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A B S T R A C T 

We study how mock-observed stellar morphological and structural properties of massive galaxies are built up between z =  0.5 

and z =  3 in the TNG50 cosmological simulation. We generate mock images with the properties of the CANDELS surv e y 

and derive Sersic parameters and optical rest-frame morphologies as usually done in the observations. Overall, the simulation 
reproduces the observed evolution of the abundances of different galaxy morphological types of star-forming and quiescent 
galaxies. The log M � Š log R e and log M � Š log �  1 relations of the simulated star-forming and quenched galaxies also match 
the observed slopes and zeropoints to within 1- � . In the simulation, galaxies increase their observed central stellar mass density 
( �  1 ) and transform in morphology from irregular/clumpy systems to normal Hubble-type systems in the star formation main 

sequence at a characteristic stellar mass of � 10 10.5 M � which is re�ected in an increase of the central stellar mass density ( �  1 ). 
This morphological transformation is connected to the activity of the central super massive black holes (SMBHs). At low stellar 
masses (10 9 <  M � /M � <  10 10 ) SMBHs grow rapidly, while at higher mass SMBHs switch into the kinetic feedback mode and 

grow more slowly. During this low-accretion phase, SMBH feedback leads to the quenching of star-formation, along with a 

simultaneous growth in �  1 , partly due to the fading of stellar populations. More compact massive galaxies grow their SMBHs 

faster than extended ones of the same mass and end up quenching earlier. In the TNG50 simulation, SMBHs predominantly 
grow via gas accretion before galaxies quench, and �  1 increases substantially after SMBH growth slows down. The simulation 
predicts therefore that quiescent galaxies have higher �  1 values than star-forming galaxies for the same SMBH mass, which 

disagrees with alternative models, and may potentially be in tension with some observations. 

Key words: galaxies: formation – galaxies: evolution – galaxies: high-redshift. 
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 INTRODUCTION  

nderstanding the origins of the morphological diversity of galaxies
s one of the main challenges in the �eld  of galaxy e volution. Ho w

orphological transformations happen and how they are related to
he regulation and quenching of star formation remain open question
oday. 

Thanks to a variety of photometric and spectroscopic surv e ys,
e have reached a reasonably good description of the properties
f star-forming and quenched galaxies o v er the last � 9 Gyrs. It

s now well established that the morphologies of galaxies have
igni�cantly evolved over cosmic time, and that quenched and star-
orming galaxies present different structural properties at all times
e.g. Buitrago et al. 2013 ; Huertas-Company et al. 2015 ). As a matter
 E-mail: marc.huertas@obspm.fr 

s . 
S l 
t  

Pub
f fact, quiescent and star-forming galaxies have been shown to
ollow distinct linear relations between log M � and log R e (e.g. van
er Wel et al. 2014 ; van Dokkum et al. 2015 ), the log surface density
ithin the ef fecti ve radius R e , and the log surface density within

 kpc (log �  1 ) (Barro et al. 2017 ). Quenched galaxies have al w ays
een smaller and denser than star-forming galaxies at �xed  stellar
ass. Additionally, quiescent galaxies typically present spheroid like

hapes at all redshifts, with Sersic indices n >  2, while star-forming
alaxies transition from irregular/clumpy systems at z >  1 to more
egular discs at later epochs (e.g. Guo et al. 2015 ; Huertas-Compan
t al. 2015 ). Their surface brightness distributions are nevertheles
ell described by exponential pro�les at all redshifts (van der Wel
t al. 2014 ). 
While the observational relations are well established and mea-

ured, the evolutionary tracks that build them remain highly debated
ome works argue that quenching is tightly linked to morphologica

ransformations. Major merging remains a classical channel to
© 2021 The Author(s) 
lished by Oxford University Press on behalf of Royal Astronomical Society 
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roduce spheroidal morphologies while quenching star formation 

y rapidly consuming gas within the galaxy (e.g. Toomre 1977 ; 
uglisi et al. 2021 ). Other internal physical process such as sudden
as in�ows  (the so-called compaction events) can also build the 

entral densities of stars by provoking a rapid consumption of 
as (e.g. Zolotov et al. 2015 ; Dekel et al. 2020 ), which in turn
an trigger the growth of a super massive black hole (SMBH) in
he centers of galaxies (Lapiner, Dekel &  Dubois 2021 ). The gas
n�ows  can not only be provoked by mergers, but also by other

echanisms such as �y-by’s,  or counter rotating streams. The black 

ole growth in that view is a consequence of the in�ow  and therefore
elps to keep the galaxy quenched, but is not strictly required 
or quenching. A similar view has been put forward in Habouzi 
t al. ( 2019 ) using the IllustrisTNG simulations (300 and 100
uns). In a recent work (Chen et al. 2020 ), the authors develop a
emi-empirical model – hereafter black hole versus halo (BHvH) 

odel– to explain the building up of galaxy scaling laws. In this
odel, the SMBH is the main cause for quenching star formation in

alaxies. The key assumption of the model is that galaxies quench 
hen the total emitted SMBH radiation is a multiple of the halo
as binding energy. This threshold is achieved at lower stellar 
asses for small galaxies than for large ones, which explains the 

ilt  of the quenched ridgeline in the mass-size plane. The BHvH 

odel also clearly predicts that the SMBH rapidly grows when 

he galaxy starts quenching and crossing the so-called green valley 

GV). Some authors have also pointed out that observational biases 
uch as the progenitor bias effect, can also contribute to explain 

he different scaling laws of quiescent and star-forming galaxies 

he passive population we observe at a given time indeed comes 
rom a parent population of star-forming galaxies which were more 

ompact than star-forming galaxies at the time of observation (e.g. 
illy  &  Carollo 2016 ; Tacchella et al. 2019 ). This might imply that

he morphological bimodality we observe between star-forming and 

uenched galaxies does not require strong morphological transfor- 
ations. 
Numerical simulations offer an attractive way to consistently 

xplore how morphology and quenching are related since they allow 

o follo w indi vidual objects o v er cosmic time on a volume limited
ample and can also be forward modeled to properly reproduce the 

bserving conditions (e.g. Snyder et al. 2015 ; Huertas-Company et al. 
018 ). Cosmological hydrodynamic simulations therefore represen 
he ideal tool in order to have a more statistically meaningfu 

ample of mock images that can be compared against observations 
o we v er, for man y years, cosmological simulations hav e struggled

o reproduce the diversity and the structural properties of galaxies 
e observe in the local Universe, making them impossible to use to

earn about morphological evolution. This is changing quickly with 

he latest generation of simulations, which have made signi�cant 
rogress. Several works have shown that recent simulations are able 

o reproduce the abundances and sizes of different morphologica 

ypes at z � 0 with fairly good accuracy. In particular, the TNG
uite has been shown to present signi�cant impro v ements re garding
he structure of z =  0 galaxies compared to its predecessor, the
llustris simulation (e.g. Genel et al. 2018 ; Huertas-Company et al. 
019 ; Rodriguez-Gomez et al. 2019 ; Zanisi et al. 2020 ; Walters et al.
021 ). A logical step forward consists in exploring the morphologica 

volution of galaxies in the simulations and compare to observation 

t higher redshifts in a consistent way. This is particularly usefu
ecause it (i) provides additional constraints to the models which 

re typically tuned to match observables at z =  0 but not beyond
hat, and (ii)  allows us to track down morphological transformation 

ithout progenitor biases. 
Ho we ver, this remains challenging with state-of-the art large 

olume hydrodynamic simulations. The usual � 1 kpc spatial res- 
lution is typically not enough to accurately infer the morphology of
igh redshift galaxies. Zoom-in cosmological simulations obviously 
rovide a higher spatial resolution at the expense of statistics. In that
ontext, the latest run of the TNG simulation suite, TNG50 (Nelson
t al. 2019b ; Pillepich et al. 2019 ), offers an excellent trade off
etween volume and resolution, thus �lling  the gap between very 

igh resolution zoom-in simulations and large volume low resolution 
nes. It is therefore the perfect simulated data set to explore the
orphological properties of galaxies at z >  0. 
This is precisely the main goal of this work. We compare the mock-

bserved morphological and structural properties of a statistica 

ample of simulated galaxies in a cosmological context in the 

edshift range 0.5 <  z <  3 with available Hubble Space Telescop
bservations in the same redshift range. Following a similar approach 
s in previous works (e.g. Huertas-Company et al. 2019 ), we observe
imulations to ensure that all observational biases are properly taken 
nto account. We generate to that purpose realistic mock observation 

f the simulated galaxies and apply the same methodologies as in
he observational samples. We then use the simulations to trace back
n time the evolution of the stellar morphology of galaxies and its
onnection to quenching. 
The paper proceeds as follows. We �rst  describe the data sets used

nd the methods to estimate morphologies and sizes in Sections 2
o 4. Sections 5 and 6 show the main results, which are then
iscussed in terms of evolutionary tracks in Section 7. We use a
habrier IMF (Chabrier 2003 ) and a Planck 2013 cosmology (Planck
ollaboration 2014 ). 

 DATA  

.1 Simulations: TNG50 

he IllustrisTNG Project (Marinacci et al. 2018 ; Naiman et al.
018 ; Nelson et al. 2018 ; Pillepich et al. 2018b ; Springel et al.
018 ) is a suite of magneto-hydrodynamic cosmological simulations 
erformed with the moving-mesh code AREPO (Springel 2010 ; 
akmor, Bauer &  Springel 2011 ; Pakmor et al. 2016 ). The mode

s an updated version of the original Illustris project (Genel et al.
014 ; Vogelsberger et al. 2014a , b ; Sijacki et al. 2015 ). We refer the
eader to Huertas-Company et al. ( 2019 ) and references therein for a
escription of the main differences which essentially affect to AGN 

eedback model, the galactic winds and the presence of magnetic 
elds. 

In this project, we make use of the highest resolution version of
NG, called TNG50 (Nelson et al. 2019b ; Pillepich et al. 2019 )

 a new class of cosmological simulation, designed to o v ercome
he traditional trade-off between simulation volume and spatia 

esolution. The TNG50 simulation realizes a simulation cube with 

 volume of 51.7 3 Mpc, following the evolution of 2160 3 resolution
lements. For this work, we consider 6 different snapshots at z =  0.5,
.0, 1.5, 2.0, 2.4, and 3.0 (snapshots 27, 30, 33, 40, 50, and 67
espectively), selecting galaxies with Log ( M � /M � ) >  9.0. This results
n a sample of 11 048 galaxies. Galaxies were identi�ed with the
UBFIND algorithm (Springel et al. 2001 ; Dolag et al. 2009 ), while

he merger trees were constructed with SubLink (Rodriguez-Gome 

t al. 2015 ). 
Forward modeling of the simulated galaxies. From the selected 

ample, we generate mock images in four different HST �lters  

 F 435 W , F 606 W , F 775 W , and F 160 W ) to mimic the properties of the
bservational sample. We use to that purpose the radiative transfe 
MNRAS 509, 2654–2673 (2022) 
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ode SKIRT (Baes et al. 2011 ) 1 and follow the procedure outlined
n Rodriguez-Gomez et al. ( 2019 ) and in Huertas-Company et al.
 2019 ). For computational reasons, dust is taken into account only
f  the fraction of star-forming gas is abo v e 1 per cent of the total
aryonic mass. In order to make the mock images a more accurate
epresentation of the observed CANDELS ones, we convolve each
ock image by the point spread functions in the different �lters
nd cameras. In addition, we add real CANDELS background noise
een in empty CANDELS regions as in the different �lters.  We note
hat the mock images contain only one subhalo, i.e. the projected
alaxies in the line of sight are not rendered. In order to include
ackground and foreground objects as in the observations, the regions

n CANDELS selected to drop the simulated galaxies contain off
entered objects. 

.2 Obser v ations: CANDELS 

ur observational sample is based on the CANDELS surv e y (Grogin
t al. 2011 ; Koekemoer et al. 2011 ). We use of�cial  data products
rom the CANDELS collaboration: namely stellar masses, photo-
etric redshifts as well as structural properties and central mass
ensities (Galametz et al. 2013 ; Guo et al. 2013 ; Santini et al. 2015 ;
ayyeri et al. 2017 ; Stefanon et al. 2017 ; Barro et al. 2019 ). We refer

he reader to the mentioned works for details on how these parameter
re derived. Additionally we make use of the visual morphology
atalog by Kartaltepe et al. ( 2015 ) to train a Convolutional Neura
etwork as explained in the following. Our �nal  sample is mass
elected abo v e 10 9 solar masses in the redshift range 0.5 <  z <  3.0,
o match the simulated sample. 

 ESTIMATION  OF  GALAXY  MORPHOLOGY  

ND  STRUCTURAL  PROPERTIES OF  TNG50 

ALAXIES  

.1 Deep Learning visual like morphologies 

e �rst  derive global visual-like morphologies for our TNG50
ample. To that purpose, we train a simple vanilla convolutiona
eural network (CNN) model on the observed CANDELS images
ith labels for each image being provided by the Kartaltepe et al.

 2015 ) catalog (hereafter K15 catalog) as already done in previous
orks (e.g. Huertas-Company et al. 2015 ; Hausen &  Robertson
020 ). The K15 catalog associates each galaxy with a numerica
alue between 0 and 1 based on the fraction of votes of the severa
lassi�ers. In order to convert the task into a binary classi�cation
roblem, we de�ne three main morphological classes (spheroid
isc, irregular) by imposing a threshold of classi�cation - following
ecommendations in K15 : spheroid if  f sph >  0.66, irregular if  f irr  >
.66 and disc if  f disc >  0.66. 
We then train three identical vanilla CNNs to identify spheroid

 CNN 1 ), discs ( CNN 2 ), and irregulars ( CNN 3 ) on the CANDELS
bservational data. We employ a similar architecture as the one
sed in Huertas-Company et al. ( 2019 ), with 5 convolutional layers
ith the �lter  sizes in each layer being 6, 32, 64, 128, and 128,
ith the dimensions of each �lter  being (2x2), (2x2), (2x2), (2x2),
nd (3x3) respectively. We add max-pooling �lters  of dimension
2x2) after the second, third, and fourth convolutional layers, to
educe the spatial dimensions of the feature map created by the
 http://www.skir t.ugent.be/r oot/index.html 
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onvolutional layers before it. Furthermore, we add batch normal-
zation layers after each con volutional layer , before �attening the
nal  feature map outputted by the last convolutional layer. This
attened, 1-D feature map is then connected to a fully-connected
eural network with 64 neurons in its �rst  layer, a dropout layer
emoving 20 per cent of neurons, and an output layer with a sigmoid 

cti v ation. 
We e v aluate the model on an independent test set from CANDELS.
e measure that the model classifying galaxies into being spheroida

r not has the highest area under the curve (AUC) value, with a
0 per cent accuracy in spheroidal galaxy classi�cation. This is then

ollowed by the model classifying discs, and then irregulars with an
UC of 86 per cent and 84 per cent respectively. We emphasize that

he main goal of this work is not to achieve a perfect classi�cation,
ut to classify simulated and observed galaxies with the same
ethodology. 
Once trained and tested on the CANDELS images, we use all three
odels to classify the mock TNG50 images. There is therefore no

raining done on simulations. The weights of the network are �xed
nd simply applied to the simulated data set. Based on the outputs
f the three models, we then de�ne four composite morphologica
lasses. The spheroid class ( output CNN 1 >  0.5 and output CNN 2 <
.5) contains then galaxies fully  dominated by a bulge component
ith little to no disc component to them. The disc-spheroid class

 output CNN 1 >  0.5 and output CNN 2 >  0.5 and output CNN 3 <  0.5),
ontains galaxies with two clear components but are considere
s bulge dominated as shown in Huertas-Company et al. ( 2015 ).
he Sersic index distribution of the population peaks indeed at n
2.5. These could be therefore associated with lenticular galaxies

herefore, throughout the paper, we will  refer to bulge dominated
ystems as the combination of galaxies classi�ed as spheroids or
isc +  spheroids. The disc ( output CNN 2 >  0.5, output CNN 1 <  0.5,
nd output CNN 3 <  0.5) class contains galaxies with a dominating
isc component. We de�ne the irregular class ( output CNN 3 >  0.5)
s galaxies with clumpy or disturbed surface brightness pro�les.
e acknowledge that this class is made of objects with diverse

roperties. Irregular galaxies can be for example low mass gas-rich
ystems, interacting galaxies or more massive clumpy galaxies. With
he abo v e de�nitions, galaxies for which all CNN outputs are lower
han 0.5 are not included in any class and are therefore considered as
nclassi�ed. This fraction remains below 10 per cent at all redshifts
nd are remo v ed from the sample when computing morphologica
ractions. 

Fig. 1 shows example stamps of CANDELS and TNG50 galaxies
f different morphological types classi�ed by the CNNs side-by-
ide. We see that simulated and observed galaxies of the same mor-
hological class present similar features. It con�rms that the CNN
rained on the CANDELS galaxies found similar enough features
n the simulated galaxies to classify them into the aforementione

orphologies. It also shows that the TNG50 simulation presents a
easonable morphological diversity in the redshift range considere
ere, con�rming the results already reported at z � 0 (Huertas
ompany et al. 2019 ; Rodriguez-Gomez et al. 2019 ). We will
uantify this further in the following sections. 

.2 P arametric mor phologies 

n addition to visual like morphologies, we also estimate structura
roperties of galaxies. We employ STATMORPH , an open-sourc
YTHON package based on IDL  code described in Lotz, Primack &
adau ( 2004 ) to �t  the F160W surface brightness pro�les of the
ock TNG50 galaxies. We refer the reader to Rodriguez-Gome
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Figure 1. Example stamps of galaxies of different morphological types between z =  0.5 and z =  1. (a) and (c): TNG50 galaxies observed in the NIR (F160W) 
and optical (F775W) respectively. (b) and (d): same for observed CANDELS galaxies. Each row indicates a different morphological type. From top to bottom: 
spheroids, bulge +  disc, discs, clumpy/irregular. The grey scale is arbitrary. TNG50 presents a comparable morphological diversity to observations. 
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t al. ( 2019 ) for a full  description of how STATMORPH works. We
mploy the default settings recommended by Rodriguez-Gome 

t al. ( 2019 ) and �t  to the surface brightness distribution of every
imulated galaxy a single Sersic model as done in CANDELS. 
his provides us with a measurement of the s emi-major half-

ight radius ( R e ), the Sersic index ( n ), and the axial ratio ( b / a )
rom the best Sersic model. In Appendix A, we sho w ho w the
ersic light-weighted ef fecti ve radius compares to the 3D half-mass
ize. 
The parameters of the best-�tting model are also used to estimate 

he stellar mass density in the central kpc ( �  1 ) following a similar
pproach as in observations. We compute the total luminosity in 
he central kpc ( L 1 ) by integrating the best Sersic model. We then
stimate a mass-to-light within 2 ef fecti ve radii ( M 2 Re / L 2 Re ) by

ntegrating the Sersic pro�le  up to a radius of 2 times the ef fecti ve
adius combined with the 2D projected stellar mass computed as 
he sum of stellar particles that in projection fall within 2 times the
f fecti ve radius with a 0.2 dex Gaussian scatter (see next section for
ore details). The mass in the central kpc is �nally  obtained as: M 1 =
 2 Re / L 2 Re × L 1 which assumes a constant M / L across the galaxy. In
ppendix A, we show how these observation-like measurements of 
 1 (labelled throughout as �  1 - mocked) differ from those obtained
y directly summing up the simulated stellar mass within the centra
pc ( �  1 - simulation). 
MNRAS 509, 2654–2673 (2022) 
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Figure 2. �  log sSFR as a function of stellar mass in TNG50 (top row) and CANDELS (bottom row). Each panel shows a different redshift as labelled. Blue, 
green, and red dots sho w star-forming, green-v alley and quiescent galaxies respectively. The horizontal dashes lines indicate the thresholds used to classify 
galaxies into these three classes. The TNG50 simulations tends to under predict the abundance of massive quiescent galaxies which produces a different 
distribution in the plane. 
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 DEFINIT ION  OF  STAR-FORMING  AND  

UENCHED  GALAXIES  

ne of the main objectives of this work is to explore the links
etween star formation and morphology in the TNG50 simulation as
ompared to observations. Therefore we �rst  need to split galaxies
etween star-forming and quiescent in a consistent manner. 
As already shown in previous works (Donnari et al. 2019 , 2021a ,

 ), a direct comparison between the SFRs derived from the simulation
nd the measured values in the observations is challenging given the
if ferent time-scales involved. Dif  ferent observ ational proxies are
ensiti ve to dif ferent time-scales, making an outright comparison
f observed and simulated SFRs dif�cult.  A possible solution is to
pply the same SED �tting  techniques used in observations to the
imulated data set. This ho we ver requires a proper simulation of the
EDs from UV to FIR. We refer the reader to Nelson et al. ( 2021 )

or a detailed comparison between 3D- HST and TNG50. Their main
onclusion is that the observed and simulated main sequences agree
ithin 0.1–.2 dex. Since the main goal of this work is to analyse the
tructural properties, we have decided to follow a simpler approach
Following Donnari et al. ( 2021a ), we use the SFR value from

he simulation averaged over the last 200 Myrs, measured within an
perture of 2 ef fecti ve radii, and add a 0.3 dex Gaussian scatte
o account for observational errors. The speci�c star Formation
ate (sSFR) is then derived by dividing the obtained value by the
tellar mass of the galaxy with a 0.2 dex scatter as well. We then
NRAS 509, 2654–2673 (2022) 
t  a power law to the log sSFR -log M � relation at every redshift
lice and use the best �t  to derive a distance to the star formation
ain sequence (SFMS) for every simulated galaxy ( �  log sSFR ).

 or consistenc y with pre viously published observ ational works, we
e�ne a simulated galaxy as being star forming if  its �  log sSFR

s abo v e Š0.45, and quenched if  its �  log sSFR is below Š1. In
etween we consider galaxies to be in the GV. The same de�nition

s applied to CANDELS galaxies using the observationaly derived
SFRs. Fig. 2 compares the distribution of galaxies in the sSFR
 � plane of simulated and observed galaxies in three redshift slices
oth data sets present comparable behaviors, which con�rms that our
rocedure is a reasonable approximation. Some differences can be
ppreciated though. The simulations tend to present a tighter main
equence at high redshift. Also the relative number of quiescen
alaxies seems to be smaller in TNG50 at high redshift and high
tellar masses especially. Massive quiescent galaxies are in fact rare
t high redshift and the volume probed by the simulation is small.
his, as well as different de�nitions can contribute to the effect

Donnari et al. 2021a ). 
In order to further quantify the differences, we show in Fig. 3

he quiescent fractions in CANDELS and TNG50 in two different
tellar mass bins(9 <  log M � /M � <  10 and log M � /M � >  10.5) using
he method described in the previous paragraph. For the �gure we
lso include GV galaxies in the quiescent population. We therefore
onsider a galaxy to be passive if  its �  log sSFR <  Š0 . 45. To ensure
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Figure 3. Quiescent fraction (including GV galaxies) in the matched CANDELS (red markers), matched TNG50 (blue dashed line), and original TNG50 

catalogue (black line) as a function of redshift for low mass (9 <  log M � /M � <  10, left-hand panel) and massive galaxies (log M � /M � >  10, right panel.) The 

grey shaded area shows the variation of 10 random realizations. The error bars indicate Poisson errors. Both data sets show a similar decreasing trends with 

redshift. The TNG50 simulation tends to under estimate the abundance of massive quiescent galaxies at all redshifts, although the observed trends are similar. 
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 fair comparison and quantify the impact of volume effects, we 

atch the stellar mass and redshift distributions of the observed 
nd simulated samples. For every galaxy in the TNG sample we 

raw a random galaxy in CANDELS with a similar stellar mass
 ± 0.05 dex ) and redshift ( ± 0.2). In case there is no match, the TNG
alaxy is not considered.This is why in Fig. 3 the CANDELS and
NG samples are labeled as matched . This procedure is repeate 

0 times randomly. The �gure shows similar trends in both data 
ets, suggesting that the global evolution of the abundances of 
assive galaxies is well captured by the simulation. However, at 
igh stellar mass, observations tend to present a larger fraction of
assive galaxies, by up to 20 percentage points than in TNG50, 
hich con�rms the trend seen in Fig. 2 . The discrepancy persists
ven after matching the galaxy properties, so it does not seem to be
irectly related to the different volumes or mass distributions probed 
y the samples. The purpose of this work is to compare the structura
nd morphological properties of observed and simulated quiescen 

nd star-forming galaxies. Therefore, the fact that the numbers do not 
atch exactly is not a signi�cant issue for this speci�c work and we

efer the reader to the works by Donnari et al. ( 2021a , b ) for a detailed
iscussion on the topic: there it is shown that numerical resolution 
ffects the outcome of TNG50, so that its quenched fraction can be
p to 10–20 percentage points lower than in TNG100 and TNG300. 

 EVOLUTION  OF  GALAXY  

ORPHOLOGICAL  FRACTIONS  

e �rst  investigate the evolution of visual morphological fractions in 

NG50 as compared to CANDELS. We use the four morphologica 

lasses de�ned in Section 3 and study the evolution of their relative
bundances as a function of redshift and stellar mass. 
Figs 4 , 5 , and 6 show the fractions of the four morphologica

lasses as a function of stellar mass in three snapshots ( z =  0.5, z =
.5, and z =  2.4) for observed and simulated galaxies and divided into
uiescent and star forming. We do not plot all snapshots to impro v e
eadability. The trends are ho we ver the same. In order to increase
tatistics, we include the GV galaxies in the quiescent population in 

hese plots as well. 
.1 Global morphological diversity 

s it can be appreciated in Fig. 4 , trends previously reported in
ther observational samples can also be seen here. Namely that 
he galaxy population at z � 2 is dominated by irregular/clumpy 
ystems, which are gradually replaced by discs (e.g. Guo et al.
015 ; Huertas-Company et al. 2016 ; Simons et al. 2017 ) at z <
. We also �nd  a well known dependence of morphology with
tellar mass. Bulge dominated systems tend to be more abundan 

t the high mass end. They represent � 60 per cent of massive 
alaxies at z � 0.5. Interestingly, we �nd  that TNG50 o v erall
eproduces the main observational trends. This is a remarkable 
chievement of the simulation since it was not calibrated in any way
o reproduce the galaxy morphological diversity, not at low nor at high
edshift. 

Ho we ver, some dif ferences in the absolute numbers between
ANDELS and TNG50 are in place. The fraction of simulated 
alaxies de�ned as a pure bulge is consistently lower than its observed 
ounterparts especially at low masses. The simulation tends therefore 
o o v er predict the fraction of irregular galaxies at high redshifts and
he fraction of pure discs at later epochs. The physical mechanism
hat form spheroids at low and high stellar masses might be different.
 or e xample, environment is thought to play a more dominant role
t the low mass end (e.g. Peng et al. 2010 ). The difference we see
ight therefore be a consequence of volume effects (as there are only

 couple of cluster-like dense environments in TNG50) or that the
ormation channel of low mass spheroids is not well captured in the
imulation. 

.2 Morphologies of quiescent and star-forming  galaxies 

igs 5 and 6 show the evolution of the morphological fractions for
tar-forming and quiescent galaxies respectively. 
As for the whole sample, observed and simulated star-forming 

alaxies present a similar evolution of the morphological abundance 

bo v e z � 1, the population is dominated by irregular/clumpy
alaxies at all stellar masses in both data sets. More symmetric
iscs start to be the most abundant class at z <  1. Bulge dominated
tar-forming galaxies remain very marginal at all redshifts except at 
MNRAS 509, 2654–2673 (2022) 
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Figure 4. Morphological fractions as a function of stellar mass in three snapshots: from left to right: z =  0.5, z =  1.5, and z =  2.4. The top row shows 
observations from CANDELS. The bottom ro w sho ws the simulated sample from TNG50. The different lines indicate different morphological types, as labelled. 
The general observed trends of morphological abundances as a function of mass and redshift are well reproduced by the TNG50 simulation. 
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he very high mass end which con�rms that the main sequence is
ominated by galaxies with n � 1 pro�les. 
The majority of bulge dominated systems are in the quiescen

opulation as expected, and this is again well captured by the
imulation. At z <  1, � 70 per cent of massive quiescent galaxies
re bulge dominated. The differences between simulations and
bservations are more visible for quiescent galaxies. In particular
e see the fraction of passive spheroids abo v e z >  1 is smaller

n TNG50 than in CANDELS. This is especially visible in the
ow mass bin, where the majority of simulated quiescent galaxies
ave a disc or irregular morphology while in the observations, �
0 per cent Š40 per cent of low mass passive galaxies are spheroids
hese discrepancies might be partially explained by the fact that we
ave included GV galaxies. As shown in Fig. 2 , the relative fraction
f GV galaxies in the simulation is larger than in the observations
hich could contribute to the larger fraction of irregular systems
ev ertheless, we hav e visually inspected these low mass irregular
uiescent galaxies in the simulation (Fig. 7 ). In most cases, the
ptical bands show a compact core with a star-forming clumpy
ing around, which likely drives the CNN classi�cation into an
rregular system. Using zoom-in numerical simulations, a recen

 ork by Dek el et al. ( 2020 ) has pointed out that long-lived rings
an form around massive quiescent cores when the time-scale for
nward mass transport for a ring is slower than the replenishmen
y accretion and the interior depletion by star formation. The
uthors argue that this condition is usually ful�lled  if  the cold to
otal mass ratio interior to the ring is smaller than 0.3, which is
NRAS 509, 2654–2673 (2022) 
lausible for massive galaxies at z <  2 as the ones studied here
imilar mechanisms might be in place here and might require further

nvestigation. 

 EVOLUTION  OF  THE  MASS-SIZE  AND  

ASS-CENTRAL  DENSITY  SCALING  LAWS  

e now compare the stellar mass-size and the stellar mass - centra
ensity relations of observed and simulated galaxies. We use the
emi-major axis of the best-�tting Sersic model as a size estimator
or the simulations it is derived using STATMORPH as described in
ection 3.2. In the CANDELS sample, we use the values reported
y van der Wel et al. ( 2014 ). 

.1 Mass-size relations 

ig. 8 shows the log M � Š log R e relations for star-forming and
uiescent observed and simulated galaxies in three redshift bins ( z =
.5, z =  1.5, and z =  2.4). As done in the previous subsections, we
o not show all snapshots for the sake of clarity, but the trends are

dentical. We observe a generally good agreement in the slope of
he observed and simulated mass-size relations across all redshifts
or both quiescent and star-forming galaxies. The median galaxy
f fecti ve radii of observed and simulated galaxies fall well within a
 Š � con�dence interval of each other in each log M � bin. The scatter
re also comparable. The results are more noisy for the high redshift
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Figure 5. Morphological fractions of star-forming galaxies as a function of stellar mass in three snapshots ( z =  0.5, 1.5, and 2.4, from left to right). The top row 

sho ws observ ations from CANDELS, the bottom one results from the TNG50 simulation. The different lines indicate different morphological types, as labelled. 
The observed general trends of morphological abundances of star-forming galaxies as a function of mass and redshift are reasonably well reproduced by TNG50. 
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uiescent population given the low number statistics of simulated 
alaxies reported in the previous sections. 
The IllustrisTNG model has been somehow chosen to reproduce 

he size distribution of galaxies at z � 0 (see Genel et al. 2018 ;
illepich et al. 2018a for more details). Ho we ver, it is not guarantee

hat the size evolution matches observations. Our results show that the 

imulation properly captures the observed trends of both quiescen 

nd star-forming galaxies since z � 3 and quantitatively con�rms 

he qualitative agreement identi�ed by Pillepich et al. ( 2019 ) 

etween TNG50 star-forming galaxies and various observational 

ata sets. 
Fig. 8 also shows the best power law �ts  from van der Wel et al.

 2014 ). It can be noticed that for quiescent galaxies, the published �t
eems to be slightly inconsistent with the binned size-mass relation 

or CANDELS galaxies. There might be several reasons for that. 
irstly, the selection of quiescent galaxies is dif ferent. v an der Wel
t al. ( 2014 ) uses the UVJ diagram while we use here an offset from
he main sequence. Secondly, the �t  in van der Wel et al. ( 2014 )
s only valid for quiescent galaxies more massive than 10 10 M � . In
ig. 8 , most of the deviation is seen at lower masses as expected
inally, van der Wel et al. ( 2014 ) performs a joint �t  of both star-

orming and quiescent galaxies by maximizing the likelihood, and 

ssumes for that some fraction of contamination between the two 

opulations. We believe that the adopted �tting  method itself can 

lso create some discrepancies. 
.2 Mass-central density relations 

nother important observational result of the last years is that 
uiescent galaxies present a tight sequence in the log �  1 Š log M �

lane, �  1 being the stellar mass density in the central kpc (Barro
t al. 2017 ; Suess et al. 2021 ). 
Fig. 9 shows the aforementioned relation for star-forming and 

uiescent galaxies in different redshift bins as done for the mass-siz
elation. The central stellar density here, �  1 - mocked, is obtained
rom the SKIRT images by replicating the same procedure as done
n observations (see Section 3.2 and Appendix A). We only include
n this �gure objects with b / a >  0.5 as done in the observations. We
bserve again a reasonably good match between the scaling relation 

f observed and simulated galaxies, with the TNG50 simulation 
eproducing both the evolution and the slope of both quenched and
tar-forming galaxies well. Namely, the main observational result of 
ast years, which is that quiescent galaxies have larger �  1 values

han star-forming galaxies of the same mass, is also reproduced in
NG50 – this is the case also in TNG100 (for �  2 ), as recently shown
t z � 0 (Walters et al. 2021 ). 
There are ho we ver some noticeable differences. Star-forming 

NG50 galaxies abo v e z =  1 tend to have lower values of �  1 at
xed  mass than observed ones while the opposite is observed for
he quiescent galaxies. The differences are within the 1 � scatte 

ut the mean values are systematically offset. This implies that the
MNRAS 509, 2654–2673 (2022) 
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Figure 6. Morphological fractions of quiescent and GV galaxies as a function of stellar mass in three snapshots; annotations as in Fig. 5 . The CANDELS 

general trends of morphological abundances of quiescent galaxies as a function of mass and redshift are well reproduced by TNG50, but for a lower fraction in 

the latter of passive spheroids at z �  1 than observed. 

Figure 7. Examples of quiescent galaxies in TNG50 classi�ed as irregulars. 
The top row shows galaxies imaged in the WFC3 F160W �lter,  and the bottom 

row corresponds to ACS F775W. The white bands show a star-forming ring 

around a bulge component, which is likely driving the CNN classi�cation. 
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ynamic range of �  1 is a bit larger in the simulation than in the
bservations and hence the difference in the scaling laws of quiescen
nd star-forming galaxies is more pronounced. Resolution effects and
ifferences in the Sersic �ts  could partially explain the difference
e explore in Appendix A the impact of observ ational ef fects on the
easurement of �  1 . We notice ho we ver that the main goal of this
ork is to explore the morphological properties of simulated galaxies

n the observational plane, so we will  use the mock-observed �  1 

alues throughout the paper. 
NRAS 509, 2654–2673 (2022) 
 THE  BUILD  UP OF  STELLAR  SCALING  

ELATIONS,  BLACK  HOLE  GROWTH,  AND  

UENCHING  IN  TNG50 

he previous sections have shown that the TNG50 simulation
eproduces reasonably well both the morphological abundances and
he scaling relations of massive galaxies in the redshift range 0.5 <
 <  3 despite some differences. It is therefore justi�ed to analyse the
volutionary tracks of galaxies in the different planes to understan
ow these relations are built up in the simulation across cosmic

ime. 
Our main goal is to understand how a galaxy transitions from

he star-forming scaling relations to the quiescent ones and how
his affects its structure and morphology. In the following, we focus
nly on massive galaxies (10.5 <  log ( M � /M � ) <  11) at z =  0.5
nd follow them back in time in the analysed snapshots. There are
everal reasons for this choice. First, this stellar mass range typically
orresponds with the scale at which galaxies quench in the TNG
odel (Weinberger et al. 2017 ; Nelson et al. 2018 ) and quiescen

alaxies start to dominate the stellar mass function (e.g. Terraza
t al. 2020 ); this is in fact the scale where both in observations and

n TNG there is a comparable number of star-forming and quiescen
alaxies, at least at low redshifts (Donnari et al. 2019 ). Second, since
assive galaxies at z =  0.5 have typically a stellar mass of � 10 9 M �

r larger at z � 3, it allows us to track them down in the observed
urv e ys using our mass selected sample. 
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