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ABSTRACT

We studyhow mock-observedtellarmorphologicalandstructuralpropertiesof massivegalaxiesarebuilt up betweerz = 0.5
andz = 3 in the TNG50 cosmologicalsimulation.We generatemock imageswith the propertiesof the CANDELS suney
andderive Sersicparameterandoptical rest-framemorphologiesasusuallydonein the observationsOverall, the simulation
reproduceghe observedevolution of the abundancesf different galaxy morphologicaltypesof star-formingand quiescent
galaxiesThelogM S logRe andlogM S log 1 relationsof the simulatedstar-formingand quenchedjalaxiesalsomatch
theobservedlopesandzeropointgo within 1- . In thesimulation,galaxiesncreaseheir observedentralstellarmassdensity
(1) andtransformin morphologyfrom irregular/clumpysystemso normalHubble-typesystemsn the starformationmain
sequencatacharacterististellarmassof  10'%°M whichis re ectedin anincreasef the centralstellarmassdensity( 1).
This morphologicatransformationis connectedo theactivity of the centralsupemassiveblackholes(SMBHSs). At low stellar
masse$10° < M /M < 10'%) SMBHsgrow rapidly, while at highermassSMBHSs switchinto the kinetic feedbackmodeand
grow more slowly. During this low-accretionphase SMBH feedbackleadsto the quenchingof star-formationalongwith a
simultaneougrowthin ;, partly dueto thefading of stellarpopulationsMore compactmassivegalaxiesgrow their SMBHs
fasterthan extendedonesof the samemassand end up quenchingearlier.In the TNG50 simulation,SMBHs predominantly
grow via gasaccretionbeforegalaxiesquenchand ; increasesubstantiallyafter SMBH growth slowsdown. The simulation
predictsthereforethat quiescengalaxieshavehigher ; valuesthanstar-forminggalaxiesfor the sameSMBH masswhich
disagreesvith alternativemodels,andmay potentiallybein tensionwith someobservations.

Key words: galaxiesformation—galaxiesevolution— galaxieshigh-redshift.

of fact, quiescentand star-forming galaxieshave beenshown to

1 INTRODUCTION follow distinctlinear relationsbetweenogM andlogR. (e.g.van

Understandingheoriginsof themorphologicabiversity of galaxies
is oneof the mainchallengesn the eld of galaxyevolution. How
morphologicaltransformationdiappenand how they are relatedto
theregulatiorandquenchingf starformationremainopenquestions
today.

Thanksto a variety of photometricand spectroscopisuneys,
we havereacheda reasonablygood descriptionof the properties
of star-formingand quenchedgalaxiesover the last 9 Gyrs. It
is now well establishedthat the morphologiesof galaxieshave
signi cantly evolvedover cosmictime, andthatquenchedandstar-
forming galaxiespresentdifferent structuralpropertiesat all times
(e.g.Buitragoetal. 2013 Huertas-Compangtal. 2015. As amatter

E-mail: marc.huertas@obspm.fr

derWel etal. 2014 vanDokkumetal. 2015, thelog surfacedensity
within the effective radius R, and the log surfacedensity within
1 kpc(log 1) (Barroetal. 2017). Quenchedyjalaxieshavealways
beensmallerand denserthan star-forminggalaxiesat xed stellar
massAdditionally, quiescengalaxiegypically presenspheroidike
shapestall redshiftswith Sersicindicesn > 2, while star-forming
galaxiestransitionfrom irregular/clumpysystemsat z > 1 to more
regulardiscsatlaterepochqe.g.Guoetal. 2015 Huertas-Company
etal. 2015. Their surfacebrightnesdistributionsare nevertheless
well describedby exponentialpro les at all redshifts(van der Wel
etal. 2014).

While the observationatelationsare well establishedand mea-
suredtheevolutionarytracksthatbuild themremainhighly debated.
Someworksarguethatquenchings tightly linked to morphological
transformations.Major merging remains a classical channelto
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producespheroidalmorphologieswhile quenchingstar formation
by rapidly consuminggas within the galaxy (e.g. Toomre 1977,

Puglisiet al. 2027). Otherinternalphysicalprocesssuchassudden
gasin ows (the so-calledcompactionevents)can also build the
central densitiesof stars by provoking a rapid consumptionof

gas (e.g. Zolotov et al. 2015 Dekel et al. 2020, which in turn

cantrigger the growth of a supermassiveblack hole (SMBH) in

the centersof galaxies(Lapiner, Dekel & Dubois 2021). The gas
in ows can not only be provokedby mergers,but also by other
mechanismsuchas y-by’s, or counterrotatingstreamsTheblack
holegrowthin thatview is aconsequencef thein ow andtherefore
helps to keep the galaxy quenched,but is not strictly required
for quenching.A similar view hasbeenput forward in Habouzit
et al. (2019 using the lllustrisTNG simulations (300 and 100
runs).In a recentwork (Chenet al. 2020, the authorsdevelopa
semi-empiricalmodel — hereafterblack hole versushalo (BHvH)

model- toexplain the building up of galaxy scalinglaws. In this

model,the SMBH is the maincausefor quenchingstarformationin

galaxies.The key assumptiorof the modelis that galaxiesquench
when the total emitted SMBH radiationis a multiple of the halo
gas binding energy. This thresholdis achievedat lower stellar
massedor small galaxiesthan for large ones,which explainsthe
tilt of the quenchedidgeline in the mass-sizeplane. The BHVH

Model also clearly predictsthat the SMBH rapidly grows when
the galaxy startsquenchingand crossingthe so-calledgreenvalley
(GV). Someauthorshavealsopointedout thatobservationabiases,
such as the progenitorbias effect, can also contributeto explain
the different scaling laws of quiescentand star-forminggalaxies.
The passivepopulationwe observeat a given time indeedcomes
from a parentpopulationof star-forminggalaxieswhich weremore
compactthanstar-forminggalaxiesat the time of observation(e.g.
Lilly & Carollo2016 Tacchellaetal. 2019. This mightimply that
themorphologicabimodality we observebetweerstar-formingand
guenchedyalaxiesdoesnot require strongmorphologicaltransfor-
mations.

Numerical simulations offer an attractive way to consistently
explorehow morphologyandquenchingarerelatedsincetheyallow
to follow individual objectsover cosmictime on a volumelimited
sampleandcanalsobe forward modeledto properlyreproducehe
observingconditionge.g.Snyderetal. 2015 Huertas-Companstal.
2018. Cosmologicahydrodynamicsimulationsthereforerepresent
the ideal tool in order to have a more statistically meaningful
sampleof mockimagesthatcanbe comparechgainstobservations.
However, for mary years,cosmologicakimulationshawe struggled
to reproducethe diversity andthe structuralpropertiesof galaxies
we observen thelocal Universe, makingthemimpossibleto useto
learnaboutmorphologicalevolution. This is changingquickly with
the latestgenerationof simulations,which have madesigni cant
progressSeveraWworks haveshownthatrecentsimulationsareable
to reproducethe abundanceand sizesof different morphological
typesatz 0 with fairly good accuracy.In particular,the TNG
suitehasbeenshownto presensigni cant improvementsegarding
the structureof z = 0 galaxiescomparedto its predecessorthe
lllustris simulation(e.g. Genelet al. 2018 Huertas-Compangt al.
2019 Rodriguez-Gomeetal. 2019 Zanisietal. 202Q Waltersetal.
2021). A logicalstepforwardconsistsn exploringthemorphological
evolutionof galaxiedsn the simulationsandcompareo observations
at higher redshiftsin a consistentway. This is particularly useful
becausat (i) providesadditionalconstraintsto the modelswhich
aretypically tunedto matchobservablesit z = 0 but not beyond
that,and(ii) allowsusto trackdownmorphologicatransformations
without progenitorbiases.

TNG50morphologicalproperties 2655

However, this remains challengingwith state-of-theart large
volume hydrodynamicsimulations.The usual 1 kpc spatialres-
olutionis typically notenoughto accuratelyinfer themorphologyof
highredshiftgalaxiesZoom-incosmologicakimulationsobviously
provideahigherspatialresolutionatthe expensef statisticsln that
context,thelatestrun of the TNG simulationsuite, TNG50 (Nelson
et al. 2019h Pillepich et al. 2019, offers an excellenttrade off
betweenvolume and resolution,thus lling the gap betweenvery
highresolutiorzoom-insimulationsandlargevolumelow resolution
ones.lt is thereforethe perfectsimulateddatasetto explorethe
morphologicapropertief galaxiesatz > 0.

Thisis preciselythemaingoalof thiswork. We comparehemock-
observedmorphologicaland structural propertiesof a statistical
sample of simulated galaxiesin a cosmologicalcontextin the
redshiftrange0.5< z < 3 with availableHubble SpaceTelescope
observationg thesameaedshiftrange Followingasimilarapproach
asin previousworks(e.g.Huertas-Compangtal. 2019, we observe
simulationgto ensurehatall observationabiasesareproperlytaken
into accountWe generateo thatpurposeealisticmockobservations
of the simulatedgalaxiesand apply the samemethodologiesasin
theobservationatkamplesWe thenusethe simulationgto traceback
in time the evolution of the stellar morphologyof galaxiesandits
connectiorto quenching.

Thepapemproceedssfollows. We rst describehedatasetsused
andthe methodsto estimatemorphologiesand sizesin Sections2
to 4. Sections5 and 6 show the main results, which are then
discussedn termsof evolutionarytracksin Section7. We usea
ChabriedMF (Chabrier2003 andaPlanck2013cosmologyPlanck
Collaboration2014).

2 DATA

2.1 Simulations: TNG50

The lllustrisTNG Project (Marinacci et al. 2018 Naiman et al.

2018 Nelsonet al. 2018 Pillepich et al. 2018h Springel et al.

2018 is asuiteof magneto-hydrodynamimosmologicakimulations
performedwith the moving-meshcode AREPO (Springel 201Q

Pakmor,Bauer& Springel2011 Pakmoret al. 2016. The model
is an updatedversionof the original lllustris project (Genelet al.

2014 Vogelshergeetal. 2014a b; Sijackietal. 2015. We referthe
readerto Huertas-Compangtal. (2019 andreferenceshereinfor a
descriptionof the main differenceswhich essentiallyaffectto AGN

feedbackmodel, the galacticwinds and the presenceof magnetic
elds.

In this project,we makeuseof the highestresolutionversionof
TNG, called TNG50 (Nelsonet al. 2019h Pillepich et al. 2019
- a new classof cosmologicalsimulation, designedto overcome
the traditional trade-off betweensimulation volume and spatial
resolution.The TNG50 simulationrealizesa simulationcubewith
avolumeof 51.7 Mpc, following the evolutionof 216 resolution
elementsForthiswork, we considei6 differentsnapshotatz = 0.5,
1.0, 1.5, 2.0, 2.4, and 3.0 (snapshot27, 30, 33, 40, 50, and 67
respectively)selectingyalaxiesvith Log(M /M )> 9.0.Thisresults
in a sampleof 11 048 galaxies.Galaxieswereidenti ed with the
SUBFIND algorithm(Springeletal. 2001, Dolagetal. 2009, while
themergertreeswereconstructedvith SubLink (Rodriguez-Gomez
etal. 2015.

Forwardmodelingof the simulatedgalaxies.From the selected
sample,we generatemock imagesin four different HST Iters
(F435W, F606W, F775W, andF160W) to mimic thepropertief the
observationabample We useto that purposethe radiativetransfer
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codeSKIRT (Baeset al. 2011)* andfollow the procedureoutlined
in Rodriguez-Gomeet al. (2019 andin Huertas-Compangt al.
(2019. For computationafeasonsgdustis takeninto accountonly
if the fraction of star-forminggasis above 1 percentof the total
baryonicmass.In orderto makethe mockimagesa moreaccurate
representationf the observedCANDELS ones,we convolveeach
mock image by the point spreadfunctionsin the different lters
andcamerasln addition,we addreal CANDELS backgrounchoise
seenn emptyCANDELS regionsasin thedifferent Iters. We note
that the mock imagescontainonly one subhalo,i.e. the projected
galaxiesin the line of sight are not rendered.n orderto include
backgroundndforegroundbjectsasin theobservationgheregions
in CANDELS selectedto drop the simulatedgalaxiescontain off
centeredbjects.

2.2 Observations: CANDELS

Ourobservationasamplds basedbnthe CANDELS suney (Grogin
etal. 2011, Koekemoeret al. 2011). We useof cial dataproducts
from the CANDELS collaboration:namely stellar massesphoto-
metric redshiftsas well as structural propertiesand central mass
densitie§Galametztal. 2013 Guoetal. 2013 Santinietal. 2015
Nayyerietal. 2017 Stefanoretal. 2017 Barroetal. 2019. Werefer
thereadetothementionedvorksfor detailsonhowtheseparameters
are derived. Additionally we make use of the visual morphology
catalogby Kartaltepeet al. (2015 to train a ConvolutionalNeural
Network as explainedin the following. Our nal sampleis mass
selectechbore 10° solarmassesn theredshiftrange0.5< z < 3.0,
to matchthe simulatedsample.

3 ESTIMATION OF GALAXY MORPHOLOGY
AND STRUCTURAL PROPERTIES OF TNG50
GALAXIES

3.1 DeepLearning visual like morphologies

We rst derive global visual-like morphologiesfor our TNG50
sample.To that purpose,we train a simple vanilla convolutional
neuralnetwork (CNN) modelon the observedCANDELS images,
with labelsfor eachimagebeing providedby the Kartaltepeet al.
(2015 catalog(hereafterkK15 catalog)asalreadydonein previous
works (e.g. Huertas-Companyet al. 2015 Hausen& Robertson
2020. The K15 catalogassociategachgalaxy with a numerical
valuebetweer0 and1 basedon the fraction of votesof the several
classi ers. In orderto convertthe taskinto a binary classi cation
problem, we de ne three main morphologicalclasses(spheroid,
disc,irregular)by imposinga thresholdof classi cation- following
recommendations K15: spheroidif fs,n > 0.66,irregularif fi, >
0.66anddiscif fgisc > 0.66.

We thentrain threeidentical vanilla CNNs to identify spheroids
(CNN), discs(CNN,), andirregulars(CNN;) on the CANDELS
observationaldata. We employ a similar architectureas the one
usedin Huertas-Compangtal. (2019, with 5 convolutionallayers,
with the Iter sizesin eachlayer being 6, 32, 64, 128, and 128,
with the dimensionsof each lter being(2x2), (2x2), (2x2), (2x2),
and (3x3) respectively.We add max-pooling Iters of dimensions
(2x2) after the second,third, and fourth convolutionallayers, to
reducethe spatial dimensionsof the feature map createdby the

Lhttp://www.skit.ugent.befot/index.html
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convolutionallayersbeforeit. Furthermorewe add batchnormal-
ization layers after eachcorvolutional layer, before attening the
nal feature map outputtedby the last convolutionallayer. This

attened, 1-D featuremap is then connectedo a fully-connected
neural network with 64 neuronsin its rst layer, a dropoutlayer
removing20 percentof neuronsandanoutputlayerwith asigmoid

activation.

Weevaluatethemodelonanindependenrtestsetfrom CANDELS.
We measurghatthemodelclassifyinggalaxiesnto beingspheroidal
or not hasthe highestareaunderthe curve (AUC) value, with a
90 percentaccuracyin spheroidabalaxyclassi cation. Thisis then
followed by the modelclassifyingdiscs,andthenirregularswith an
AUC of 86 percentand84 percentrespectivelyWe emphasizehat
the main goal of this work is not to achievea perfectclassi cation,
but to classify simulated and observedgalaxieswith the same
methodology.

Oncetrainedandtesteconthe CANDELSimagesweuseall three
modelsto classifythe mock TNG50 images.Thereis thereforeno
training doneon simulations.The weightsof the networkare xed
andsimply appliedto the simulateddataset. Basedon the outputs
of the threemodels,we thende ne four compositemorphological
classes.The spheroidclass (outputyn > 0.5 and outpugnne <
0.5) containsthengalaxiesfully dominatedby a bulgecomponent,
with little to no disc componento them. The disc-spheroidclass
(outputnn > 0.5 and outpuknne > 0.5 and outpugnng < 0.5),
containsgalaxieswith two clear componentshut are considered
as bulge dominatedas shownin Huertas-Compangt al. (2015.
The Sersicindex distribution of the populationpeaksindeedat n

2.5. Thesecould be thereforeassociateavith lenticulargalaxies.
Therefore throughoutthe paper,we will referto bulge dominated
systemsas the combinationof galaxiesclassi ed as spheroidsor
disc + spheroids.The disc (outputnne > 0.5, outpuenn < 0.5,
and outputnns < 0.5) classcontainsgalaxieswith a dominating
disc componentWe de ne the irregular class(outpuenns > 0.5)
as galaxieswith clumpy or disturbedsurfacebrightnesspro les.
We acknowledgethat this classis made of objectswith diverse
propertiesirregulargalaxiescanbe for examplelow massgas-rich
systemsinteractinggalaxiesor moremassiveclumpygalaxiesWith
theabove de nitions, galaxiesfor which all CNN outputsarelower
than0.5arenotincludedin anyclassandarethereforeconsidereds
unclassi ed.This fractionremainsbelow 10 percentat all redshifts
and areremoved from the samplewhen computingmorphological
fractions.

Fig. 1 showsexamplestampsof CANDELS andTNG50galaxies
of different morphologicaltypes classi ed by the CNNs side-by-
side.We seethatsimulatedandobservedjalaxiesof the samemor-
phologicalclasspresentsimilar featureslt con rms thatthe CNN
trained on the CANDELS galaxiesfound similar enoughfeatures
in the simulatedgalaxiesto classify theminto the aforementioned
morphologieslt alsoshowsthat the TNG50 simulationpresentsa
reasonablenorphologicaldiversity in the redshiftrangeconsidered
here, con rming the resultsalreadyreportedat z 0 (Huertas-
Companyet al. 2019 Rodriguez-Gomezt al. 2019. We will
quantifythis furtherin thefollowing sections.

3.2 Parametric morphologies

In additionto visual like morphologieswe alsoestimatestructural
propertiesof galaxies.We employ STATMORPH, an open-source
PYTHON packagebasedon IDL codedescribedn Lotz, Primack&
Madau (2004 to t the F160W surfacebrightnesspro les of the
mock TNG50 galaxies.We refer the readerto Rodriguez-Gomez
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(a) TNG50 F160W

(¢) TNG50 F775W
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(b) CANDELS F160W

(d) CANDELS F775W

Figure 1. Examplestampsof galaxiesof differentmorphologicakypesbetweerz = 0.5andz = 1. (a) and(c): TNG50galaxiesobservedn theNIR (F160W)
andoptical (F775W)respectively(b) and(d): samefor observedCANDELS galaxies Eachrow indicatesa differentmorphologicaltype. Fromtop to bottom:
spheroidsbulge+ disc,discs,clumpy/irregularThegreyscaleis arbitrary. TNG50 presents comparablenorphologicaldiversity to observations.

et al. (2019 for a full descriptionof how STATMORPH works. We
employ the default settingsrecommendedoy Rodriguez-Gomez
etal. (2019 and t to the surfacebrightnessdistribution of every
simulatedgalaxy a single Sersic model as donein CANDELS.
This provides us with a measurementf the semi-major half-
light radius (Re), the Sersicindex (n), and the axial ratio (b/a)
from the best Sersicmodel. In Appendix A, we shav how the
Sersiclight-weightedeffective radiuscomparego the 3D half-mass
size.

The parametersf the best- tting modelarealsousedto estimate
the stellarmassdensityin the centralkpc ( ;) following a similar
approachas in observationsWe computethe total luminosity in

the centralkpc (L;) by integratingthe bestSersicmodel. We then
estimatea mass-to-lightwithin 2 effective radii (Mard/Lore) by
integratingthe Sersicpro le up to a radiusof 2 timesthe effective
radius combinedwith the 2D projectedstellar masscomputedas
the sumof stellarparticlesthatin projectionfall within 2 timesthe
effective radiuswith a 0.2dexGaussiarscatter(seenextsectionfor
moredetails).Themassn thecentralkpcis nally obtainedas:M; =
MardLore X L1 Which assumes constantM/L acrosshe galaxy.In
AppendixA, we showhow theseobservation-likeneasurementsf

1 (labelledthroughoutas ; - mocked)differ from thoseobtained
by directly summingup the simulatedstellarmasswithin thecentral
kpc( 1 - simulation).

MNRAS 509,2654—26732022)

€202 UdIelN g U0 J9sn gSNI 33NI SHND-LSINI Ad ¥62G279/7592/2/60G/2101e/Seluw/wod dno-olwapede//:sdny woiy papeojumod



2658 S.Varmaetal.

"TN.G,SO, 2?0.5 Star-Forming TNG50, z= 1.5 Star-Forming TNG50, z=2.4 Star-Forming
. "_.‘ L g Green Valley . . . Green Valley . Green Valley
0.5 Quiescent 0.51 -.. Quiescent ) 0.5 Quiescent )
E 0.0 E 0.0% ﬁf 0.
nn n %)
1%} 1%} 1%}
o o o
O 05 O -05 O -05
< ; < <
-1.0 " ——\-—'—':'——,n-.'——"—-‘-—:—- —l 0= et = - —1l 0= == =
~13% 9.5 10.0 105 11.0 135 9.5 100 105 11.0 135 9.5 10.0 105 11.0
log(M«/M ) log(M«/M ) log(M«/M )
(a) (b) (©)
CANDELS,0.25<2<0.75 CANDELS,1.25<2<1.75 CANDELS, 2.15<2<2.65
05] BT 0.5 L X T
E 0.0 E 0.0 E 0.0]
%) %) n
1%} 1%} 1%}
o) o) o
S -05 S -05 S -05
< < i <
~1.0 ~1.0 -1.0
';'::' R L e 2 P -
~13% 9.5 10.0 135 9.5 10.0 105 11.0 135 9.5 10.0 10.5 11.0
log(M«/M o) log(M«/M o) log(M«/M )
(d) © (f)
Figure 2.  logsSFRasafunctionof stellarmassin TNG50 (top row) andCANDELS (bottomrow). Eachpanelshowsa differentredshiftaslabelled.Blue,

green,andred dotsshov star-forming,green-alley and quiescengalaxiesrespectively.The horizontaldashedines indicatethe thresholdsusedto classify
galaxiesinto thesethreeclassesThe TNG50 simulationstendsto under predict the abundancef massivequiescentgalaxieswhich producesa different

distributionin theplane.

4 DEFINITION OF STAR-FORMING AND
QUENCHED GALAXIES

One of the main objectivesof this work is to explore the links
betweerstarformationandmorphologyin the TNG50simulationas
comparedo observationsThereforewe rst needto split galaxies
betweerstar-formingandquiescentn a consistenmanner.

As alreadyshownin previousworks (Donnarietal. 2019 20213
b), adirectcomparisometweertheSFRlerivedfromthesimulation
andthemeasuredaluesin theobservationss challenginggiventhe
differenttime-scalesnvolved. Different obsenational proxies are
sensitve to different time-scalesmaking an outright comparison
of observedandsimulatedSFRsdif cult. A possiblesolutionis to
apply the sameSED tting techniquesusedin observationgo the
simulateddataset. This however requiresa propersimulationof the
SEDsfrom UV to FIR. We referthe readerto Nelsonet al. (2021)
for adetailedcomparisorbetweerBD-HSTandTNG50. Their main
conclusionis thatthe observedandsimulatedmainsequenceagree
within 0.1-.2dex. Sincethe maingoal of this work is to analysethe
structuralpropertieswe havedecidedto follow a simplerapproach.

Following Donnari et al. (20213, we usethe SFR value from
thesimulationaveragedverthelast200 Myrs, measuredvithin an
apertureof 2 effective radii, and add a 0.3 dex Gaussianscatter
to accountfor observationalerrors. The speci ¢ star Formation
Rate (sSFR)is thenderivedby dividing the obtainedvalue by the
stellar massof the galaxy with a 0.2 dex scatteraswell. We then

MNRAS 509,2654—26732022)

t a powerlaw to the logsSFRIogM relation at every redshift
slice andusethe best t to derive a distanceto the star formation
main sequencgSFMS) for every simulatedgalaxy ( logsSFR.
For consisteng with previously publishedobsenationalworks, we
de ne a simulatedgalaxy as being star forming if its logsSFR
is abore $0.45, and quenchedf its logsSFRis below S1. In
betweenwe considergalaxiesto bein the GV. The samede nition
is appliedto CANDELS galaxiesusingthe observationalyderived
sSFRs.Fig. 2 compareshe distribution of galaxiesin the sSFR-
M planeof simulatedandobservedjalaxiesn threeredshiftslices.
Bothdatasetspresentomparablédehaviorswhichcon rms thatour
procedures a reasonabl@pproximation.Somedifferencescanbe
appreciatedhough.The simulationstendto presenta tighter main
sequenceat high redshift. Also the relative numberof quiescent
galaxiesseemsto be smallerin TNG50 at high redshiftand high
stellarmassegspeciallyMassivequiescengalaxiesarein factrare
at high redshiftandthe volume probedby the simulationis small.
This, as well as different de nitions can contributeto the effect
(Donnarietal. 20213.

In orderto further quantify the differences,we showin Fig. 3
the quiescenfractionsin CANDELS and TNG50 in two different
stellarmasshins(9< logM /M < 10andlogM /M > 10.5)using
the methoddescribedn the previousparagraphFor the gure we
alsoinclude GV galaxiesin the quiescenpopulation.We therefore
considemgalaxyto bepassivef its  logsSFR< S0.45.To ensure
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Figure 3. Quiescenftfraction (including GV galaxies)in the matchedCANDELS (red markers),matchedTNG50 (blue dashedine), and original TNG50
catalogugblackline) asa function of redshiftfor low mass(9 < logM /M < 10, left-handpanel)andmassivegalaxies(logM /M > 10, right panel.)The
grey shadedareashowsthe variationof 10 randomrealizationsThe error barsindicate Poissonerrors.Both datasetsshowa similar decreasindgrendswith
redshift. The TNG50simulationtendsto underestimatehe abundancef massivequiescengalaxiesat all redshifts althoughthe observedrendsaresimilar.

a fair comparisonand quantify the impact of volume effects,we
match the stellar massand redshift distributions of the observed
and simulatedsamples.For every galaxy in the TNG samplewe
draw a randomgalaxy in CANDELS with a similar stellar mass
(x 0.05deX andredshift(x 0.2). In casethereis no match,the TNG
galaxyis not considered.Thigs why in Fig. 3 the CANDELS and
TNG samplesare labeledas matched This procedureis repeated
10 timesrandomly. The gure showssimilar trendsin both data
sets, suggestingthat the global evolution of the abundanceof
passivegalaxiesis well capturedby the simulation. However, at
high stellar mass,observationgendto presenta largerfraction of
passivegalaxies,by up to 20 percentagepoints than in TNG50,
which con rms the trend seenin Fig. 2. The discrepancypersists
evenafter matchingthe galaxypropertiessoit doesnot seemto be
directly relatedto thedifferentvolumesor masddistributionsprobed
by thesamplesThepurposeof thiswork is to comparehestructural
andmorphologicalpropertiesof observedand simulatedquiescent
andstar-forminggalaxiesThereforethefactthatthenumbergionot
matchexactlyis notasigni cant issuefor this speci ¢ work andwe
referthereadeto theworksby Donnarietal. (2021ab) for adetailed
discussioron the topic: thereit is shownthat numericalresolution
affectsthe outcomeof TNG50, sothatits quenchedractioncanbe
upto 10—20percentag@ointslower thanin TNG100and TNG300.

5 EVOLUTION OF GALAXY
MORPHOLOGICAL FRACTIONS

We rst investigateheevolutionof visualmorphologicafractionsin

TNG50ascomparedo CANDELS. We usethe four morphological
classesle ned in Section3 andstudythe evolutionof their relative
abundanceasafunctionof redshiftandstellarmass.

Figs 4, 5, and 6 show the fractions of the four morphological
classessafunctionof stellarmassin threesnapshot$z = 0.5,z =
1.5,andz = 2.4)for observedndsimulatecdyalaxiesanddividedinto
quiescentndstarforming. We do not plot all snapshotso improve
readability. The trendsare however the same.In orderto increase
statisticswe includethe GV galaxiesin the quiescenpopulationin
theseplotsaswell.

5.1 Global morphological diversity

As it can be appreciatedn Fig. 4, trendspreviously reportedin
other observationalsamplescan also be seenhere. Namely that
the galaxy populationat z 2 is dominatedby irregular/clumpy
systems,which are gradually replacedby discs (e.g. Guo et al.
2015 Huertas-Compangt al. 2016 Simonset al. 2017 at z <
1. We also nd a well known dependencef morphology with
stellar mass.Bulge dominatedsystemstend to be more abundant
at the high massend. They represent 60 percent of massive
galaxiesat z  0.5. Interestingly,we nd that TNG50 overall
reproducesthe main observationaltrends. This is a remarkable
achievemenof thesimulationsinceit wasnot calibratedn anyway
toreproducehegalaxymorphologicatliversity,notatlow norathigh
redshift.

However, some differencesin the absolutenumbersbetween
CANDELS and TNG50 are in place. The fraction of simulated
galaxiesle nedasapurebulgeis consistentlyowerthanits observed
counterpartespeciallyatlow massesThesimulationtendsherefore
to over predictthefractionof irregulargalaxiesat high redshiftsand
the fraction of purediscsat later epochsThe physicalmechanisms
thatform spheroidsitlow andhighstellarmassesnightbedifferent.
For example,environments thoughtto play a moredominantrole
atthe low massend(e.g.Penget al. 2010. The differencewe see
mightthereforebeaconsequencef volumeeffects(asthereareonly
a coupleof cluster-likedenseenvironmentsn TNG50) or thatthe
formationchannelof low massspheroidsgs notwell capturedn the
simulation.

5.2 Morphologies of quiescentand star-forming galaxies

Figs 5 and6 showthe evolutionof the morphologicalfractionsfor
star-formingandquiescengalaxiesrespectively.
As for the whole sample,observedand simulatedstar-forming

galaxiegpresenasimilarevolutionof themorphologicabbundances.

Above z 1, the populationis dominatedby irregular/clumpy
galaxiesat all stellar massesn both data sets.More symmetric
discsstartto be the mostabundantlassatz < 1. Bulge dominated
star-forminggalaxiesremainvery marginalat all redshiftsexceptat
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Figure 4. Morphologicalfractionsas a function of stellar massin threesnapshotsfrom left to right: z = 0.5,z = 1.5,andz = 2.4. The top row shows
observationsrom CANDELS. Thebottomrow shavsthesimulatedsamplefrom TNG50. Thedifferentlinesindicatedifferentmorphologicatypes,aslabelled.

Thegenerabbservedrendsof morphologicalabundanceasa functionof massandredshiftarewell reproducedy the TNG50simulation.

the very high massend which con rms that the main sequences
dominatedby galaxieswithn 1 pro les.

The majority of bulge dominatedsystemsare in the quiescent
population as expected,and this is again well capturedby the
simulation.At z < 1, 70 percentof massivequiescengalaxies
are bulge dominated.The differencesbetweensimulations and
observationsare more visible for quiescenigalaxies.In particular,
we seethe fraction of passivespheroidsabore z > 1 is smaller
in TNG50 than in CANDELS. This is especiallyvisible in the
low masshin, wherethe majority of simulatedquiescentgalaxies
havea disc or irregular morphologywhile in the observations,
20 percent 40 percentof low masspassivegalaxiesarespheroids.
Thesediscrepanciemightbe partially explainedby thefactthatwe
haveincludedGV galaxiesAs shownin Fig. 2, therelativefraction
of GV galaxiesin the simulationis largerthanin the observations,
which could contributeto the larger fraction of irregular systems.
Newerthelesswe hawe visually inspectedtheselow massirregular
quiescentgalaxiesin the simulation (Fig. 7). In most cases,the
optical bandsshow a compactcore with a star-forming clumpy
ring around, which likely drives the CNN classi cation into an
irregular system.Using zoom-in numerical simulations,a recent
work by Dekel et al. (2020 haspointed out that long-lived rings
canform aroundmassivequiescentcoreswhen the time-scalefor
inward masstransportfor a ring is slower thanthe replenishment
by accretionand the interior depletion by star formation. The
authorsarguethat this conditionis usually ful lled if the cold to
total massratio interior to the ring is smallerthan 0.3, which is
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plausiblefor massivegalaxiesat z < 2 asthe onesstudiedhere.
Similarmechanismsightbein placehereandmightrequirefurther
investigation.

6 EVOLUTION OF THE MASS-SIZE AND
MASS-CENTRAL DENSITY SCALING LAWS

We now comparethe stellarmass-sizendthe stellarmass- central
density relationsof observedand simulatedgalaxies.We usethe
semi-majoraxis of the best- tting Sersicmodelasa sizeestimator.
For the simulationsit is derivedusing STATMORPH as describedn

Section3.2. In the CANDELS sample we usethe valuesreported
by vanderWel etal. (2014).

6.1 Mass-sizerelations

Fig. 8 showsthe logM S logR. relationsfor star-formingand
quiescenbbservedndsimulatedyalaxiesn threeredshiftbins(z =

0.5,z= 1.5,andz = 2.4).As donein the previoussubsectionsywe

do not showall snapshotdor the sakeof clarity, but the trendsare
identical. We observea generallygood agreementn the slope of

the observedand simulatedmass-sizeelationsacrossall redshifts
for both quiescentand star-forminggalaxies.The mediangalaxy
effective radii of observedandsimulatedgalaxiesfall well within a
1S con denceintervalof eachotherin eactogM bin. Thescatters
arealsocomparableTheresultsaremorenoisyfor the high redshift
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Figure 5. Morphologicalfractionsof star-forminggalaxiesasafunctionof stellarmassn threesnapshotéz = 0.5,1.5,and2.4,from left to right). Thetop row
shawvs obsenationsfrom CANDELS, thebottomoneresultsfrom the TNG50simulation. Thedifferentlinesindicatedifferentmorphologicatypes,aslabelled.
Theobservedyeneratrendsof morphologicahbundancesf star-forminggalaxiesasafunctionof massandredshiftarereasonablyvell reproducedy TNG50.

quiescentpopulationgiven the low numberstatisticsof simulated
galaxiesreportedn the previoussections.

The lllustrisTNG modelhasbeensomehowchosento reproduce
the size distribution of galaxiesatz 0 (seeGenelet al. 2018
Pillepichetal. 2018afor moredetails).However, it is notguaranteed
thatthesizeevolutionmatche®bservationgOurresultsshowthatthe
simulationproperly captureshe observedrendsof both quiescent
and star-forminggalaxiessincez 3 and quantitativelycon rms
the qualitative agreementidenti ed by Pillepich et al. (2019
betweenTNG50 star-forminggalaxiesand various observational
datasets.

Fig. 8 alsoshowsthe bestpowerlaw ts from vanderWel et al.
(2014. It canbenoticedthatfor quiescengalaxiesthepublishedt
seemdo beslightly inconsistentith the binnedsize-masselation
for CANDELS galaxies.There might be severalreasongor that.
Firstly, the selectionof quiescengalaxiesis different.van der Wel
etal. (2014 usesthe UVJ diagramwhile we useherean offsetfrom
the main sequenceSecondly,the t in van der Wel et al. (2014
is only valid for quiescengalaxiesmore massivethan101°M . In
Fig. 8, mostof the deviationis seenat lower massess expected.
Finally, van der Wel et al. (2014 performsa joint t of both star-
forming and quiescengalaxiesby maximizingthe likelihood, and
assumedor that somefraction of contaminationbetweenthe two
populations.We believethat the adopted tting methoditself can
alsocreatesomediscrepancies.

6.2 Mass-centraldensity relations

Another important observationalresult of the last yearsis that
quiescengalaxiespresenta tight sequencén thelog ; S logM
plane, ; beingthe stellar massdensityin the centralkpc (Barro
etal. 2017 Suessetal. 2021).

Fig. 9 showsthe aforementionedelation for star-formingand
quiescengalaxiedn differentredshiftbinsasdonefor themass-size
relation. The centralstellardensityhere, ; - mocked,is obtained
from the SKIRT imagesby replicatingthe sameprocedureasdone
in observationgseeSection3.2 andAppendixA). We only include
in this gure objectswith b/a> 0.5asdonein theobservationsWe
observeagainareasonablyoodmatchbetweerthe scalingrelation
of observedand simulatedgalaxies,with the TNG50 simulation
reproducingboth the evolutionandthe slopeof both quenchedand
star-forminggalaxieswell. Namely,the mainobservationatesultof
pastyears,which is that quiescentgalaxieshavelarger ; values
than star-forminggalaxiesof the samemass,is alsoreproducedn
TNG50-thisis thecasealsoin TNG100(for ), asrecentlyshown
atz 0 (Waltersetal. 2021).

There are however some noticeabledifferences. Star-forming
TNG50 galaxiesabove z = 1 tendto havelower valuesof ; at
xed massthan observedoneswhile the oppositeis observedfor
the quiescentgalaxies.The differencesare within the 1  scatter
but the meanvaluesare systematicallyoffset. This implies that the
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Figure 6. Morphologicalfractionsof quiescentand GV galaxiesasa function of stellarmassin threesnapshotsannotationsasin Fig. 5. The CANDELS
generakrendsof morphologicalbundancesf quiescengalaxiesasa functionof massandredshiftarewell reproducedy TNG50, but for alower fractionin

thelatterof passivespheroidsatz 1 thanobserved.

Figure 7. Exampleof quiescentalaxiesn TNG50classi edasirregulars.
Thetoprow showsggalaxiesmagedn theWFC3F160W lter, andthebottom
row corresponds$o ACS F775W.The white bandsshowa star-formingring
arounda bulgecomponentyhichis likely driving the CNN classi cation.

dynamicrangeof ;1 is a bit largerin the simulationthanin the
observationandhencehedifferencen thescalinglawsof quiescent
andstar-forminggalaxieds morepronouncedResolutioreffectsand
differencesin the Sersic ts could partially explainthe difference.
We explorein AppendixA theimpactof obsenationaleffectsonthe
measuremendf ;. We notice however that the main goal of this
workisto explorethemorphologicapropertieof simulatedalaxies
in the observationaplane,so we will usethe mock-observed ;
valuesthroughouthe paper.
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7 THE BUILD UP OF STELLAR SCALING
RELATIONS, BLACK HOLE GROWTH, AND
QUENCHING IN TNG50

The previous sections have shown that the TNG50 simulation
reproduceseasonablyvell boththe morphologicallbundanceand
the scalingrelationsof massivegalaxiesin the redshiftrange0.5 <
z < 3 despitesomedifferenceslt is thereforgusti ed to analysehe
evolutionarytracksof galaxiesin the different planesto understand
how theserelationsare built up in the simulation acrosscosmic
time.

Our main goal is to understanchow a galaxy transitionsfrom
the star-formingscaling relationsto the quiescentonesand how
this affectsits structureandmorphology.In thefollowing, we focus
only on massivegalaxies(10.5< log(M /M ) < 11)atz = 0.5
andfollow thembackin time in the analysedsnapshotsThereare
severakeasondgor this choice.First, this stellarmassangetypically
correspondswith the scaleat which galaxiesquenchin the TNG
model (Weinbergeret al. 2017 Nelsonet al. 2018 and quiescent
galaxiesstartto dominatethe stellar massfunction (e.g. Terrazas
etal. 2020; thisis in fact the scalewherebothin observationand
in TNG thereis acomparablenumberof star-formingandquiescent
galaxiesatleastatlow redshifts(Donnarietal. 2019. Secondsince
massivegalaxiesatz = 0.5havetypically astellarmassof 10° M
orlargeratz 3, it allowsusto trackthemdownin the observed
suneys usingour massselectedsample.
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