
fraction, fexsitu

Theleft-handpanelsof Fig. 7 showthetriaxiality, stellarvelocity
anisotropy,fexsit, F-band half-light radius and BH-to-stellarmass
ratio, as a function of stellar massof SRsat z = 0 in EAGLE
classi ed basedon their mergerhistory. The rst two quantities
above comefrom the EAGLE analysisof Thob et al. (2019, which
we brie y describehere.For eachgalaxy,all stellarparticleswithin
asphericabpertureof radius30 pkpcareusedto measureghetensor
of the quadrupolemomentsof the massdistribution (which share
eigenvectorswith the inertia tensor). The axeslengthsa (major
axis), b (intermediateaxis), and c (minor axis) are de ned by the
squareoot of theeigenvaluesf themasddistributiontensor, ; (for
i = 0, 1, 2). Theseaxesare thenusedto measurea rst passfor
the ellipticity ( = 1 S c/a) andtriaxiality (T = (&2 S b?)/(a? S
¢?)). Thesevaluesare then usedto selectstellar particlesthat are
enclosedn the ellipsoid of axesratiosa/b, a/c of equalvolumeas
thesphereof r = 30 pkpc. Theseparticlesareusedto remeasuré¢he
ellipsoid axes.This iterative processcontinuesuntil changesn a,
b, c are< 1 percent.A perfectsphericalgalaxyhas = 0andT is
unde ned.Low andhighvaluesof T correspondo oblateandprolate
ellipsoids respectivelyThestellarvelocityanisotropy, siars depends
onthevelocity dispersiorparallel, , andperpendicular, ,tothe
stellarangularmomentumvector of the galaxy (all measuredvith
stellarparticlesatr < 30 pkpcfrom the centreof potential), siars=
18 ( 1 )2 If gas> 0, thenthe stellarvelocity dispersionis
dominatedby disorderednotionsin thediscplane.

We alsomakeuseof the stellarex-situfractions,fex.siuy COMputed
by Davisonet al. (2020 for EAGLE galaxiesatz = 0. Here, fex-situ
refersto thefractionof starsthatdid notform in themainprogenitor
branchofthez = 0 galaxy,andhencevasacquiredrom galaxieghat
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Figure 7. Left-hand panels: Triaxiality (top), anisotropystellar velocity
dispersion(second)3D Sérsicindex (third), ex-situstellarfraction (fourth),
half-light radius( fth), andBH-to-stellarmassratio (bottom)asa function
of stellarmassfor SRsatz = 0in EAGLE. We showseparatel\SRsthathave
had 1 major mergers(solid lines),=0 majorbut 1 minor mergers(dot-
dashedines), = 0 major/minormergersbut 1 very minor mergers(dotted
lines),and=0 mergergdashedines)in thelast 10 Gyr. Lineswith shaded
regionsshowthe medianand 25thS 75th percentilerange respectivelyand
we only showbinswith 10 galaxies For referencethethick, magentdine
showsthemediarrelationfor mainsequencegalaxiesn EAGLE (thosewith an
SSFR> 0.01Gyr°1). Parametersire calculatedconsideringall their stellar
particleswithin theinner30 pkpc.Right-handpanelsmedianand25thS 75th
percentilerangeof theratio betweerthe propertiesn theleft-handpanelfor
the four different SRssubsamplesf the left-handpanelsselectecbasedon
their mergerhistory, andtwo stellar-massnatchedsamplesof fast rotators
(lled squarespnd SRs(emptysquares)The horizontaldottedline marks

equality.
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mergedon to themainprogenitorin the past(or wereacquiredafter
closeinteractions) Thisis computectonsideringall stellarparticles
within 30 kpc from the galaxy’scentre.For referencetheleft-hand
panelf Fig. 7 alsoshowthemedianof thesequantitiesasafunction
of stellarmassfor galaxiesthatareconsideredo be mainsequence
(thosewith asSFR> 0.01GyrS%; Furlongetal. 2015.

The samplesof SRssplit by their mergerhistory can quickly
becomevery small and hencethe correlationwith stellarmasscan
benoisy.Totry toidentify maintrendswealsoshowin theright-hand
panelsof Fig. 7 the medianratio betweenthe quantityin the left-
handpanelfor thesubsampl®f SRsandfor acontrolsampleof fast
rotatorsandSRsmatchedo havethesamestellarmasgdistribution?

We nd that SRswithout mergersare very oblate (T  0.2)
comparedo other SRs,andin fact similar to what we expectfor
main sequencejalaxiesand fast rotatorsof the samestellar mass.
EventhoughtheseSRsarevery compactfsg 253 pkpc,theyare
still above theresolutionlimit by afactorof 3S4, andgiventheir
mass,we expectthemto be resolvedwith 3000 particles,sowe
consideithesemeasurementliable.

Thereis atendencyfor T to increasegoing from SRsthatwent
exclusively throughvery minor mergersto thosethatwentthrough
major mergersat xed stellarmass.Most of the prolate SRs(T
0.7) correspondo galaxiesthatwentthroughmajor mergerswhile
very minor and minor mergersare preferentially associatedvith
triaxial systems(0.3 T  0.7), particularlyat 10'°M M <
10'°”M . Comparedo othersimulationswe nd someinteresting
differencesPulsonietal. (2020 foundthatin the lllustris-TNG100
simulationthereis a large fraction (83 percent) of SRsthat are
triaxial (0.3 T 0.7)atr < 1S 2rso, whichwedonotseen EAGLE
(34 percentaretriaxial at smallradii). Most of thetriaxial SRsin
lllustris-TNG arein the stellarmassrange10'%°-10"5M , while
in EAGLE, 50 percent(80 percent)are< 101°°M (10'°°M ). The
reasondor thesedifferencesarenot easyto pinpointbutit is worth
highlightingthemfor futureresearch.

Most SRshave0.2  4as 0.6, whichis similar to the values
reportedfor SRsin Schulzeet al. (2018 for the Magneticum
simulationsMostof thegalaxieswith < 0.2aremainsequence
galaxies(with SSFR  0.025Gyr°!) andfastrotators(0.2
0.7, wherethelimits correspondo the 25thS 75th percentilerange)
alsoin agreementvith the ndings in Schulzeet al. (2018. We
identify aweaktrendof qgsincreasingvhengoing from SRsthat
wentthroughmajormergersminorandvery minormergersto those
thathavenothadmergersat xed stellarmass.The mediansn the
right-handpanelshow this trend more clearly. Interestingly most
galaxies,evenmain sequenceaalaxies,show sgrs> 0, indicating

> . Thobetal. (2019 foundthatthemost attenedsystemsare
alsotheoneswith thehighest gasdueto thefactthatin a at system
you expectlittle vertical stellarvelocity dispersionwhich leadsto
a smallerscaleheight.Major mergersthereforeactto dynamically
heatthegalaxiesmaking  approach

The third panelsof Fig. 7 show the 3D Sersic index, Nsersic
(measuredrom the 3D stellarmassdistributions).Thereis a trend
betweennsesic andthe assemblyhistory of an SR galaxy, whereby
galaxieghathavehadmajor/minomrmergerdendto havehighermsersic
thanthosethat had only very minor mergersor no mergersat all.

2If our sampleof interestis A andwe wantto draw a subsamplérom B to
havethe samestellarmassdistributionof A, we randomlychooseN galaxies
in narrow stellar massbins from B, whereN is the numberof galaxiesof
thatstellarmassin A. In our caseA arethe subsamplesf SRssplit by their
mergerhistory,andB areeitherall fastrotatorsor SRsin EAGLE.

MNRAS 509,4372-43912022)

Note that SRswith no mergersor very minor mergershavelower
NsersicthanevenmainsequencegalaxiesLagosetal. (20183 showed
thatin EAGLE, galaxieghathavehaddry or wetmergershadahigher
Nsersicthangalaxieswithout mergersHere,we showthattrendswith
mergerhistoryremainevenwhenwe selectslow rotatorsonly.

Thefourth panelsof Fig. 7 showthatthe ex-situfractionstrongly
increasegjoingfrom SRswithout mergersto SRsthathavehad 1
majormergersat xed stellarmass.The subsamplef SRswithout
mergershasan evensmallerfe,.siiy than main sequenceyalaxiesof
the samestellarmass while the subsamplef SRswith exclusively
very minor mergersappearssimilar to main sequencegalaxies.
InterestinglyatM  10'*M , SRsthatwentthroughN 1 major
mergerhaveas muchfe.siwy asthosethat went only throughminor
mergers.

The fth andbottom panelsof Fig. 7 showa tendencyfor SRs
without mergersto be more compactand have a lower BH-to-
stellar massratio than the rest of the SRsat xed stellar mass.
The half-light radiusincreasegrom SRsthat exclusively had very
minor mergersto those that had major or minor mergers.The
latter are also the oneswith the highestBH-to-stellar massratio.
Thesdlifferencesaresuggestivef differentquenchingnechanisms
betweerthesubsamplesThisis furtherdiscussedh thenextsection.

3.2 Kinematic transformation and quenchingof slow rotators

Thetoppanelof Fig. 8 showstheevolutionof . eqg&son0f 2= 0SRs
classi ed by their mergerhistory. We nd thatthey follow similar

rso.edg&son €vVolutionarytracks,in which mostof the transformation
happensin the last 6 Gyr, on average,and by <2 Gyr they are
almostall completed.The main differencebetweenSRsthat went
throughdifferent mergerhistoriesis whenthey formedtheir stars.
SRswithout mergersare the youngestones,while thosethat went
exclusively through very minor or minor mergersare the oldest,
againsuggestinglifferentquenchingnechanismsThetop panelsof
Fig. 9 showsthis more clearly. The sSFRof SRswithout mergers
deviatedfrom the main sequencet latertimesthanother SRs,and
by z = 0 someof themcontinueto havelow levelsof starformation
( 10S20timesbelowthemainsequencepn average)Onthe other
hand,the restof the SRsare muchmore quenchedy z = 0, with
thosehavingonly very minor mergersbeingthe rst to deviatefrom
themainsequencat 9 Gyr of look-backtime.We nd thatin the
sampleof SRswithout mergersdeviationsfrom the mainsequence
areaccompanietlychangein ., whichstarthappeningnaverage
atalook-backtime of 6 Gyr. Thisis not the casefor the otherSRs,
wherethe kinematictransformationis disconnectedrom the star
formationquenching Eventhoughthe mediansof the evolutionary
tracksof ,, aresmooth,by visualinspectionof individual tracks,
we nd thatmostgalaxiestendto displaya sharpdecreasen .,
(suggestivef mergers)Thetiming of galaxymergersaverageutto
give asmoothaveragdrackbut leadingto alargescatteraroundthe
medianatlook-backtimes 1.55 2 Gyr; thequicktransformatiorof

rso IN individual galaxiess happeningnostlythroughoutook-back
times 2S6 Gyr. This agreeswith the low fractionof SRsfoundin
observationsitz  0.6,whichincreasesapidlyto z = 0 (Coleetal.
2020.

The bottompanelsof Figs 8 and9 focuson SRsthathadN 1
mergergof any massratio), but we separatéhembetweenwvetand
dry mergers(basedon whetherMsggagota/M | total iS > 0r < 0.1,
respectively;seeSection2.1 for details). SRsthathadN 1 dry
mergersareolderandhaveprogenitorswith higher . edg&on than
the counterpartswith N 1 wet mergersand no dry mergers.
This happendecausalry mergersare more effective at decreasing
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Figure 8. Top panel:The (,,edg&on (Measuredrienting galaxiesedge-
on) history of z = 0 SRsthathad 1 major mergers,=0 major but 1

minormergers;= 0 major/minormergersout 1 veryminormergersand=0

mergersin the last 10 Gyr, as labelled. Lines with shadedregionsshow
the medianand 25thS 75th percentilerange respectiely. The vertical lines
showthe medianr-bandweightedstellarageof the samplesThe latterwas
computedwith all stellarparticleswithin rsp atz = 0. Bottom panel:asin

thetop panelbut for SRsthathad 1 wetor dry merger(of any massratio)
in thelast10 Gyr, aslabelled.

rso,edgeSons @S Shownby Lagoset al. (20183. Althoughby z = 0
bothtypesof SRshavesimilarly low sSFRsSRsthathadN 1 dry
mergerstarteddeviatingfrom the main sequencearlierthanthose
thathadN 1 wetmergerexplainingtheir olderage.

Onekey questionis how theseSRsquenched- or similarly, what
led themto startdeviatingfrom the main sequenceBecausef the
highstellarmassesf thesegalaxie§ 10'°M ), thereareonly two
plausiblepathwaysin which they could have quenchedn EAGLE:
dueto AGN feedbackor environmentaleffects. The latter mostly
happensn EAGLE dueto tidal interactionsbetweengalaxies,tidal
stripping, and ram pressurestripping (Marascoet al. 2016 Bahe
et al. 2017). We explorethis by separatinghe mergersamplesof
SRsof Fig. 9 into centralsandsatellites Fig. 10 showsthe fraction
of galaxiesamongSRsthat had different mergerhistoriesthat are
satellitesby z = 0. SRsthat have not had mergersor have had
exclusively very minor mergershawe a clear preferencefor being
satellite galaxiescomparedto other slow and fast rotatorsof the
samestellarmass.Within SRs,thosethat havehadmajoror minor
mergersmake the vast majority of centralgalaxies.Theseresults
alreadyindicateenvironmentaslikely playedanimportantrolein
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Figure 9. Asin Fig.8butfor thesSFRhistory.Here thethick andthin dotted
lines showthe position of the main sequencen EAGLE at M 10°M

and a scatterof + 0.25dex, respectiely, which is approximatelythe value
measuretby Furlongetal. (2015 in EAGLE. Thedashedine showsadistance
tothemainsequencef S 0.85dex,whichwe useto de ne quenchedjalaxies.
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Figure 10. Thefractionof z = 0 galaxiesthatareclassedassatellites for

SRsthathad 1 major mergers(grey shadedregion), no major mergers
but 1 minor mergers(green),no minor or major mergers,but 1 very

minor mergergblue)andno mergerqred) overthelast10 Gyr (solid lines).

ErrorbarsshowPoissorerrors.SRsthathadexclusively very minor mergers
or no mergershavea muchhigherprobability of beinga satellitegalaxythan
otherSRs.
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Figure 11. Top panel:Theratio betweerthe BH massof the SRsin Fig. 9

andthemedianBH massof mainsequencgalaxiesof the samestellarmass
at the time the SRsleavethe main sequencéor the rst time (lower dotted
line in Fig. 9). We showthis for central( lled circles)and satellite (open
circles)galaxieseparatelylhesymbolswith errorbarsshowthemedianand
25thS 75th percentilerange respectivelyRatios 1 correspondo galaxies
thatleavethemainsequencwith anoverlymassiveBH comparedo galaxies
on the main sequencef the samestellar mass.Bottom panel: Quenching
time-scaleof the SRsin the top panel,de ned asthe time galaxiestaketo

transitionfrom the lower dottedto thedashedinesin Fig. 9.

guenchingSRsmostly for the subsampleshat had no mergersor
exclusively very minor mergers.However, the excessin satellites
doesnot uniquelypointto environmentsa sourceof quenching.

To isolateenvironmentrom AGN feedbackaspotentialsources
of quenching,we track back the time at which eachSR departed
the main sequenceor the rst time ( gepas Which correspondgo
the rst time the sSFRof the SRscrossedthe lower dotted line
in Fig. 9) andmeasureheir centralBH mass,Mgn(atquenchy Bower
etal. (2017 showedhatin EAGLE, galaxiedbeingquenchedy AGN
feedbaclarecharacterizetly astronglynon-lineaiBH growthphase,
whichmakegherelativeBH-to-stellaimasgatioagoodindicatorof
AGN feedbackin action.We normalizeMgatquenchydy the median
central BH massof main sequencegalaxiesof the samestellar
massof the SR’s progenitorat gepars Merous), and savethe ratio,
MBgHatquenchfM sH(ms). Thetoppanelof Fig. 11showsthemediarand
25thS 75th percentilesof the distribution of MgnatquencnM BH(vs)
for z= 0 SRsselecteasedntheir mergeristories We showthis
separatelyfor SRsthatby z = 0 arecentralsandsatellites.Overall
we seeatendencyfor SRsto haveoverly massiveBHs comparedo
main sequencegalaxiesof the samestellarmassat gepar: Theonly
exceptionsare SRsthathavenothadmergersaandendup assatellite
galaxiesby z = 0; this populationhaslight blackholescomparedo
mainsequenc@alaxiesat gepart

Trayford et al. (2016 showedthat excessBH massis a strong
indicator of colour transformationand quenching;Trayford et al.
(2019, Wright etal. (2019 quanti ed thatandshowedhatgalaxies
with overly massie BHs or high speci ¢ BH growth ratesquench
much more rapidly than thosewith lighter BHs (relative to their
stellar mass),both in terms of colour transformation,as well as

MNRAS 509,4372-43912022)

departuresrom the sSFRmain sequenceHence,the top panelof
Fig. 11 suggestshatthevastmajority of SRsquenchedlueto AGN
feedback,with the exceptionof z = 0 satellite SRsthat have not
hadmergersWe alsohighlightthatAGN arelikely to bethesource
of quenchingevenfor satellite SRsthat havehad major, minor, or
very minor mergers.We cautionthat this interpretationof overly
sizedBHs beingan indicatorof AGN feedbackquenchingapplies
to EAGLE (seeBower et al. 2017). However,this may not work in
simulationsimplementingdifferent modelsof AGN feedbackthat
are not tied to rapid BH growth phasesNote that the trends of
Mg (atquenciMeH(ms) at  depart fOr thesedifferent SRscontinuesto
hold atlatertimes,asshownin thebottompanelsof Fig. 7 for z= 0.
Thetop panelof Fig. 11alsoshowsMaatquencjMarms) at - geparfor
z= 0 SRsthathad 1 dry or wet mergerin thelast10 Gyr. Overall
thesearesimilar to the overall major/minormergerSRssubsample.

The bottom panelof Fig. 11 showsthe quenchingtime-scaleof
theseSRsde ned asthe time it took to transitionfrom the main
sequencalown to an arbitrarylow level of starformation, quench
In this paper,we usethe methodof Wright et al. (2019, which
consistsof measuringthe time it took for a galaxy to changeits
sSFRfrom MS(M ) S cyigh to MS(M ) S Gow, Where MS(M ) =
10010(SSFRus(M )/ Gyr®?) is the sSFRof themainsequencat M .
Here,we adoptchigh = 0.25andcie, = 0.85(lower thin dottedand
dashedinesin Fig. 9). Note thatthesevaluesareslightly different
to thoseadoptedin Wright et al. (2019, but they give us the best
statisticor quench asthevalueof ¢, = 1.3dexadoptedn Wright
et al. (2019 leadsto about half of the SRsin the ‘no merger’
subsampléo haveunde ned guench We notethattypical valuesfor
cow adoptedn theliteraturerangefrom 1.6to 0.3dex(Béthermin
etal. 2015 Daviesetal. 2018 Wangetal. 2018.

Most SRshave quench  1-2 Gyr, in agreementvith quenching
time-scalederivedin observationdSmethurstet al. 2018. Note
that satellite SRsin the ‘no merger’samplequenchfast, quench
1.9 Gyr, despitethem having overly light BHs. This is the only
subsamplén whichthishappenslf we focusoncentralgalaxieghat
by z = 0 are SRsandhadgalaxymergerswe nd thatchangesn

rso.edg&Son Nappenafter galaxiesquench,on averagggalaxiesstart
deviatingfrom the main sequencesarlier than they start showing

rsmedgson  0.5). Wequantifythisby comparinghelook-backiime
atwhichthe SRs’progenitordeavethemainsequencécqgh = 0.25)
with thetime atwhich progenitordhavea , edgéon thatis 0.8times
themaximum ., edgeson theyhad.We nd thatfor SRsthathavehad
mergersquenchingstartshappening 152 Gyr before rso.edgdson
drops below 80 percent its maximum historical value, while for
SRsthat have not had mergers.this happensoughly at the same
time (within 0.2 Gyr). The emergingpictureis that AGN feedback
quenchethesecentralgalaxiesatz  1,andsubsequennergersare
responsibldor thekinematictransformationeadingthemto become
SRs.

To addresghe effect of environmentin quenchingand potential
transformationof the kinematicsof satellite galaxies,we showin
the left-hand panel of Fig. 12 the relative changeof ., edg&on,

rs.edg&on, ANASSFR, sSFR for satelliteSRsin our four samples
split by their merger history. This relative changeis computed
betweerz = 0 andthelasttime thegalaxywasa central,

- i(z=0)S |(Iastcentral)’ 3)

i (lastcentral)

Withi = 1. edgesonOr'SSFRBy de nition, i S 1,withavalue i=

S 1 indicatingthe quantityof interestatz = 0 is = 0 (whichis often
the casefor sSSFR).The look-backtime to whensatellite SRswere
lastcentrahasamediarof 6 Gyr,andal6thand84thpercentile®f
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Figure 12. Left-handpanelRelativechangén ., (edgeS on)(up-pointing
triangles)andsSFR(down-pointingtriangles)for the subsamplef satellite
z = 0 SRsof Fig. 10, betweenz = 0 andthe time they were last central.
Symbolswith error barsshowthe medianand 25thS 75th percentilerange.
We alsoshowfor referenceherelativechangen ., (edgeS on)andsSFR
for all z= 0 satellitegalaxiesin EAGLE asblack stars.Right-handpanel:As
in theleft-handpanelbutonly for satelliteshathavenothadagalaxymerger
sincebecominga satellite(i.e. no satellite—satellitenergers).

2.5Gyrand 8.6Gyr,respectivelymostof thembecamesatellites
atz < 1, asexpected)Theright-handpanelof Fig. 12 alsoshows

rso.edgsson and  sSFRfor the whole populationof z = 0 satellite
galaxiesvith M 10'°M .We nd thatin all casessatellitesthat
by z= Oarevisually classi edasSRssufferedsigni cant quenching
andkinematictransformatiorsincebecominga satellitegalaxy.The
caseof thewholepopulationof satellitess very different;quenching
hereis unaccompanietyy kinematictransformationsEventhough
mostsatellitessufferanoverall decreasén ., edg&on, thisis small
comparedo the changein sSFR.The latteris consistentwith what
Corteseetal. (2019 inferredfor satellitegalaxiesn theSAMI suney,
andagreewith the analysispresentedherefor EAGLE in which net
change#n stellarrotation-to-dispersiomelocityratiowerecompared
to net changesn SFRto nd that the two were decoupled We
investigatethe effectof environmenfturther by studyinghow many
of thesez = 0 SRsatellitessufferedtheir lastmergerafterbecoming
satellitesWe nd thatthis happendrequently: 50 percentof SR
satelliteshad their last merger after becomingsatellites(for the
generalpopulationof satelliteswith M 10'°M this is much
lower, 20 percent).To isolatethe environmenteffect (which we
associatewith interactionswith the tidal eld of the halo andthe
centralgalaxy)from thoseof mergerswith othersatellitegalaxies,
theright-handpanelof Fig. 12 showsthesubsamplef satelliteshat
hadtheir lastmergerprior to becomingsatellites We seesigni cant
differenceswith the left-handpanelof Fig. 12. Overall,therelative
changein . edg&on IS Signi cantly smallerfor satellitesthat had
mergers(particularly major or minor mergers)prior to becoming
satellites.This showsthat satellite—satellitenergersare at leastas
effective (or moreso)in reducing , astheenvironmentasde ned
here)Inthesampleof SRsof theright-handpanelof Fig. 12, thereisa
trendof thekinematictransformatiorbeingweakemwhengoingfrom
SRsthat hadexclusively very minor, minor to major mergersprior

4383

to becomingsatellites Theweakenvironmentakffecton r,, edgeson
in SRsthathavehadmergerss dueto the factthatby thetime they
becomesatellitesthey alreadyhavelow . edg&on 0.19S5 0.29,
with thelower (higher)valuecorrespondingo themedianfor SRsat
thetime of accretiorthathadmajor (only very minor) mergersprior
to becomingsatellites.In comparison satellitesthat have not had
mergersby z = 0 andare SRshada median ,, edqg&on  0.47 by
the time they becamesatellites.For referencesatellitefastrotators
atz = 0 hada median r,,edqson 0.6 at the time they became
satellites.

In contrast,SRsthat had mergersafter becomingsatelliteswere
accretedwith muchhigher . eqgson 0.5, on average showing
that those that do not experiencemergersduring their lifetime
as satellitessuffer from strong progenitorbias® The comparison
betweenthe left-handandright-handpanelsof Fig. 12 alsoshows
that the large kinematictransformationseenin the left-handpanel
for SRsthat havehad mergersis drivenin greatpart by satellite—
satellitemergergparticularlyfor thosethatgo throughminor/major
mergerswith other satellites)ratherthan by interactionswith the
centralgalaxyor thetidal eld of the hosthalo (which arethe main
mechanism®f kinematic transformationdue to the environment;
Choi & Yi 2017).

Choi & Yi (2017 analysedsatellite SRsin the Horizon—AGN
hydrodynamicakimulationsandfoundthatonly 22 percentof their
satelliteSRsappearedo havelow spinsdueto galaxymergersThis
appearso bein contradictionwith our ndings in EAGLE. Partof that
canberelatedto the high contaminatiorparametricselectionaused
in Choi & Yi (2017 havein distinguishingunambiguousSRs(see
Section2.4),butmorelikely is thattherearesigni cant differencesn
the propertiesof satellitegalaxiesbetweenthe two simulationsthat
allow environmento play amoresigni cant role in the spindownof
galaxiesn Horizon—AGNcomparedo EAGLE.

Despitethe cleartrendsfoundin EAGLE betweerthe propertieof
SRsandtheirassemblyistory,it isimportanto highlightthathaving
hadmergersof somesortdoesnotguarante¢heformationof anSR.
In fact, manyfast rotatorshave also gonethroughgalaxy mergers
of differentmassratiosandgascontent(asseernfrom the difference
in the numberof visually classi ed SRs,479, and the numberof
galaxieghatwentthroughdifferentmergerhistoriesin Table2). The
emergingpicturefrom EAGLE is thatthe requiredconditionto form
an SRis the processof quenchingprior to or simultaneouslywith
thekinematictransformation.

3.3 The stellar populations of slow rotators

Thedifferentstarformationandassemblyistoriesof SRsin EAGLE
shouldleaveimprintsonthestellarpopulationf thesegalaxieghat
are potentially observableHere,we focuson the metalabundance
andstellaragesof z = 0 SRsin EAGLE.

Fig. 13showstheradialpro le of theabundancef elementsel-
ativeto Fe.We compute] / Fe]= logio(M /Meo) S logio( / Fe) ,
whereM is the masscontributedby  elements(the sum of the
massesontainedn Si, O, Mg, Ne,andC), Mg, themassn iron and
logio(/ Fe) = 131206 (Asplund,Grevesse& Sauval2005. The
toppanelof Fig.13showsz = 0 SRssplitby theirassemblyistory,as
labelled;alsoshownis themedian] / Fe]of mainsequencealaxies
(SSFR> 0.01Gyr>!) with M > 10°M . All SRsthat have had
mergersare -enhancedelativeto the sunacrossthe whole radial

3Their progenitorshave suf ciently different propertiesas to causethe
differencesseematz = 0 with the SRsthathadsatellite—satellitenergers.
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Figure 13. Toppanel:Radialpro les of thestellarabundancef -elements
overiron,in unitsof thesolarabundancd, /Fe],for SRsatz= Othathavehad

1 majormergergsolidlines),= 0 majorbut 1 minor mergergdot-dashed
lines), = 0 major/minormergersbut 1 very minor mergers(dottedlines),
and= 0 mergerg(dashedines) in thelast 10 Gyr. The thick lines showthe
medianandthe shadedegionsplusthin linesshowthe 25thS 75thpercentile
range,respectively.The magentaines show the medianfor galaxieswith
M > 101°M andsSFR> 0.01Gyr>! (consideredo be representativef
themainsequence)Radiiarenormalizedby the half r-bandluminosity radii
of galaxies.Bottom panel:asin the top panelbut for SRsthathad 1 wet
(dottedline) or dry (solid line) merger(of anymassratio) in thelast10 Gyr,
aslabelled.

rangeinvestigated.This is not the casefor SRsthat havenot had
mergersjn which[ / Fe]< Oatr < rso, onaverage 0.1dexlower
than[ / Fe]of otherSRs.InterestinglySRsin the‘no merger'group
areevenless -enhancedhanmain sequenceyalaxiesatr < rso.
This showsthatlow [ / Fe] SRsaremorelikely to belongto the‘no
merger’ samplethan the other ones.The bottom panelof Fig. 13
shows| / Fe]radial pro les this time for SRsthat had wet or dry
mergersof any massratio (see Section2.1). Thosethat had dry
mergersarethe oneswith the attest andmost -enhanced / Fe]
radialpro les.

A generalfeatureis that mostgalaxiesin EAGLE tendto exhibit
inverted [ / Fe] proles in which the central parts are less -
enhancedhan the outer parts. This happensbecausepn average,
the stellarageradial pro les areinvertedin EAGLE, with the central
partsbeing youngerthan the outer parts. Although early-typeand
passivegalaxiesin observationsare consistentwith at (or even
inverted)stellarageand[ / Fe]radialpro les (e.g.Kuntschneetal.
201Q Greeneet al. 2015 Li et al. 2018a Bernardiet al. 2019

MNRAS 509,4372-43912022)

Barsantietal. 202Q Santuccietal. 2020, late-typegalaxiestendto
havestellaragepro les consistentwith the inner partsheingolder
(e.g.Gonzlez Delgadoet al. 2015 Barsantiet al. 2020. For star-
forminggalaxiesvith M > 10*°M andsSFR> 0.01Gyr*tatz=
0in EAGLE, we nd 88 percenthaveinvertedstellaragepro les
(youngercentralparts;a similar percentagés found for thosewith
sSFR< 0.01Gyr*%), which disagreesvith observationakvidence.
We do note, however, that the integrated[ / Fe] ratios in EAGLE
galaxiesagreeswell with observationgSegerset al. 2016. This
shavsthateventhoughfeedbackn EAGLE is sufcient to quenchstar
formationto reproducethe correctstellar massfunction and other
global propertiesrelatedto metallicities and elementabundances,
the predictedradial propertiesof the stellarpopulationsn galaxies
has someimportant discrepanciewith observationsThe excess
star formation in the centreis then the likely culprit of many of
EAGLE galaxiesexhibiting invertedstellarvelocity dispersiorradial
pro les, where the central velocity dispersionis lower (see for
examplethe top three and bottom panelsof Fig. 1). Section2.2
reportedthat 55 percent of galaxieswith M > 10'°°M have

(0.5r50) < (rsp). This percentagereducesto 43 percent for
passivegalaxiesor SRsin EAGLE. This is much larger than what
is reportedin observationsFaldn-Barroscet al. (2017 found that
in thesampleof early-typegalaxiesn CALIFA, only 1 or 2 galaxies
(outof 47)have (0.5rs0) < (rsp)-

In the galaxieswith  (0.5r50) < (rsp), the r-band weighted
stellar agesincreasefrom 7.7 Gyr at r < 0.5r59 to 8.2 Gyr at
r < rso, On average,shawing the connectionbetweenthe lower
central stellar velocity dispersionsand the inverted stellar age
pro les. We measurethe Pearsoncorrelationcoef cient between
logio( (0.5rs0)/  (rso)) and logio(age (0.5rs0)/ age(rso)), for all
galaxieswvithM > 10'°M andobtained® = 0.43.Thiscorrelation
becomesstronger,P = 0.6, for SRsin EAGLE, which showsthat
the morestronglyinvertedthe stellaragepro le, the morestrongly
invertedthe  pro le. Thisis animportantshortcomingof EAGLE
thatupcominghydrodynamicakimulationsneedto address.

Fig. 14 shows radial proles of [Fe/H] = logio(Mre M) S
logio(F&/ H) for z = 0 SRsin EAGLE, with (F& H) = 0.001798
(Asplundetal.2005. SRsin the‘no merger'samplehavethehighest
metallicitiesdueto their delayedjuenchingimescomparedo other
SRs(seeFig. 9). Again, we seethat theseSRshawe ewven higher
[Fe/ H] thanmainsequencgalaxiesanddisplaythe steepestadial
pro les. SRsin the ‘very minor merger samplehave the lowest
and attest [Fe/ H] radial pro les dueto their early quenching(see
Fig. 9). Thebottompanelof Fig. 14 separateSRsbetweerdry and
wetmergersDry mergerdeadto SRsthathave atter [Fe/ H] pro les
dueto theeffective redistributionof stellarmassduringdry mergers
(Lagosetal.2018h. Krajnovic etal. (2020 foundthatclassicaklow
rotators(which they linked to the dissipation-lesgalaxy mergers;
i.e. dry mergers)have atter metallicity gradientsthan other slow
rotatorsin ATLASSP, which is in qualitativeagreemento whatwe
nd in EAGLE.

Thetrendsshownin Figs 13 and14 showthatobservationsf the
stellarpopulationsn SRscanprovideabroadindicationof themost
likely mergerhistory. However, asthesearetrends,applicationon a
one-to-onédasisis notadvised.

4 KINEMATIC CLASSES OF SLOW ROTATORS

In this section,we usethe visual kinematicclassi cation of EAGLE
galaxiesof Section2.3 and analysetheir connectionto the galaxy
mergerhistory to understandhe effect the galaxy massratio and
gasratio involvedin mergershaveon the kinematicclass.We focus
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Figure 14. Asin Fig. 13 butfor radialpro les of [Fe/H].

on the latter two mergerparameterg@sLagoset al. (2018ab) have
shownthatthosehavethemosteffectin modifying thekinematicsof
galaxies We also study possibleconnectionsetweenenvironment
and stellar masswith the different SR’s kinematicclassesIn this
sectionwe only studythekinematicclasse$SR,RSR,andprolates

(overallclassedsSRs) ignoringthe2 , unclearandrotatorclasses.

4.1 The relation betweenkinematic classand galaxy merger
history

Fig. 15showsthePDFof theSRskinematicclasseslescribedn Sec-
tion 2.3for all thegalaxiesvisually classi edthathaveacon dence
60 percent,split by their mergerhistory. By comparinggalaxies
thathad 1 majormergersaandthosethathad 1 minormergersout
no major mergers(left-handpanel),we seethatthe formertendto
beassociatedvith moreFSRswhile prolategalaxiesappeato have
apreferencdor minor mergersThe overall distributionof galaxies
that had exclusively very minor mergersis qualitatively similar to
thosethathadno mergergmiddle panel).Thedistributionof minor
andvery minormergersaresimilar,andwe seethatasimilarfraction
of thoseareassociateavith FSRsand RSRs.Although prolatesdo
happerin theseSRs theirrelativefractionis smallcomparedo what
is seerfor SRsthathadmajor/minormergers.
Theright-handpanelof Fig. 15 showsdry andwet mergers(see
Section2.1 for the criterion to de ne wet and dry mergers).We
remindthe readerthat the sampleof dry mergerscanalso contain
wetmergerswhile thesampleof wet mergersexcludesiry mergers.
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We nd thatFSRsareoverly representeih thesampleof wetmergers
comparedo the dry mergersample.lf we split wet mergersin two
bins of gas fraction we obtain similar distributions (not shown).
Althoughabouthalf of the prolategalaxiesformedvia wet mergers
andthe otherhalf via dry mergersin bulk numberswe seethatthe
normalizeddistributionsof dry mergershavea higherincidenceof
prolategalaxieshanwet mergers.

Fig. 16 showsthe relative frequencyof differenttypesof galaxy
mergerdor agivenkinematicclass We de ne thisrelativefrequency
as= Nasy (NS x Ngpeasd, whereN SIe1ass N alst andNggjassare
the numberof SRsin a given kinematic classthat went through
the correspondingype of merger,the total numberof SRsthat
went through that sametype of merger,and the numberof SRs
in the kinematicclass,respectively.This way we normalizeby the
different numberof galaxiesin eachkinematicclassandin each
mergerhistory type. We con rm that FSRshave a preferencefor
major mergerscomparedo minor ones,while RSRsappearto be
similarly representefbr theminor, very minor,andno mergercases
(consideringthe relativenumbersof those).Prolategalaxieshavea
preferencefor dry mergers,and are also overly representedn the
caseof minor mergersHowever, we cautionthatthelatteris highly
uncertaindueto the smallnumberof prolategalaxiesin our sample
(seeTable3).

In orderto geta betterunderstandingf the connectiorbetween
themergemparameterandthedifferentkinematicclasse®f SRswe
studythedistributionof thestellarmassandgasratios,andlook-back
time of the last galaxy mergereachSR in our samplehad (in this
casewe remove the sampleof SRsthathavenot hadmergers)This
is shownin Fig. 17. Below we discussthe main trendsin the three
guantitiesshownin Fig. 17:

(i) Merger massratio. ComparingFSRsand RSRs,we seea
preferenceof RSRsfor smallerstellarmassratios, evenwithin the
majormergerband(M  sedM | pim > 0.3),comparedo FSRsFSRs
are the samplethat is most skewedtowardshigh M  sedM | prim.
Prolate galaxiesseemto be associatedwith either very low or
intermediatenassatios,0.1 M M pim  0.45.Wewill show
later that the lower stellar massratios are mostly associatedvith
gas-poomergerswhile the higherratiosto gas-richemergers.

(i) Mergergasratio. FSRsandRSRsshowcomparableistribu-
tionsof gasratiosProlatespnthe otherhand,preferlower gasratios
comparedo both FSRsandRSRs,thatis mostclearin the regime
of dry mergers.

(iii) Look-backimeto lastmergerFSRsRSRsandprolateshave
asimilar distributionof look-backtime to their lastgalaxymergers.
Even though the errors are large thereis a small preferencefor
prolateso havehadtheir lastmergerat latertimes.Thelatterwould
be expectedyiven that gaspoorermergershappenpreferentiallyat
latertimesin EAGLE (Lagosetal. 2018h).

In the caseof prolatesLi etal. (2018h foundthatin the lllustris
simulationgheywerepredominantlyassociateavith late,dry major
mergersin EAGLEwe nd aclearpreferencdor dry mergersbut nd
thatin bulk numbersa similar percentagef prolatesareassociated
to major and minor mergers;i.e. 47 percentto major mergers
and 43 percent to minor mergers.When the distributions are
normalizedby therelativenumbersf thesemergersn SRs,we nd
thatminor mergershaveahigherincidenceof prolatesFurthermore,
theremainingl0 percentareassociatedtb very minor mergersor no
mergersHencejt appeardike theformationmechanismsef prolates
in EAGLE aremorediversethanin Illustris.

To connectthe stellarmassand gasratios of the mergersof the
differentkinematicclasse®f SRsin EAGLE, we showin Fig. 18 the
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Figure 15. PDF of the kinematicclassef z = 0 EAGLE galaxiesin the visually classi ed samplesplit by their mergerhistory. The left-handpanelshows
thosethathad 1 majormergersn thelast10 Gyr andthosethathad= 0 majormergersout 1 minor mergersaslabelled.The middle panelshowsthosethat
had=0 major/minormergersbut 1 very minor mergersand= 0 mergersTheright-handpanelshowsthosethathad 1 dry mergersandthosewith =0 dry
mergersut 1 wetmergersError barswerecomputedrom jackknife resamplingandaredisplacedarbitrarily from the centreof the bin to aid visualization.
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Figure 16. Relative frequencyof different types of mergersfor a given
kinematicclass.We showthis for six different galaxy mergertypes:major
meigers, minor megers (with no major mergers),exclusively very minor
meigers,no megers,dry andwet mergers countedover the last 10 Gyr of
evolution of thesegalaxiesthatat z = 0 are classi ed as belongingto the
four kinematicclasseshown,aslabelled.Error barswere computedfrom
jackkniferesampling.

distributionof thegasratio of thelastmergerSRswentthrough split
into major and very minor plus minor mergers Generally,we nd
thatin all threekinematicSR classesminorandvery minor mergers
thatleadto remnantSRstendto be gaspoorerthanmajor mergers
leadingto SRs.FSRandRSRshowsimilar distributionsof merger
gasratios in both panels,which meansthat the main difference
betweernthesetwo subclasseis the higherstellarmassratiosof the
FSRs(Fig. 17). Prolatesbehavesimilarly, with theminor/veryminor
mergersdeingheavily skewediowardsgas-poomergersandmajor
mergershavinga wider rangeof gasratios. Connectingto the left-
handpanelof Fig. 17, we nd thatfor prolatesthe lower (higher)
stellarmasgatiosareprimarily associatewith low (high) gasratios.
Although the trendsaborve are connectedto possiblephysical
drivers, it is important, however, to highlight that Poissonnoise
is quite signi cant in thesetrendsdue to low number statistics.
Ideally we would like to study the 3D spacebetweenkinematic
classes,stellar mass,and gas ratios but the current statisticsin
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EAGLE areprohibiting.We arethenforcedto marginalizeover oneof
thesepropertiespcomingsimulationsof muchlargercosmological
volume but comparableor evenhigher resolutionthan EAGLE are
requiredto consolidatesomeof thetrendsreportechereandto open
thepossibilitytoamuch ner connectiorbetweermergeparameters
andthekinematicpropertief SRs(includingtheextensiorto more
mergergparameterassociatedvith the orbits of satellitegalaxies).

4.2 The relation betweenkinematic class,stellar mass,and
environment

Fig. 19 showsthe medianstellarand halo masse®f SRsin EAGLE
split by their kinematic class.SRs of different kinematic classes
have a similar medianstellar massesput prolate SRstendto be
skavedtowardshighermassesThetypical stellarmasse®f prolate
galaxiesin EAGLE agreewell with thosereportedin Schulzeet al.
(2018 in the Magneticumsimulations but differ signi cantly from
the onesin lllustris reportedin Li et al. (2018h. Li et al. (2018b
foundthat prolatesin Illustris are almostexclusively galaxieswith
M  3x 10"'M . Partof this discrepancymay come from the
factthatathalomasses 10'2?2M |, lllustris producesgjalaxiestoo
massivein starscomparedto observationainferencesby a factor
of 7510 (seeg. 4 in Pillepichetal. 2018. EAGLE on the other
handproducesa stellar—halamassrelationin betteragreementvith
observationgSchayeet al. 2015. If one was to insteadanalyse
the hosthalo masse®f prolategalaxiesin EAGLE andlllustris, the
differenceabove would belargelyalleviated.

Forthehalomasse®f SRsin EAGLE (right-handpanelin Fig. 19),
we nd largervariationsthanfor stellar mass.Interestingly,FSRs
aremoremassivein starsbut arehostedby lower masshaloesthan
RSRsonaverageandprolateshavethehigheststellar-to-halanass
ratio. This is theresultof two factors:the fact thatFig. 19 includes
bothcentralsandsatellitegandfor thelatterwe expecinocorrelation
betweenstellarand hosthalo mass),andthe fact thatat xed halo
mass the scatterin the stellar—halomassrelationis correlatedwith
the assemblyhistory of galaxies(e.g. Correa& Schaye2020. To
disentangleheseeffects,we alsoshowin Fig. 19 the medianstellar
andhalomassof centralSRsonly in thesamehreekinematicclasses
(squares)Themoststrikingtrendis thatcentralprolategendto have
aslightly higherstellar-to-halanassratios(median0.02) compared
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