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ABSTRACT

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 survey
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, — logR, and log M, — log X relations of the simulated star-forming and quenched galaxies also match
the observed slopes and zeropoints to within 1-o. In the simulation, galaxies increase their observed central stellar mass density
(Z1) 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'%3 M, which is reflected in an increase of the central stellar mass density (X ).
This morphological transformation is connected to the activity of the central super massive black holes (SMBHs). At low stellar
masses (10° < M,/M, < 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 X, 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 TNGS50 simulation, SMBHs predominantly
grow via gas accretion before galaxies quench, and ¥, increases substantially after SMBH growth slows down. The simulation
predicts therefore that quiescent galaxies have higher ¥, 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.

of fact, quiescent and star-forming galaxies have been shown to

1 INTRODUCTION follow distinct linear relations between log M, and log R, (e.g. van

Understanding the origins of the morphological diversity of galaxies
is one of the main challenges in the field of galaxy evolution. How
morphological transformations happen and how they are related to
the regulation and quenching of star formation remain open questions
today.

Thanks to a variety of photometric and spectroscopic surveys,
we have reached a reasonably good description of the properties
of star-forming and quenched galaxies over the last ~9 Gyrs. It
is now well established that the morphologies of galaxies have
significantly evolved over cosmic time, and that quenched and star-
forming 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

der Wel et al. 2014; van Dokkum et al. 2015), the log surface density
within the effective radius R,, and the log surface density within
1 kpc (log 1) (Barro et al. 2017). Quenched galaxies have always
been smaller and denser than star-forming galaxies at fixed stellar
mass. Additionally, quiescent galaxies typically present spheroid like
shapes at all redshifts, with Sersic indices n > 2, while star-forming
galaxies transition from irregular/clumpy systems at z > 1 to more
regular discs at later epochs (e.g. Guo et al. 2015; Huertas-Company
et al. 2015). Their surface brightness distributions are nevertheless
well described by exponential profiles at all redshifts (van der Wel
etal. 2014).

While the observational relations are well established and mea-
sured, the evolutionary tracks that build them remain highly debated.
Some works argue that quenching is tightly linked to morphological
transformations. Major merging remains a classical channel to
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produce spheroidal morphologies while quenching star formation
by rapidly consuming gas within the galaxy (e.g. Toomre 1977;
Puglisi et al. 2021). Other internal physical process such as sudden
gas inflows (the so-called compaction events) can also build the
central densities of stars by provoking a rapid consumption of
gas (e.g. Zolotov et al. 2015; Dekel et al. 2020), which in turn
can trigger the growth of a super massive black hole (SMBH) in
the centers of galaxies (Lapiner, Dekel & Dubois 2021). The gas
inflows can not only be provoked by mergers, but also by other
mechanisms such as fly-by’s, or counter rotating streams. The black
hole growth in that view is a consequence of the inflow and therefore
helps to keep the galaxy quenched, but is not strictly required
for quenching. A similar view has been put forward in Habouzit
et al. (2019) using the IllustrisTNG simulations (300 and 100
runs). In a recent work (Chen et al. 2020), the authors develop a
semi-empirical model — hereafter black hole versus halo (BHvH)
model— to explain the building up of galaxy scaling laws. In this
model, the SMBH is the main cause for quenching star formation in
galaxies. The key assumption of the model is that galaxies quench
when the total emitted SMBH radiation is a multiple of the halo
gas binding energy. This threshold is achieved at lower stellar
masses for small galaxies than for large ones, which explains the
tilt of the quenched ridgeline in the mass-size plane. The BHVH
Model also clearly predicts that the SMBH rapidly grows when
the galaxy starts quenching and crossing the so-called green valley
(GV). Some authors have also pointed out that observational biases,
such as the progenitor bias effect, can also contribute to explain
the different scaling laws of quiescent and star-forming galaxies.
The passive population we observe at a given time indeed comes
from a parent population of star-forming galaxies which were more
compact than star-forming galaxies at the time of observation (e.g.
Lilly & Carollo 2016; Tacchella et al. 2019). This might imply that
the morphological bimodality we observe between star-forming and
quenched galaxies does not require strong morphological transfor-
mations.

Numerical simulations offer an attractive way to consistently
explore how morphology and quenching are related since they allow
to follow individual objects over cosmic time on a volume limited
sample and can also be forward modeled to properly reproduce the
observing conditions (e.g. Snyder et al. 2015; Huertas-Company et al.
2018). Cosmological hydrodynamic simulations therefore represent
the ideal tool in order to have a more statistically meaningful
sample of mock images that can be compared against observations.
However, for many years, cosmological simulations have struggled
to reproduce the diversity and the structural properties of galaxies
we observe in the local Universe, making them impossible to use to
learn about morphological evolution. This is changing quickly with
the latest generation of simulations, which have made significant
progress. Several works have shown that recent simulations are able
to reproduce the abundances and sizes of different morphological
types at z ~ 0 with fairly good accuracy. In particular, the TNG
suite has been shown to present significant improvements regarding
the structure of z = 0 galaxies compared to its predecessor, the
Ilustris simulation (e.g. Genel et al. 2018; Huertas-Company et al.
2019; Rodriguez-Gomez et al. 2019; Zanisi et al. 2020; Walters et al.
2021). A logical step forward consists in exploring the morphological
evolution of galaxies in the simulations and compare to observations
at higher redshifts in a consistent way. This is particularly useful
because it (i) provides additional constraints to the models which
are typically funed to match observables at z = 0 but not beyond
that, and (ii) allows us to track down morphological transformations
without progenitor biases.
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However, this remains challenging with state-of-the art large
volume hydrodynamic simulations. The usual ~1 kpc spatial res-
olution is typically not enough to accurately infer the morphology of
high redshift galaxies. Zoom-in cosmological simulations obviously
provide a higher spatial resolution at the expense of statistics. In that
context, the latest run of the TNG simulation suite, TNG50 (Nelson
et al. 2019b; Pillepich et al. 2019), offers an excellent trade off
between volume and resolution, thus filling the gap between very
high resolution zoom-in simulations and large volume low resolution
ones. It is therefore the perfect simulated data set to explore the
morphological properties of galaxies at z > 0.

This is precisely the main goal of this work. We compare the mock-
observed morphological and structural properties of a statistical
sample of simulated galaxies in a cosmological context in the
redshift range 0.5 < z < 3 with available Hubble Space Telescope
observations in the same redshift range. Following a similar approach
as in previous works (e.g. Huertas-Company et al. 2019), we observe
simulations to ensure that all observational biases are properly taken
into account. We generate to that purpose realistic mock observations
of the simulated galaxies and apply the same methodologies as in
the observational samples. We then use the simulations to trace back
in time the evolution of the stellar morphology of galaxies and its
connection to quenching.

The paper proceeds as follows. We first describe the data sets used
and the methods to estimate morphologies and sizes in Sections 2
to 4. Sections 5 and 6 show the main results, which are then
discussed in terms of evolutionary tracks in Section 7. We use a
Chabrier IMF (Chabrier 2003) and a Planck 2013 cosmology (Planck
Collaboration 2014).

2 DATA

2.1 Simulations: TNG50

The MlustrisTNG Project (Marinacci et al. 2018; Naiman et al.
2018; Nelson et al. 2018; Pillepich et al. 2018b; Springel et al.
2018) is a suite of magneto-hydrodynamic cosmological simulations
performed with the moving-mesh code AREPO (Springel 2010;
Pakmor, Bauer & Springel 2011; Pakmor et al. 2016). The model
is an updated version of the original Illustris project (Genel et al.
2014; Vogelsberger et al. 2014a, b; Sijacki et al. 2015). We refer the
reader to Huertas-Company et al. (2019) and references therein for a
description of the main differences which essentially affect to AGN
feedback model, the galactic winds and the presence of magnetic
fields.

In this project, we make use of the highest resolution version of
TNG, called TNG50 (Nelson et al. 2019b; Pillepich et al. 2019)
- a new class of cosmological simulation, designed to overcome
the traditional trade-off between simulation volume and spatial
resolution. The TNGS50 simulation realizes a simulation cube with
a volume of 51.73 Mpc, following the evolution of 21607 resolution
elements. For this work, we consider 6 different snapshots at z = 0.5,
1.0, 1.5, 2.0, 2.4, and 3.0 (snapshots 27, 30, 33, 40, 50, and 67
respectively), selecting galaxies with Log(M,/Mg) > 9.0. This results
in a sample of 11 048 galaxies. Galaxies were identified with the
SUBFIND algorithm (Springel et al. 2001; Dolag et al. 2009), while
the merger trees were constructed with SubLink (Rodriguez-Gomez
et al. 2015).

Forward modeling of the simulated galaxies. From the selected
sample, we generate mock images in four different HST filters
(FA35W, F606W, FT175W, and F160W) to mimic the properties of the
observational sample. We use to that purpose the radiative transfer
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€202 UoIeN #Z uo Jasn gSNI 3INI SUND-LSINI AQ ¥G25Z¥9/¥592/2/60G/9101He/seiuw/wod dno-olwspede//:sdiy woly papeojumoq



2656  S. Varma et al.

code SKIRT (Baes et al. 2011)! and follow the procedure outlined
in Rodriguez-Gomez et al. (2019) and in Huertas-Company et al.
(2019). For computational reasons, dust is taken into account only
if the fraction of star-forming gas is above 1 per cent of the total
baryonic mass. In order to make the mock images a more accurate
representation of the observed CANDELS ones, we convolve each
mock image by the point spread functions in the different filters
and cameras. In addition, we add real CANDELS background noise
seen in empty CANDELS regions as in the different filters. We note
that the mock images contain only one subhalo, i.e. the projected
galaxies in the line of sight are not rendered. In order to include
background and foreground objects as in the observations, the regions
in CANDELS selected to drop the simulated galaxies contain off
centered objects.

2.2 Observations: CANDELS

Our observational sample is based on the CANDELS survey (Grogin
et al. 2011; Koekemoer et al. 2011). We use official data products
from the CANDELS collaboration: namely stellar masses, photo-
metric redshifts as well as structural properties and central mass
densities (Galametz et al. 2013; Guo et al. 2013; Santini et al. 2015;
Nayyeri et al. 2017; Stefanon et al. 2017; Barro et al. 2019). We refer
the reader to the mentioned works for details on how these parameters
are derived. Additionally we make use of the visual morphology
catalog by Kartaltepe et al. (2015) to train a Convolutional Neural
Network as explained in the following. Our final sample is mass
selected above 10° solar masses in the redshift range 0.5 < z < 3.0,
to match the simulated sample.

3 ESTIMATION OF GALAXY MORPHOLOGY
AND STRUCTURAL PROPERTIES OF TNGS50
GALAXIES

3.1 Deep Learning visual like morphologies

We first derive global visual-like morphologies for our TNGS50
sample. To that purpose, we train a simple vanilla convolutional
neural network (CNN) model on the observed CANDELS images,
with labels for each image being provided by the Kartaltepe et al.
(2015) catalog (hereafter K15 catalog) as already done in previous
works (e.g. Huertas-Company et al. 2015; Hausen & Robertson
2020). The K15 catalog associates each galaxy with a numerical
value between 0 and 1 based on the fraction of votes of the several
classifiers. In order to convert the task into a binary classification
problem, we define three main morphological classes (spheroid,
disc, irregular) by imposing a threshold of classification - following
recommendations in K15: spheroid if fy,, > 0.66, irregular if f;,. >
0.66 and disc if fy;5. > 0.66.

We then train three identical vanilla CNNs to identify spheroids
(CNN)), discs (CNN,), and irregulars (CNN3) on the CANDELS
observational data. We employ a similar architecture as the one
used in Huertas-Company et al. (2019), with 5 convolutional layers,
with the filter sizes in each layer being 6, 32, 64, 128, and 128,
with the dimensions of each filter being (2x2), (2x2), (2x2), (2x2),
and (3x3) respectively. We add max-pooling filters of dimensions
(2x2) after the second, third, and fourth convolutional layers, to
reduce the spatial dimensions of the feature map created by the

Uhttp://www.skirt.ugent.be/root/index.html
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convolutional layers before it. Furthermore, we add batch normal-
ization layers after each convolutional layer, before flattening the
final feature map outputted by the last convolutional layer. This
flattened, 1-D feature map is then connected to a fully-connected
neural network with 64 neurons in its first layer, a dropout layer
removing 20 per cent of neurons, and an output layer with a sigmoid
activation.

We evaluate the model on an independent test set from CANDELS.
‘We measure that the model classifying galaxies into being spheroidal
or not has the highest area under the curve (AUC) value, with a
90 per cent accuracy in spheroidal galaxy classification. This is then
followed by the model classifying discs, and then irregulars with an
AUC of 86 per cent and 84 per cent respectively. We emphasize that
the main goal of this work is not to achieve a perfect classification,
but to classify simulated and observed galaxies with the same
methodology.

Once trained and tested on the CANDELS images, we use all three
models to classify the mock TNG50 images. There is therefore no
training done on simulations. The weights of the network are fixed
and simply applied to the simulated data set. Based on the outputs
of the three models, we then define four composite morphological
classes. The spheroid class (outputcyy; > 0.5 and outputeny, <
0.5) contains then galaxies fully dominated by a bulge component,
with little to no disc component to them. The disc-spheroid class
(outputcyyy > 0.5 and outputcyy, > 0.5 and outputcyys < 0.5),
contains galaxies with two clear components but are considered
as bulge dominated as shown in Huertas-Company et al. (2015).
The Sersic index distribution of the population peaks indeed at n
~ 2.5. These could be therefore associated with lenticular galaxies.
Therefore, throughout the paper, we will refer to bulge dominated
systems as the combination of galaxies classified as spheroids or
disc + spheroids. The disc (outputcyy, > 0.5, outputcnn < 0.5,
and outputcyys < 0.5) class contains galaxies with a dominating
disc component. We define the irregular class (outputcyns > 0.5)
as galaxies with clumpy or disturbed surface brightness profiles.
We acknowledge that this class is made of objects with diverse
properties. Irregular galaxies can be for example low mass gas-rich
systems, interacting galaxies or more massive clumpy galaxies. With
the above definitions, galaxies for which all CNN outputs are lower
than 0.5 are not included in any class and are therefore considered as
unclassified. This fraction remains below 10 per cent at all redshifts
and are removed from the sample when computing morphological
fractions.

Fig. 1 shows example stamps of CANDELS and TNG50 galaxies
of different morphological types classified by the CNNs side-by-
side. We see that simulated and observed galaxies of the same mor-
phological class present similar features. It confirms that the CNN
trained on the CANDELS galaxies found similar enough features
in the simulated galaxies to classify them into the aforementioned
morphologies. It also shows that the TNGS50 simulation presents a
reasonable morphological diversity in the redshift range considered
here, confirming the results already reported at z ~ O (Huertas-
Company et al. 2019; Rodriguez-Gomez et al. 2019). We will
quantify this further in the following sections.

3.2 Parametric morphologies

In addition to visual like morphologies, we also estimate structural
properties of galaxies. We employ STATMORPH, an open-source
PYTHON package based on IDL code described in Lotz, Primack &
Madau (2004) to fit the F160W surface brightness profiles of the
mock TNG50 galaxies. We refer the reader to Rodriguez-Gomez
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(a) TNG50 F160W

(¢) TNG50 F775W
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(b) CANDELS F160W

.

(d) CANDELS F775W

Figure 1. Example stamps of galaxies of different morphological types between z = 0.5 and z = 1. (a) and (c): TNGS50 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. TNGS50 presents a comparable morphological diversity to observations.

et al. (2019) for a full description of how STATMORPH works. We
employ the default settings recommended by Rodriguez-Gomez
et al. (2019) and fit to the surface brightness distribution of every
simulated galaxy a single Sersic model as done in CANDELS.
This provides us with a measurement of the semi-major half-
light radius (R,), the Sersic index (n), and the axial ratio (b/a)
from the best Sersic model. In Appendix A, we show how the
Sersic light-weighted effective radius compares to the 3D half-mass
size.

The parameters of the best-fitting model are also used to estimate
the stellar mass density in the central kpc (2) following a similar
approach as in observations. We compute the total luminosity in

the central kpc (L) by integrating the best Sersic model. We then
estimate a mass-to-light within 2 effective radii (Mag./Log.) by
integrating the Sersic profile up to a radius of 2 times the effective
radius combined with the 2D projected stellar mass computed as
the sum of stellar particles that in projection fall within 2 times the
effective radius with a 0.2dex Gaussian scatter (see next section for
more details). The mass in the central kpc is finally obtained as: M| =
Mogo/Loge x Li which assumes a constant M/L across the galaxy. In
Appendix A, we show how these observation-like measurements of
¥, (labelled throughout as X - mocked) differ from those obtained
by directly summing up the simulated stellar mass within the central
kpc (X - simulation).

MNRAS 509, 2654-2673 (2022)
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Figure 2. AlogsSFR as a function of stellar mass in TNGS50 (top row) and CANDELS (bottom row). Each panel shows a different redshift as labelled. Blue,
green, and red dots show star-forming, green-valley and quiescent galaxies respectively. The horizontal dashes lines indicate the thresholds used to classify
galaxies into these three classes. The TNGS50 simulations tends to under predict the abundance of massive quiescent galaxies which produces a different

distribution in the plane.

4 DEFINITION OF STAR-FORMING AND
QUENCHED GALAXIES

One of the main objectives of this work is to explore the links
between star formation and morphology in the TNG50 simulation as
compared to observations. Therefore we first need to split galaxies
between star-forming and quiescent in a consistent manner.

As already shown in previous works (Donnari et al. 2019, 2021a,
b), adirect comparison between the SFRs derived from the simulation
and the measured values in the observations is challenging given the
different time-scales involved. Different observational proxies are
sensitive to different time-scales, making an outright comparison
of observed and simulated SFRs difficult. A possible solution is to
apply the same SED fitting techniques used in observations to the
simulated data set. This however requires a proper simulation of the
SEDs from UV to FIR. We refer the reader to Nelson et al. (2021)
for a detailed comparison between 3D-HST and TNGS50. Their main
conclusion is that the observed and simulated main sequences agree
within 0.1-.2 dex. Since the main goal of this work is to analyse the
structural properties, we have decided to follow a simpler approach.

Following Donnari et al. (2021a), we use the SFR value from
the simulation averaged over the last 200 Myrs, measured within an
aperture of 2 effective radii, and add a 0.3 dex Gaussian scatter
to account for observational errors. The specific star Formation
Rate (sSFR) is then derived by dividing the obtained value by the
stellar mass of the galaxy with a 0.2 dex scatter as well. We then

MNRAS 509, 2654-2673 (2022)

fit a power law to the log sSFR-log M, relation at every redshift
slice and use the best fit to derive a distance to the star formation
main sequence (SFMS) for every simulated galaxy (A logsSFR).
For consistency with previously published observational works, we
define a simulated galaxy as being star forming if its AlogsSFR
is above —0.45, and quenched if its AlogsSFR is below —1. In
between we consider galaxies to be in the GV. The same definition
is applied to CANDELS galaxies using the observationaly derived
sSFRs. Fig. 2 compares the distribution of galaxies in the sSFR-
M, plane of simulated and observed galaxies in three redshift slices.
Both data sets present comparable behaviors, which confirms that our
procedure is a reasonable approximation. Some differences can be
appreciated though. The simulations tend to present a tighter main
sequence at high redshift. Also the relative number of quiescent
galaxies seems to be smaller in TNG50 at high redshift and high
stellar masses especially. Massive quiescent galaxies are in fact rare
at high redshift and the volume probed by the simulation is small.
This, as well as different definitions can contribute to the effect
(Donnari et al. 2021a).

In order to further quantify the differences, we show in Fig. 3
the quiescent fractions in CANDELS and TNGS50 in two different
stellar mass bins(9 < log M./Mg < 10 and log M./Mg > 10.5) using
the method described in the previous paragraph. For the figure we
also include GV galaxies in the quiescent population. We therefore
consider a galaxy to be passive if its A log sSSFR < —0.45. To ensure
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Figure 3. Quiescent fraction (including GV galaxies) in the matched CANDELS (red markers), matched TNGS50 (blue dashed line), and original TNG50
catalogue (black line) as a function of redshift for low mass (9 < log M,/Mg < 10, left-hand panel) and massive galaxies (log M,/Mg > 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 TNGS50 simulation tends to under estimate the abundance of massive quiescent galaxies at all redshifts, although the observed trends are similar.

a fair comparison and quantify the impact of volume effects, we
match the stellar mass and redshift distributions of the observed
and simulated samples. For every galaxy in the TNG sample we
draw a random galaxy in CANDELS with a similar stellar mass
(40.05dex) and redshift (£0.2). In case there is no match, the TNG
galaxy is not considered.This is why in Fig. 3 the CANDELS and
TNG samples are labeled as matched. This procedure is repeated
10 times randomly. The figure shows similar trends in both data
sets, suggesting that the global evolution of the abundances of
passive galaxies is well captured by the simulation. However, at
high stellar mass, observations tend to present a larger fraction of
passive galaxies, by up to 20 percentage points than in TNGS50,
which confirms the trend seen in Fig. 2. The discrepancy persists
even after matching the galaxy properties, so it does not seem to be
directly related to the different volumes or mass distributions probed
by the samples. The purpose of this work is to compare the structural
and morphological properties of observed and simulated quiescent
and star-forming galaxies. Therefore, the fact that the numbers do not
match exactly is not a significant issue for this specific work and we
refer the reader to the works by Donnari et al. (2021a, b) for a detailed
discussion on the topic: there it is shown that numerical resolution
affects the outcome of TNG50, so that its quenched fraction can be
up to 10-20 percentage points lower than in TNG100 and TNG300.

5 EVOLUTION OF GALAXY
MORPHOLOGICAL FRACTIONS

We first investigate the evolution of visual morphological fractions in
TNG50 as compared to CANDELS. We use the four morphological
classes defined in Section 3 and study the evolution of their relative
abundances as a function of redshift and stellar mass.

Figs 4, 5, and 6 show the fractions of the four morphological
classes as a function of stellar mass in three snapshots (z = 0.5, z =
1.5, and z = 2.4) for observed and simulated galaxies and divided into
quiescent and star forming. We do not plot all snapshots to improve
readability. The trends are however the same. In order to increase
statistics, we include the GV galaxies in the quiescent population in
these plots as well.

5.1 Global morphological diversity

As it can be appreciated in Fig. 4, trends previously reported in
other observational samples can also be seen here. Namely that
the galaxy population at z ~ 2 is dominated by irregular/clumpy
systems, which are gradually replaced by discs (e.g. Guo et al.
2015; Huertas-Company et al. 2016; Simons et al. 2017) at z <
1. We also find a well known dependence of morphology with
stellar mass. Bulge dominated systems tend to be more abundant
at the high mass end. They represent ~ 60 per cent of massive
galaxies at z ~ 0.5. Interestingly, we find that TNG50 overall
reproduces the main observational trends. This is a remarkable
achievement of the simulation since it was not calibrated in any way
to reproduce the galaxy morphological diversity, not at low nor at high
redshift.

However, some differences in the absolute numbers between
CANDELS and TNGS50 are in place. The fraction of simulated
galaxies defined as a pure bulge is consistently lower than its observed
counterparts especially at low masses. The simulation tends therefore
to over predict the fraction of irregular galaxies at high redshifts and
the fraction of pure discs at later epochs. The physical mechanisms
that form spheroids at low and high stellar masses might be different.
For example, environment is thought to play a more dominant role
at the low mass end (e.g. Peng et al. 2010). The difference we see
might therefore be a consequence of volume effects (as there are only
a couple of cluster-like dense environments in TNG50) or that the
formation channel of low mass spheroids is not well captured in the
simulation.

5.2 Morphologies of quiescent and star-forming galaxies

Figs 5 and 6 show the evolution of the morphological fractions for
star-forming and quiescent galaxies respectively.

As for the whole sample, observed and simulated star-forming
galaxies present a similar evolution of the morphological abundances.
Above z ~ 1, the population is dominated by irregular/clumpy
galaxies at all stellar masses in both data sets. More symmetric
discs start to be the most abundant class at z < 1. Bulge dominated
star-forming galaxies remain very marginal at all redshifts except at
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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 row shows the simulated sample from TNGS50. 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 TNGS50 simulation.

the very high mass end which confirms that the main sequence is
dominated by galaxies with n ~ 1 profiles.

The majority of bulge dominated systems are in the quiescent
population as expected, and this is again well captured by the
simulation. At z < 1, ~ 70 per cent of massive quiescent galaxies
are bulge dominated. The differences between simulations and
observations are more visible for quiescent galaxies. In particular,
we see the fraction of passive spheroids above z > 1 is smaller
in TNG50 than in CANDELS. This is especially visible in the
low mass bin, where the majority of simulated quiescent galaxies
have a disc or irregular morphology while in the observations, ~
20 per cent—40 per cent of low mass passive galaxies are spheroids.
These discrepancies might be partially explained by the fact that we
have included GV galaxies. As shown in Fig. 2, the relative fraction
of GV galaxies in the simulation is larger than in the observations,
which could contribute to the larger fraction of irregular systems.
Nevertheless, we have visually inspected these low mass irregular
quiescent galaxies in the simulation (Fig. 7). In most cases, the
optical bands show a compact core with a star-forming clumpy
ring around, which likely drives the CNN classification into an
irregular system. Using zoom-in numerical simulations, a recent
work by Dekel et al. (2020) has pointed out that long-lived rings
can form around massive quiescent cores when the time-scale for
inward mass transport for a ring is slower than the replenishment
by accretion and the interior depletion by star formation. The
authors argue that this condition is usually fulfilled if the cold to
total mass ratio interior to the ring is smaller than 0.3, which is
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plausible for massive galaxies at z < 2 as the ones studied here.
Similar mechanisms might be in place here and might require further
investigation.

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

We now compare the stellar mass-size and the stellar mass - central
density relations of observed and simulated galaxies. We use the
semi-major axis of the best-fitting Sersic model as a size estimator.
For the simulations it is derived using STATMORPH as described in
Section 3.2. In the CANDELS sample, we use the values reported
by van der Wel et al. (2014).

6.1 Mass-size relations

Fig. 8 shows the logM, — logR, relations for star-forming and
quiescent observed and simulated galaxies in three redshift bins (z =
0.5,z = 1.5, and z = 2.4). As done in the previous subsections, we
do not show all snapshots for the sake of clarity, but the trends are
identical. We observe a generally good agreement in the slope of
the observed and simulated mass-size relations across all redshifts
for both quiescent and star-forming galaxies. The median galaxy
effective radii of observed and simulated galaxies fall well within a
1—o confidence interval of each other in each log M, bin. The scatters
are 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
shows observations from CANDELS, the bottom one results from the TNGS50 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 TNGS50.

quiescent population given the low number statistics of simulated
galaxies reported in the previous sections.

The IlustrisTNG model has been somehow chosen to reproduce
the size distribution of galaxies at z ~ 0 (see Genel et al. 2018;
Pillepich et al. 2018a for more details). However, it is not guaranteed
that the size evolution matches observations. Our results show that the
simulation properly captures the observed trends of both quiescent
and star-forming galaxies since z ~ 3 and quantitatively confirms
the qualitative agreement identified by Pillepich et al. (2019)
between TNGS50 star-forming galaxies and various observational
data sets.

Fig. 8 also shows the best power law fits from van der Wel et al.
(2014). It can be noticed that for quiescent galaxies, the published fit
seems to be slightly inconsistent with the binned size-mass relation
for CANDELS galaxies. There might be several reasons for that.
Firstly, the selection of quiescent galaxies is different. van der Wel
et al. (2014) uses the UVJ diagram while we use here an offset from
the main sequence. Secondly, the fit in van der Wel et al. (2014)
is only valid for quiescent galaxies more massive than 10'°Mg. In
Fig. 8, most of the deviation is seen at lower masses as expected.
Finally, van der Wel et al. (2014) performs a joint fit of both star-
forming and quiescent galaxies by maximizing the likelihood, and
assumes for that some fraction of contamination between the two
populations. We believe that the adopted fitting method itself can
also create some discrepancies.

6.2 Mass-central density relations

Another important observational result of the last years is that
quiescent galaxies present a tight sequence in the log ¥, — log M,
plane, X, being the stellar mass density in the central kpc (Barro
et al. 2017; Suess et al. 2021).

Fig. 9 shows the aforementioned relation for star-forming and
quiescent galaxies in different redshift bins as done for the mass-size
relation. The central stellar density here, ¥; - mocked, is obtained
from the SKIRT images by replicating the same procedure as done
in observations (see Section 3.2 and Appendix A). We only include
in this figure objects with b/a > 0.5 as done in the observations. We
observe again a reasonably good match between the scaling relation
of observed and simulated galaxies, with the TNG50 simulation
reproducing both the evolution and the slope of both quenched and
star-forming galaxies well. Namely, the main observational result of
past years, which is that quiescent galaxies have larger ¥, values
than star-forming galaxies of the same mass, is also reproduced in
TNGS50 — this is the case also in TNG100 (for X,), as recently shown
at z ~ 0 (Walters et al. 2021).

There are however some noticeable differences. Star-forming
TNG50 galaxies above z = 1 tend to have lower values of X, at
fixed mass than observed ones while the opposite is observed for
the quiescent galaxies. The differences are within the 1o scatter
but the mean values are systematically offset. This implies that the
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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 TNGS50, but for a lower fraction in

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

Figure 7. Examples of quiescent galaxies in TNGS50 classified as irregulars.
The top row shows galaxies imaged in the WFC3 F160W filter, 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 classification.

dynamic range of X, is a bit larger in the simulation than in the
observations and hence the difference in the scaling laws of quiescent
and star-forming galaxies is more pronounced. Resolution effects and
differences in the Sersic fits could partially explain the difference.
We explore in Appendix A the impact of observational effects on the
measurement of X;. We notice however that the main goal of this
work is to explore the morphological properties of simulated galaxies
in the observational plane, so we will use the mock-observed X,
values throughout the paper.
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7 THE BUILD UP OF STELLAR SCALING
RELATIONS, BLACK HOLE GROWTH, AND
QUENCHING IN TNGS50

The previous sections have shown that the TNGS50 simulation
reproduces reasonably well both the morphological abundances and
the scaling relations of massive galaxies in the redshift range 0.5 <
z < 3 despite some differences. It is therefore justified to analyse the
evolutionary tracks of galaxies in the different planes to understand
how these relations are built up in the simulation across cosmic
time.

Our main goal is to understand how a galaxy transitions from
the star-forming scaling relations to the quiescent ones and how
this affects its structure and morphology. In the following, we focus
only on massive galaxies (10.5 < log(M,./Mg) < 11) at z = 0.5
and follow them back in time in the analysed snapshots. There are
several reasons for this choice. First, this stellar mass range typically
corresponds with the scale at which galaxies quench in the TNG
model (Weinberger et al. 2017; Nelson et al. 2018) and quiescent
galaxies start to dominate the stellar mass function (e.g. Terrazas
et al. 2020); this is in fact the scale where both in observations and
in TNG there is a comparable number of star-forming and quiescent
galaxies, at least at low redshifts (Donnari et al. 2019). Second, since
massive galaxies at z = 0.5 have typically a stellar mass of ~10° Mg,
or larger at z ~ 3, it allows us to track them down in the observed
surveys using our mass selected sample.
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Figure 8. log M, — log R, relation of observed (CANDELS: yellow dots) and simulated (TNGS50: black dots) galaxies in three redshift bins (z = 0.5, z = 1.5,
and z = 2.4 from left to right), for star-forming (top) and quiescent galaxies (bottom), separately. The large dots with the error bars indicate the median size
and scatter of the galaxies, in bins of stellar mass. The red solid lines indicate the power law fits to observations published in van der Wel et al. (2014). Overall,

TNGS50 reproduces well the zeropoints, slopes, and scatters on the observations.

7.1 Quenching in the IllustrisTNG model

We start by summarizing the main findings from previous published
works regarding the quenching of star formation in TNG. It has been
shown that it is the kinetic channel of the SMBH feedback that is
responsible for the halting of the star formation in massive galaxies
(2 afew 10'°M, galaxies), namely the SMBH-driven winds that are
invoked when the accretion rates of the SMBH are low (Weinberger
et al. 2017; Nelson et al. 2018; Terrazas et al. 2020; Donnari et al.
2021a). The SMBH-driven winds in the TNG simulations are both
ejective and preventative (Zinger et al. 2020). They are ejective in
that they trigger quenching by removing gas from the star-forming
regions of galaxies (Terrazas et al. 2020) or even by reducing the
overall gas mass within haloes (Davies et al. 2020; Zinger et al.
2020); they are preventative as they heat up the gas within and
around galaxies (Zinger et al. 2020), increasing its entropy and its
cooling times also in the outer reaches of the halo: this prevents it
from fuelling subsequent star formation. The inside-out quenching
ensuing from this picture and triggered by the ejective outflows from
SMBHs in TNGS50 is supported by the shape of the sSFR profiles
in quiescent galaxies observed with 3D-HST at z ~ 1 (Nelson et al.
2021). Importantly, the low-accretion SMBH feedback also limits
the availability of gas for SMBH gas accretion and hence growth so
that SMBHs grow either very rapidly while exercising thermal mode
feedback at high-accretion rates, at high redshifts, and low masses
(for SMBH, stellar, and halo masses of < 108 Mg, i.e. S 10'%5 Mg,

< 10'2 My, respectively) or more slowly via SMBH-SMBH mergers
at lower redshifts and larger masses (Weinberger et al. 2018; Truong,
Pillepich & Werner 2021).

7.2 The building up of scaling laws in TNG50

With this in mind, we begin by exploring how the progenitors of
star-forming and quiescent galaxies evolve in the stellar structural
planes and how their apparent morphologies transform over time.
Fig. 10 shows the median evolution of the progenitors of massive
galaxies (i.e. 10.5 <log M,/ Mg < 11)atz=0.5inthelog M, —log R,
and log M, — log X planes, along with the observational ridgelines
of star-forming and quenched galaxies (van der Wel et al. 2014; Barro
etal.2017). We divide the sample between the progenitors of galaxies
that are quenched at z = 0.5 (AlogsSFR < —1) and those which
are still in the main sequence (A log sSSFR > —0.45). We emphasize
that the median stellar masses at z = 0.5 of both samples are very
similar. We also indicate in Fig. 10 the median visual morphological
type at every snapshot derived from the SKIRT images as explained
in Section 3. For simplicity, we group galaxies into bulge dominated
(spheroids, bulge + disc), disc dominated (discs), and irregulars.
First of all, it can be seen that in TNG50, on average, massive
galaxies (10.5 < log (M./Mg) < 11) at z = 0.5 tend to quench at late
times (z < 1). Although the quenching process may start earlier, the
median value of AlogsSFR is lower than —1 only for the z = 0.5
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Figure 9. log M, — log ¥ relation of observed (CANDELS: yellow dots) and simulated (TNG50: black dots) galaxies in three redshift bins. Annotations are
as in Fig. 8. The red solid lines indicate the power law fits to observations published in Barro et al. (2017). Overall, TNG50 reproduces well the zeropoints,
slopes, and scatters of the observations although TNG50 quiescent (star-forming) galaxies appear to be slightly denser (less dense) than observations.

snapshot. As shown in section 3, the fraction of massive quiescent
galaxies above z ~ 1 is rather low in the simulation which necessarily
implies that the majority of massive galaxies quench at later epochs.

The figure also shows that, on average, in the case of the size—
mass relation, galaxies evolve along the ridgeline while they are
star forming, increasing both stellar mass, R,, and X ;. However, in
the case of the central density—mass relation, star-forming galaxies
evolve below it. On the other hand, the evolutionary tracks of
quiescent galaxies differ substantially from the average relations at
fixed cosmic epoch. Interestingly, a global apparent morphological
transformation takes place for both star-forming and quiescent
galaxies above a characteristic stellar mass of ~10'%3 solar masses.
Below that mass, the median apparent optical rest-frame stellar
morphology is predominantly irregular. Above that mass, it becomes
a symmetric disc or bulge dominated system more comparable to
the types populating the local Hubble sequence. This morphological
change is reflected in a change in the slope of the log M, — log ¥,
track. The central density increases faster than the stellar mass,
which also points towards the building up of a bulge component.
It is important to notice that this transformation is observed in
both populations: galaxies that quench and galaxies that remain star
forming at z = 0.5. See also Tacchella et al. (2019) for a detailed
discussion of the relation between morphological transformations
and quenching in the TNG simulation.

However, even if the physical mechanisms driving morphological
transformations seem comparable for galaxies that quench and those
which have not yet, they appear to be more dramatic for the former.
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As a matter of fact, Fig. 10 shows that quiescent galaxies experience
an important decrease of their observed light-weighted projected
effective radius before quenching which moves the galaxy down in
the log M, —log R, plane and up in the log M, —log ¥, plane, where
the observational quiescent ridgelines lie. This decrease of the mock-
observed effective radius is not seen in the star-formation population
that instead continues to evolve along the SF ridgeline. This is also
interesting because it indicates that quiescent galaxies in TNG50
reach the quenched ridge line in the mass size plane following a
vertical track with a fast increase of the observed central density and
a decrease of the effective radius.

7.3 SMBHs and the structural evolution of galaxies

At this point, itis interesting to investigate what are the causes of these
morphological transformations and how they relate to quenching.

One possibility is that they are triggered by external stochastic
processes such as mergers. The merger history of the progenitors
of star-forming and quiescent galaxies appears to be very similar
though, both in terms of major (>1: 4) and minor (<1: 4) mergers
with practically no mergers (minor or major) happening in the last
Gyr for both populations. Only one galaxy in our sample has had a
major merger since redshift two. It is thus unlikely that mergers are
responsible of the increase in central density we observe in Fig. 10.
This is also consistent with the findings of Weinberger et al. (2018),
Walters et al. (2021) for TNG.
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Figure 10. Median evolutionary tracks in the log M, — log R, (left) and log M, — log X (right) planes of the progenitors of galaxies with stellar masses
between 10'%% and 10'! at z = 0.5, in the TNG50 simulation. The red (blue) arrows indicate the median evolutionary tracks from z = 3 of quiescent (star
forming) progenitors and the symbols the median values at the 6 snapshots considered (z = 3, 24, 2.0, 1.5, 1, and z = 0.5). The blue and red shaded regions show
the scatter for star-forming and quiescent progenitors respectively. The symbols with a red edge indicate the progenitors of quiescent galaxies. The different
symbols indicate the median CNN estimated morphology. The colors show if the median progenitor is star-forming (blue) or quenched (red) at a particular
redshift. Symbol size is proportional to the SMBH mass. The blue and red solid lines show the best-fitting relations for star-forming and quenched galaxies in

observed galaxies from the CANDELS survey at different redshifts.

Another possibility is that the morphological and structural trans-
formations are connected to the SMBH growth. As described in
Subsection 7.1, kinetic feedback from the SMBH is responsible for
quenching star formation in central massive galaxies in the TNG
model and it typically starts being dominant above a stellar mass of
about 10'%3 which also corresponds with the characteristic stellar
mass for morphological transformations we extract in Fig. 10.

We investigate in Fig. 11 the SMBH growth history in the
progenitors of star-forming and quiescent galaxies in TNG. We
show the median evolutionary tracks in the log ¥; — log Mgy and
log M, — log Mgy planes. We use here mock-observed X, values
derived from the SKIRT images. Both star-forming and quiescent
galaxies follow similar tracks. The log £, — log Mgy relation shows
that both SMBHs and ¥, in TNG grow at low mass: in this regime,
the SMBHs are in fast accretion mode which implies the availability
of gas in the central regions. However, the growth of X, is less steep
than the stellar mass. We speculate that this could be partly driven
by SN feedback efficiently suppressing the building up of a bulge
component i.e. of a high-density stellar core (e.g. Dubois et al. 2015;
Lapiner et al. 2021). Even though also in TNG SN feedback has
been shown to reduce the growth of SMBHs (Habouzit et al. 2021;
Truong et al. 2021), the latter is not completely prevented and during
this phase galaxies exhibit a discy/irregular morphology. Because
we show observationally mocked values, biases in the observational
methods that over estimate the values of 3, especially at high
redshift, can also contribute to decrease the apparent evolution of
2 (see Appendix A).

We then see in the right-hand panel of Fig. 11 that the morpho-
logical transformation seen in Fig. 10 corresponds to a decrease in
the growth rate of the SMBH. This is a signature that the SMBH
has gone into a low accretion mode. This transition may arise when

SN feedback becomes inefficient at preventing gas cooling, as the
galaxy becomes sufficiently massive (Bower et al. 2017; Truong
et al. 2021). Within the TNG model, it has been shown that this
transition corresponds to the time when the energy ever injected via
low-accretion kinetic feedback mode equals and then surpasses the
binding energy of the gas within the galaxy (Terrazas et al. 2020).
Surprisingly, this transition also corresponds with an increase of the
central stellar density even if less gas to form stars is in principle
available.

We further investigate this behaviour by exploring the time
evolution of the SMBH mass, ¥, gas mass in the central kpc, and
central star formation rate in the progenitors of massive quiescent
galaxies in Fig. 12. The Appendix B includes individual tracks of
galaxies. We confirm that, for TNG50 massive galaxies selected at
z ~ 0.5, the SMBH grows mostly at z > 1, while the galaxy has
an irregular stellar morphology. During this phase, £ increases up
to ~10° Mg kpc™2. At z S 1.5, the gas in the center starts to be
rapidly depleted which is translated into a decrease of the SFR.
At the same time a morphological transformation is triggered, i.e.
increase of observed central density and change of the rest-frame
optical morphology. The decrease of gas pushes the SMBH into a
low accretion mode, which turns on kinetic feedback and prevents
more gas to be accreted. We notice again that X, continues growing
at z < 1, even when the gas fraction is low. The increase, therefore,
does not seem to be driven by star formation.

There are several factors that could explain the increase of X,
even when the SFR is decreasing. Some redistribution of stars
given the change in the gravitational potential can contribute to this
effect. It can also be enhanced by observational effects. Fig. 12 also
shows the evolution of ¥; measured directly from the simulation
output by computing the stellar density in the central kpc. The
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Figure 11. Median SMBH growth as a function of stellar mass (left) and X (right) for the progenitors of galaxies with stellar masses between 10'%3 and 10"
at z = 0.5, in the TNG50 simulation. Annotations are as in Fig. 10. The filling colors of the symbols indicate if the median progenitor is star-forming (blue) or

quenched (red) at a given redshift.

evolution is steeper at high redshift and shallower at low z than
for the observationally-derived quantity. Because of a variety of
observational effects at high redshift, the mock-observed X, values
tend to be over estimated (see Appendix A). At low redshift, because
of the decrease in SFR, the fading of the stellar populations can
also contribute to an apparent increase of the stellar density and a
change in the observed morphology. Fig. 13 shows the evolution
of the difference between the outer and inner M/L ratios. At z <
1, the evolution of M/L gradients for the progenitors of quiescent
galaxies is steeper than for progenitors of star-forming galaxies. It
suggests that fading also contributes to the observed morphological
transformations at a characteristic stellar mass. A similar conclusion
was reached by Fang et al. (2013) in SDSS. Appendix A explores
more in detail the differences between mocked and simulation-based
measurements of ;.

7.4 Why do some galaxies quench earlier than others?

An interesting question is why some galaxies quench earlier than
others of the same stellar mass. We can see in Fig. 11 that in
TNG SMBHs grow slightly faster in the progenitors of quiescent
galaxies in that the slope of the stellar mass-SMBH relation is steeper.
Quiescent galaxies have therefore slightly more massive SMBHs at
their centers which, within the TNG model, is most certainly the
reason why they quench earlier.

We explore this further in Fig. 14, which shows the distributions at
z = 0.5 of stellar masses, black hole masses, central stellar densities,
and the ratio of total kinetic energy injected by the SMBH over the
gas binding energy for massive quiescent and star-forming galaxies.
The latter is computed using the same approach as in Terrazas et al.
(2020). We compute the total time-integrated amount of black hole-
driven wind energy that has been released into the gas particles at
each time-step ( f Erindt) and divide by the gravitational binding
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energy of the gas within Skpc defined as:

1
Eping = E Z ¢gmg

g(r<5kpc)

where m, is the mass of a gas cell, ¢, is the gravitational potential
felt at this cell position. We use a fixed 5 kpc aperture for the binding
energy as it roughly corresponds to 2 effective radii for galaxies in
our sample.

Fig. 14 confirms that the stellar mass distribution of the star-
forming and quiescent populations in TNGS50 is very similar. This
is expected by construction as we selected them to be in a narrow
stellar mass bin. Galaxies that have already quenched have however
larger central mass densities by almost a factor of ~10 as already
reported in Fig. 10 as well as SMBHs ~ 30 per cent more massive.
The most striking difference though resides in the ratio between
injected kinetic energy and binding energy. The ratio is a factor of
a ~100 larger in quiescent galaxies than in star-forming galaxies of
the same stellar mass. This confirms that kinetic feedback is the main
cause for quenching. A similar trend was already reported at z = 0
by Terrazas et al. (2020).

A logical subsequent question is why some galaxies experience a
faster growth of their central SMBHSs than others of similar stellar
mass, ending up in an earlier quenching. A possibility is that the
evolution depends on the galaxy properties. In fact, Fig. 10 shows
that galaxies that quench tend to be more compact (smaller effective
radius and larger ¥, values) than galaxies that don’t, even during
the star-forming phase. This is interesting because it suggests that
small star-forming galaxies tend to quench earlier than extended ones
because their SMBHs grow more efficiently. More compact sizes
implies indeed that the density of gas is higher and therefore allows
for a faster growth of the SMBH. A similar conclusion has been
recently reached by Gupta et al. (2020) with the TNG100 simulation,
but using a different approach and focusing on galaxies selected at

€202 UoIeN #Z uo Jasn gSNI 3INI SUND-LSINI AQ ¥G25Z¥9/¥592/2/60G/9101He/seiuw/wod dno-olwspede//:sdiy woly papeojumoq


art/stab3149_f11.eps

10.0 O Bulge Dominated
% Disk Dominated
9.5 O Irregular
w 9.0
3 v
B
o 85
W Y
8 8.0 ’
S
s
S 75
kel
7.0 |—— Mgy
—— 21 - Mocked
6.5 —— Mgas,
%, - Simulation
6.0-
0.5 1.0 1.5 2.0 2.5 3.0
Redshift
50
—— SFR < 5kpc, 50 Myrs [ Bulge Dominated
w Disk Dominated
O Irregular
40
30
34
w
v}
20
10
0

0.5 1.0 1.5 2.0 2.5 3.0
Redshift

Figure 12. Median evolutionary tracks as a function of redshift of various
galactic components of the progenitors of TNG50 quiescent galaxies with
stellar masses between 1019 and 10'! at z = 0.5, as those in Figs 10 and 11.
In the top panel, we show SMBH mass (blue), mock-observed central stellar
mass density (red), and gas mass in the central kpc (green); in the bottom,
SFRs in the central regions of galaxies. The symbols indicate the median
apparent morphological type. The pink lines and symbols indicate the values
of ¥; measured directly from the simulation output.

z = 2. Those authors find that extended galaxies have lower SMBH
masses and therefore a weaker or delayed kinetic-mode feedback,
which in turn delays quenching of star formation in these systems.
The work by Walters et al. (2021) with TNG100 at lower redshifts
also suggests that dense galaxies have a steeper increase of the central
density than galaxies with diffuse cores. They claim that this is mostly
due to differences in the angular momentum of accreting gas. Finally,
the connection between stellar size, compactness, and quenching
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Figure 13. Evolution of the difference between M/L in the external parts
(>5 kpc) and the inner parts (<1 kpc) of the progenitors of star-forming and
quiescent massive galaxies at z = 0.5, according to TNG50. Annotations are as
in Fig. 10. The evolution of the M/L difference is steeper for the progenitors
of quiescent galaxies at z < 1 at the offset of quenching. It suggests that
fading contributes to enhance M/L gradients and therefore to the observed
morphological changes.

had also been originally discussed in the context of TNG100 by
Genel et al. 2018, who found that the main-sequence high-redshift
progenitors of quenched z = 0 galaxies are drawn from the lower-end
of the size distribution of the overall population of main-sequence
high-redshift galaxies.

If the initial size is an important parameter to predict the future
evolution of a galaxy, an interesting question that arises is why there
are small and large galaxies of the same stellar mass, i.e. the origin of
the observed scatter in the mass—size relation (e.g. van der Wel et al.
2014). Some works have highlighted that the galaxy size is tightly
correlated with the dark-matter halo virial radius (e.g Kravtsov 2013;
Somerville et al. 2018). This would imply that the scatter in the mass
size relation is partly a consequence of the scatter in the stellar
mass—halo mass relation. Variations in halo spin parameter and halo
concentrations can also contribute to the observed scatter as pointed
out by previous works. It is an interesting question to be addressed
in dedicated, future work.

7.5 Comparison with other models

We have presented how the mocked stellar scaling relations of
massive galaxies at intermediate redshifts are built in the TNG50
simulation. We have shown that the evolution of the stellar structure
of galaxies in TNGS5O0 is tightly correlated with the growth and
feedback of the SMBH. One key prediction of the model is that
SMBHs grow predominantly when galaxies are relatively low mass,
with log M,/Mg < 10.5, which for massive low-redshift galaxies im-
plies their SMBHs grew mostly at higher redshift. Other works have
attempted to explain the scaling laws of star-forming and quiescent
galaxies, most recently e.g. Suess et al. 2021 with ZFOURGE and
CANDELS data.
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Figure 14. Distributions of (a) stellar mass, (b) mocked central stellar density, (c) black hole masses, and (d) ratio of total kinetic energy and gas binding energy
for star-forming (blue histograms) and quiescent (red histograms) galaxies at z = 0.5 with stellar masses in the range (10'%3-10!1) solar masses. The vertical

lines show the median values.

The recent empirical BHvVH model by Chen et al. (2020) also
attempts to describe the evolution of the stellar scaling relations of
galaxies from z ~ 3. In the BHVH model, feedback from the SMBH
is assumed in the BHVH to be the main cause for quenching star
formation in galaxies, as it is the case for TNG50. The key assumption
of the model is that galaxies quench when the total emitted SMBH
radiation is a multiple of the halo gas binding energy. This threshold
is achieved at lower stellar masses for small galaxies than for large
ones, which explains the tilt of the quenched ridgeline in the mass—
size plane. One key prediction of the model is that the SMBH rapidly
grows when the galaxy starts quenching and enters the GV and when
the central stellar density is high.

Both models, TNG50 and BHvH, therefore predict that quenching
happens when the total amount of injected energy by the BH is larger
than the gas binding energy by some factor. We note however that
the definition of gas binding energies are fundamentally different
in the two models. Here we considered the energy within Skpc
while the BHVH model refers to the binding energy of the hot halo
gas. Moreover, one additional difference between the two models
resides in the way BHs grow and how this correlates to structural
evolution. As we have seen in the previous subsection, in TNG50, the
SMBH grows fast at lower stellar masses together with the central
stellar density. The SMBHs acquire most of their final mass via gas
accretion before the stellar core of the galaxy is totally built. In the
empirical model, however, the central stellar density is assumed to
grow first. Most of the SMBH growth happens when the galaxy has
almost acquired its final central density and started quenching. Fig. 4
of Chen et al. (2020) schematically shows that the SMBHs grow
by a factor of ~10 when the galaxy starts leaving the SFMS while
¥, remains almost constant. A recent work by Lapiner et al. (2021)
using the newHorizon simulation (Dubois et al. 2020) also finds for
a subsample of galaxies that the increase of ¥, precedes the growth
of the SMBH. The differences with the TNG model might come
from the way SN feedback is implemented. In the BHVH model, this
is partly motivated by observational constraints from Terrazas et al.
(2017) in a sample of z = 0 galaxies with measured SMBH masses.
The Terrazas et al. (2017) sample shows indeed that quiescent
galaxies have more massive SMBHs (by a factor of 10) than star-
forming galaxies of the same mass. Chen et al. (2020) also point
out that the Milky Way and Andromeda have similar central mass
densities but very different SMBH masses. The measured relation
between stellar mass and central density (Barro et al. 2017) implies
that, at fixed X, quiescent galaxies have more massive BHs. This
is interpreted by the BHVH model as an evidence of SMBH growth
in the GV with little growth of the central density. Fig. 15 shows
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Figure 15. log ¥ — log Mgy relation in TNGS50 at z = 0.5 for star-forming
(blue dots), green-valley (green dots), and quenched galaxies (red dots). The
red and blue dashed lines indicate the best-fitting power law relation for
quiescent and star-forming galaxies respectively. The red and blue squares
indicate observations from Terrazas et al. (2017) of a sample of z = 0
galaxies with measured SMBH masses. The values of X for each galaxy
have been computed using the stellar mass and the best-fitting relation
from Barro et al. (2017) at z = 0.5. The red and blue solid lines indicate
the relation used in the model by Chen et al. (2020), which is calibrated on
observations by Terrazas et al. (2017).

the log ¥ — log My relation for simulated galaxies at z = 0.5
together with the observational points by Terrazas et al. (2017). We
emphasize that the ¥, values are computed from the stellar masses
using the best-fitting scaling law from Barro et al. (2017). If one
assumed that the observational sample of T17 was representative
and unbiased, then TNGS50 does not reproduce these observed data
points. By construction, the BHVH model fits well the relation. It is
worth emphasizing however that the Terrazas et al. (2017) sample is
not complete and therefore might not be representative of the global
population of galaxies. Moreover, the Terrazas et al. (2017) sample is
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at z = 0 while we are studying z = 0.5 galaxies. More measurements
of BH masses are needed to rule out or not a BH growth model.
Some previous works have also suggested that stellar cores can
be rapidly built trough inflows of gas towards the galaxy centers
(i.e. compaction events, Zolotov et al. 2015). In these simulations
without black holes, these events are not directly linked to feedback
and are typically triggered by a variety of mechanisms, including
mergers, fly-bys or counter rotating streams of incoming gas. This
does not seem to be the case in TNG50. However, even if the trigger
is different, gas compaction could also be present in TNG50 and
could be a plausible mechanism to explain the growth of the SMBH
and central stellar densities. We performed a simple test to have a
first order indication. Huertas-Company et al. (2018) trained a CNN
to identify compaction events on mock HS7 images from the zoom in
VELA simulation suite. We used the trained CNN model out-of-the-
box to classity the mock images of TNG50 galaxies in three classes as
done in the aforementioned work (i.e. pre-compaction, compaction,
and post-compaction). We then compute the median probability of
being in a compaction phase. We observe that in the snapshots right
before quenching is triggered, the galaxies are classified as being
in a compaction phase with high confidence. It also corresponds
with the peak in gas mass. This suggests that the physical conditions
of compaction could be also observed in TNG50 although more
work is needed to explore this in detail. It is worth noticing that the
same is observed for star-forming galaxies. Therefore the compaction
event seems to happen at a critical mass independently of quenching,
corresponding with the decrease of efficiency of SN feedback.

8§ SUMMARY AND CONCLUSIONS

We have analysed the mocked structural and morphological proper-
ties of a mass complete (log M,./Mg > 9) sample of galaxies between
z=0.5and z = 3 in the TNG50 simulation of the IllustrisTNG project
as compared to observations from the CANDELS survey. In order to
ensure a fair comparison between observed and simulated samples,
we have generated mock HST images of TNG50 galaxies using the
radiative transfer code SKIRT. We then have used the images to
estimate visual like optical rest-frame morphologies using a CNN
trained on observations and structural parameters by fitting a 2D
Sersic model to the surface brightness distributions.

In the first part of the work, we have compared the observed evolu-
tion of morphological fractions and scaling relations in CANDELS
and TNGS50. Our main findings are as follows:

(i) TNGS50 reproduces overall the global observed trends of the
morphological fractions with redshift and stellar mass for both quies-
cent and star-forming galaxies. Star-forming galaxies are dominated
by irregular/clumpy systems at z > 1 and by symmetric discs
at lower redshifts. Quiescent galaxies are more bulge dominated
at all redshifts, especially at the high-mass end. However, the
TNGS50 simulation tends to under predict the abundance of low-
mass spheroids by ~ 20 per cent at the expense of an over prediction
of quiescent irregular systems. We show that these are typically
galaxies with dense stellar cores surrounded by star-forming rings.
The TNGS50 simulation also under predicts the fraction of massive
quiescent galaxies, especially at high redshift.

(ii) The log M, —log R, and log M, —log X relations are also well
captured by the simulation between z = 0.5 and z = 3. Both the slope
and normalization of star-forming and quenched simulated galaxies
fall within 1o of the observed best-fit values. Quiescent galaxies in
TNG50 have smaller effective radii than star-forming galaxies of a
similar stellar mass and also have higher central mass densities, as
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reported in several observational works. The difference in log ¥,
between the star-forming and quiescent populations seems to be
more pronounced when fitting Sersic models to the mock images to
estimate the central density than when the central density is measured
from the simulation output directly.

Based on the reported good agreement, we have then investigated
how massive (log M./ Mg > 10.5) galaxies at z = 0.5 change their
morphology, quench and evolve in the observed scaling laws since z
~ 3:

(i) On average, star-forming galaxies evolve along the scaling
laws, particularly along the mass-size relation, increasing mass, size
and stellar density from z = 3. On the other hand, when TNG50
massive galaxies selected at z = 0.5 quench, typically at z < 1, they
follow almost downward (upward) vertical tracks in the log M, —
log R, (log M, —log ) planes to reach the quiescent ridgelines.

(i1)) TNG50 massive galaxies experience on average a morphologi-
cal transformation from discy irregular/clumpy systems to symmetric
Hubble-type systems in the main sequence at a characteristic stellar
mass of ~10'%> M. This is translated into a change of slope in the
track in log M, — log ¥, plane.

(iii) We show that the morphological transformations of massive
galaxies in TNGS50 are tightly correlated to the activity of their
SMBHs. The SMBH grows fast when the galaxy is low mass,
and together with the central stellar density. When the SMBH
goes into the low-accretion, kinetic feedback mode, the gas is
rapidly depleted in the central regions, the galaxy increases its
observed central mass density and eventually quenches. We show
that fading of the stellar populations is a key contributor to this
apparent morphological transformation. The SMBHs grow slightly
more efficiently in galaxies that are initially more compact, which
therefore end up quenching earlier.

(iv) The TNG50 model predicts therefore that black holes grow
first or in parallel with the central stellar densities of galaxies. At fixed
SMBH mass, quiescent galaxies have larger 2, values. We show that
this is potentially in tension with some observational measurements
of black hole masses in the local universe. The picture from TNG50
is in contrast with the model proposed by Chen et al. (2020), wherein
SMBHs grow more during quenching (green valley). Future data can
help constrain between these differences in the details of how galaxy
quenching and morphological transformation are related.
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DATA AVAILABILITY

The MlustrisTNG simulations, including the most recent TNGS50,
are publicly available and accessible at www.tng-project.org/data
(Nelson et al. 2019a). Observational data from the CANDELS survey
is also publicly available at http://arcoiris.ucolick.org/candels/.
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APPENDIX A: OBSERVATIONAL EFFECTS ON
THE MEASURED GALAXY PROPERTIES

In the previous sections, we have applied the same techniques used
in observations to mock images including most of the observational
effects (e.g. PSE, noise). This enables a consistent comparison with
observations. In the simulation, we have also access to the true
intrinsic values of the effective radii and central mass densities
measured directly on the stellar particles. We can therefore assess
the impact of observational effects such as resolution or noise as well
as of the conversion from light to mass on the derived properties. In
Fig. A1, we show a comparison between the intrinsic 3D effective
radius and the central stellar density and the mocked values. We
observe a clear correlation between the two quantities. Nevertheless,
there are also some noticeable effects. First of all, there is a redshift
dependence. At z > 2, there is a weaker correlation between the 3D
half mass size and the measured one. The measured central stellar
mass density is also over estimated by a factor of ~5. We speculate
that this could be due to a combination of low SNR and spatial
resolution. Another contributing factor could be that the Sersic profile
may not provide an adequate description of the typical profiles of
high-redshift galaxies in the simulation. At lower redshift, although
there is a tighter correlation, we see that the mass to light ratio (M/L)
has a noticeable impact on the derived effective radii and central
stellar densities. For high M/L values, the light based effective radii
are overestimated while the opposite effect is seen for central stellar
densities.

These observational biases have some impact on the measured
scaling laws. We compare the relation between stellar mass and stellar
mass density in the central kpc (2) using the two different estimators
for ¥, in Fig. A2 for two redshift slices. We show that, when the
central mass density is computed from the simulation output, the
values of X, for quiescent galaxies in particular, are lower and
so the difference between star-forming and quiescent galaxies is
less pronounced. The effect is enhanced at higher redshifts where
galaxies are smaller and with lower S/N.. This is simply a preliminary
assessment and requires further investigation. However it illustrates
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Figure A1. Comparison between the mocked and simulated effective radii (top row) and central stellar mass densities (bottom row). The colour code shows
the mass to light ratio within two effective radii. The large red squares are the median values in different bins. The different panels show different redshift slices
as labeled.

how observational effects can impact the observational trends and
interpretations.
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Figure A2. Comparison of the log M, — log X relations when X is computed using the SKIRT images (top row) or the stellar particles from the simulation
(bottom row). From left to right, each column shows galaxies at z = 0.5, z = 1.5, and z = 3.

Red and blue dots and lines show quiescent and star-forming galaxies, respectively. The separation between quiescent and star-forming galaxies is enhanced
when X is estimated using the images and the best Sersic model. The solid blue and red lines correspond to the observational best-fitting relations for star
forming and quiescent galaxies respectively.

the same trends highlighted for the average population. The central
mass density X, tends to increase when the BH is in slow accretion
mode at z < 1.5. The gas mass in the central parts of galaxies also
Fig. B1 shows the evolution of X, gas mass, black hole mass, and decreases as well as the effective radius.

effective radius for 8 massive quiescent galaxies. Overall, we see

APPENDIX B: INDIVIDUAL TRACKS
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Figure B1. Example tracks of X (red), gas mass in the central kpc (green), black hole mass (blue), effective radius (black), and SFR in the central Skpc (red)
as a function of redshift for 8§ massive quiescent (10.5 < log M%/Mg < 11) galaxies at z = 0.5. Each pair of plots corresponds to one galaxy.
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