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ABSTRACT

Using the IlustrisTNG simulations, we investigate the connection between galaxy morphology
and star formation in central galaxies with stellar masses in the range 10°-10'' M. We
quantify galaxy morphology by a kinematical decomposition of the stellar component into
a spheroidal and a disc component (spheroid-to-total ratio, S/T) and by the concentration of
the stellar mass density profile (Cgp). S/T is correlated with stellar mass and star formation
activity, while Cs, correlates only with stellar mass. Overall, we find good agreement with
observational estimates for both S/T and Cg,. Low- and high-mass galaxies are dominated
by random stellar motion, while only intermediate-mass galaxies (M, ~ 10'°-10'%3 M) are
dominated by ordered rotation. Whereas higher mass galaxies are typical spheroids with high
concentrations, lower mass galaxies have low concentration, pointing to different formation
channels. Although we find a correlation between S/T and star formation activity, in the TNG
model galaxies do not necessarily change their morphology when they transition through the
green valley or when they cease their star formation, this depending on galaxy stellar mass
and morphological estimator. Instead, the morphology (S/T and Cg,) is generally set during
the star-forming phase of galaxies. The apparent correlation between S/T and star formation
arises because earlier forming galaxies had, on average, a higher S/T at a given stellar mass.
Furthermore, we show that mergers drive in sifu bulge formation in intermediate-mass galaxies
and are responsible for the recent spheroidal mass assembly in the massive galaxies with M,
> 10" Mg,. In particular, these massive galaxies assemble about half of the spheroidal mass

while star-forming and the other half through mergers while quiescent.

Key words: galaxies: evolution— galaxies: formation—galaxies: fundamental parameters—

galaxies: high-redshift — galaxies: structure.

1 INTRODUCTION

Today’s galaxy population exhibits a large structural diversity
that depends on stellar mass (M,), star formation activity, and

* B-mail: sandro.tacchella@cfa.harvard.edu environment (Strateva et al. 2001; Baldry et al. 2006; Schawinski
+ NHFP Einstein Fellow. et al. 2014; Cappellari 2016). Although tremendous progress has
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been made by measuring galaxy morphology out to redshift of z &~
3, it remains elusive how the spheroidal and disc components form
and evolve within galaxies. Specifically, the relative contributions
of mergers, secular evolution, violent disc instabilities, accretion
of gas with low angular momentum, and other mechanisms to the
observed structural diversity are unclear.

The Hubble Space Telescope enables us to study the rest-frame
optical morphologies of high-z galaxies and has revealed that star-
forming galaxies at z ~ 2 often appear more regular at longer than
at shorter wavelengths (e.g. Toft et al. 2007; Elmegreen et al. 2009;
Forster Schreiber et al. 2011; Wuyts et al. 2012). Their kinematics
are mostly constrained by warm ionized gas as traced by the Ha
emission line, while the stellar kinematics remain elusive. These
H «-based estimates point to a high fraction (> 50 per cent) of discs,
characterized by high intrinsic local velocity dispersions of oo &~
25-100 km s~ (e.g. Forster Schreiber et al. 2006; Genzel et al.
2008; Law et al. 2009; Wisnioski et al. 2015, 2018; Stott et al. 2016;
Forster Schreiber et al. 2018; Ubler et al. 2018). Combined with the
relatively small scatter in the star formation rates (SFRs) at fixed
stellar mass (the star-forming main sequence; Elbaz et al. 2007;
Noeske et al. 2007; Whitaker et al. 2012), the regular morphology
and disc-like kinematics suggest that galaxies grow in a quasi-steady
state of gas inflow, outflow, and consumption, while mergers play a
subdominant role (Bouché et al. 2010; Genzel et al. 2010; Hopkins
etal. 2010; Lilly et al. 2013; Forbes et al. 2014; Nelson et al. 2016b;
Tacchella et al. 2016a).

Nevertheless, there is plenty of evidence that normal, z ~ 2 star-
forming galaxies on the main sequence have built and are building
their bulges: the bulge-to-total ratio smoothly increases with stellar
mass in both star-forming and quiescent galaxies (Bluck et al. 2014;
Bruce et al. 2014; Lang et al. 2014; Mendel et al. 2015; Dimauro
et al. 2019), some star-forming galaxies show signs of a nuclear
starburst (Barro et al. 2013, 2014; Nelson et al. 2014; Tadaki et al.
2017), and massive star-forming galaxies have a central stellar mass
density comparable to local quiescent systems (van Dokkum et al.
2014; Tacchella et al. 2015a; Barro et al. 2017). Furthermore, there
is growing evidence that quiescent galaxies at z = 1—3 are disc-like
and rotating (e.g. Chang et al. 2013; van de Sande et al. 2013;
Newman, Belli & Ellis 2015; Toft et al. 2017). Together with
the mature bulges present in massive star-forming galaxies, this
indicates that probably no significant bulge growth and change in
the kinematics needs to take place when galaxies halt their star
formation, i.e. that ‘discs’ do not need to be transformed into
spheroids (Tacchella et al. 2015a, 2018). Contrarily, observational
studies using abundance matching to connect galaxy populations
through cosmic time find that the growth of galaxy bulges in massive
galaxies corresponds to a rapid decline in galaxy gas fractions and
SFRs (e.g., van Dokkum et al. 2010; Papovich et al. 2015).

In the local Universe, observational constraints are much more
detailed, including the shape, dynamics, and stellar population of
complete samples of galaxies (see review by Cappellari 2016). The
quiescent galaxies can be classified into two main classes using
stellar kinematics: slow and fast rotators (e.g. Davis & Peebles
1983; Kormendy & Bender 1996; Emsellem et al. 2007; Veale
et al. 2017; Smethurst et al. 2018). The slow rotators are rare and
dominate only at M, > 2 x 10'" My, (Illingworth 1977; Binney
1978). These galaxies assemble near the centre of massive haloes
(e.g. clusters and massive groups) and bear clear signatures of a
gas-poor formation processes (gas-poor mergers; Naab & Burkert
2003; Cox et al. 2006; Bezanson et al. 2009; Faisst et al. 2017;
Penoyre et al. 2017; Schulze et al. 2018; Zahid et al. 2019). The
more typical population of quiescent galaxies, at a mass scale of
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M, ~ 10" Mg, consists of fast rotators with disc-like isophotes
(Bender, Doebereiner & Moellenhoff 1988), steep nuclear light
profiles (Faber et al. 1997), and steep metallicity gradients (Carollo,
Danziger & Buson 1993): all features that indicate a gas-rich
formation process, as seen in the star-forming population at z = 1-3.

Traditionally, stellar spheroids are thought to arise from dis-
sipationless accumulation of previously formed stars in mergers
(e.g. Cole et al. 2000), while discs are thought to arise from star
formation in the dissipational collapse of high angular momentum
gas (e.g. Fall & Efstathiou 1980). In this picture, the contributions
from mass formed in spheroids and in discs could tell us about
the balance between the different modes of galaxy formation.
However, high-z observations and numerical simulations show that
the spheroidal component in the centres of galaxies may initially
form at high redshifts. This high-z bulge formation is driven by a
variety of processes that conspire to rapidly fuel gas into the central
region (summarily called ‘gas compaction’; Dekel & Burkert 2014;
Zolotov et al. 2015; Tacchella et al. 2016b). These processes include
gas inflow enabled by disc instabilities, counter-rotating streams,
clump migration, and mergers (e.g. Hernquist 1989; Noguchi 1999;
Dekel, Sari & Ceverino 2009; Bournaud et al. 2011; Sales et al.
2012; Wellons et al. 2015, 2016). Even when galaxies cease their
star formation, their spheroidal component can still be augmented by
gas-poor mergers and perturbations such as tidal interactions from
neighbouring galaxies (Naab, Johansson & Ostriker 2009; Bekki &
Couch 2011; Oser et al. 2012). Finally, the time and type of merger
also impacts the galaxies’ structure (e.g. Barnes 1992; Hernquist
1992, 1993; Naab & Burkert 2003; Cox et al. 2006; Rodriguez-
Gomez et al. 2017). Specifically, mergers can spin galaxies up or
down (Naab et al. 2014; Lagos et al. 2017; Penoyre et al. 2017),
and can lead to the formation of a diffuse halo (Brook et al. 2011;
Pillepich, Madau & Mayer 2015).

Given this rich variety of pathways by which spheroids form,
the evolution of galaxy structure provides invaluable constraints on
key physical processes (that are uncertain and thus often captured
in ‘sub-grid models’, e.g. for black hole feedback, stellar feedback,
and the ISM). For example, past numerical simulations have often
struggled to prevent excessive spheroid formation (e.g. Navarro &
White 1994; Navarro & Steinmetz 2000; van den Bosch 2001;
D’Onghia et al. 2006; Scannapieco et al. 2012). Stellar feedback is
required to remove low angular momentum gas, also during merger-
induced starbursts (e.g. Governato et al. 2009, 2010; Brook et al.
2011, 2012; Christensen et al. 2014; Zjupa & Springel 2017). Sim-
ilarly, black hole feedback might be necessary to further suppress
spheroid formation and to prevent disc re-growth at later times (e.g.
Genel et al. 2015; Dubois et al. 2016; Sparre & Springel 2017).

To understand the physics driving the evolution of morphology, a
number of studies have used cosmological hydrodynamical simula-
tions (e.g. Dubois et al. 2016; Correa et al. 2017; Rodriguez-Gomez
etal. 2017; Martin et al. 2018; Wright et al. 2018; Thob et al. 2019;
Trayford et al. 2019). For example, using the EAGLE simulations
(Crain et al. 2015; Schaye et al. 2015), Correa, Schaye & Trayford
(2019) note that the time when galaxies move on to the red sequence
depends on their morphology, with only a weak connection between
transformations in colour and morphology. Similarly, Clauwens
etal. (2018) put forward that the morphology of EAGLE galaxies is
primarily set by their stellar mass. They distinguish three phases
of galaxy formation, where the low-mass phase is dominated
by disorganized growth, the intermediate-mass phase corresponds
to disc growth, and the high-mass phase transforms discs into
spheroids. This final transformation is driven more by the build-
up of spheroids than by the destruction of discs.

MNRAS 487, 5416-5440 (2019)
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In this paper, we investigate the formation of spheroids and discs
in the IustrisTNG simulations (Naiman et al. 2018; Nelson et al.
2018b; Marinacci et al. 2018; Pillepich et al. 2018b; Springel et al.
2018). Previously, Pillepich et al. (2019) investigated the structural
and kinematical evolution of star-forming galaxies across cosmic
time (0.5 < z < 6) in the TNG50 simulation. They find that the
vast majority of star-forming galaxies are rotationally supported
gaseous discs for most cosmic epochs (M, > 10° Mg, z < 4-5),
while the underlying stellar component is much less rotationally
supported. We build on their analysis, but focus on how and when
the morphology of galaxies is determined, and how this process
relates to star formation activity. We include quiescent galaxies to
z = 0 and thus focus on the larger TNG100 simulation. Specifically,
we address the following questions. When and how do spheroidal
components form? When are galaxies able to efficiently form a disc?
Is there any morphological transformation when galaxies cease their
star formation?

The paper is structured as follows. We give an overview of the
TustrisTNG simulations, the galaxy sample, and our morphological
indicators in Section 2. In Section 3, we discuss how morphology
is correlated with stellar mass and star formation and show how
and when spheroids and discs form in IlustrisTNG. Section 4
highlights a few consequences for the z = 0 galaxy population,
in particular concerning the ex situ stellar mass distribution in
the galaxy population and within galaxies. Section 5 discusses the
emerging picture and highlights the caveats of this analysis. Finally,
we summarize and conclude in Section 6. Additionally, we present
an extended appendix in which we discuss the numerical resolution
of the simulations (Appendix A), compare different morphological
tracers (Appendix B), consider the morphology of galaxies on the
star-forming main sequence (Appendix C), and show results for the
original Illustris simulation (Appendix D).

2 SIMULATION DATA

2.1 Description of the simulations

The MlustrisTNG (The Next Generation; Marinacci et al. 2018;
Naiman et al. 2018; Nelson et al. 2018b; Pillepich et al. 2018b;
Springel et al. 2018)! simulations build upon the successes of the
Tustris galaxy formation model (Genel et al. 2014; Vogelsberger
et al. 2014a,b; Nelson et al. 2015; Sijacki et al. 2015), and
include prescriptions for star formation, stellar evolution, chemical
enrichment, primordial and metal-line cooling, stellar feedback,
galactic outflows, and black-hole formation, growth, and multimode
feedback (see Weinberger et al. 2017; Pillepich et al. 2018a, for a
complete description).

The TNG project is made up of three simulation volumes:
TNGS50, TNG100, and TNG300. Here, we focus on TNGI100
as a compromise between volume and resolution. The details of
TNGI100 are given in Table 1. The fiducial TNG100 simulation
includes 2 x 18203 resolution elements in a ~100 Mpc (comoving)
box. The baryon mass resolution is 1.4 x 10® M, the gravitational
softening length of the dark matter and stars is 0.7 kpc at z = 0,
and the gas component has an adaptive softening with a minimum
of 185 comoving parsecs. In order to address resolution effects,
we analyse two lower resolution runs, TNG100-2 and TNG100-3
(Table 1), in Appendix A.

Uhttp://www.tng-project.org
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Table 1. The most important properties of the three simulations analysed
in this work. TNG100(-1) is the fiducial simulation, while TNG100-2 and
TNG100-3 are lower resolution incarnations of the same box. The given
parameters are: the simulated volume and box side-length (both in co-
moving units); the number of initial gas cells and dark matter particles;
the mean baryon and dark matter particle mass resolution in solar masses;
the minimum allowed adaptive gravitational softening length for gas cells
(co-moving Plummer equivalent); and the redshift zero softening of the dark
matter and stellar components in physical units.

Run TNG100(-1)  TNG100-2  TNG100-3
Volume (Mpc?) 110.73 110.73 110.73
Lyox (Mpch™") 75 75 75
NGaAs - 1820° 9103 4553
Npm - 1820° 9103 4553
Mparyon (Mg) 1.4 x 100 1.1 x 107 8.9 x 107
mpm (Mg) 7.5 x 100 5.6 x 107 4.8 x 108
€gas,min (pc) 185 370 738
DM stars (kpe) 0.74 1.48 2.95

The parameters of the TNG model have been chosen to roughly
reproduce observations of the SFR density as a function of comic
time, the galaxy stellar mass function at z = 0, the present-day
stellar-to-halo mass relation, galaxy stellar sizes. halo gas fractions,
and the black-hole mass to galaxy or halo mass relation. The TNG
model fixes two shortcomings of the original Illustris simulation that
are critical for our purposes: the stellar sizes of galaxies were larger
than observed by a factor of a few for M, < 10'%” My, (Genel et al.
2018; Pillepich et al. 2018a), and the colour distribution showed
only a weak bimodality between red and blue galaxies (Nelson et al.
2018b). These issues were addressed by modifications to galactic
winds and to the growth and feedback of supermassive black holes.
As a result, galactic winds in [llustrisTNG are generally faster and
more effective at preventing star formation at all masses and times.
We note, however, that the simulations were not tuned to reproduce
the galaxy morphologies we consider in this paper. Thus, they not
only represent a test of the TNG physics recipes, but also constitute
predictions for and interpretations of observations.

2.2 Galaxy sample

Galaxies and their haloes are identified as gravitationally bound
substructures using the SUBFIND algorithm (Springel et al. 2001) and
are then linked over time with the SUBLINK merger tree algorithm
(Rodriguez-Gomez et al. 2015). We investigate only galaxies with
a stellar mass (M,) of M, > 10° Mg, in order to ensure a resolution
of at least 1000 stellar particles. Furthermore, we focus on central
galaxies in order to minimize the effects of environment (such as
stripping), which are beyond the scope of this work. Finally, we
exclude a few objects with abnormal ratios of stellar to dark matter
mass. Specifically we exclude galaxies with less than 5 per cent dark
matter mass, thereby removing less than 0.01 per cent of the galaxies
(see also Nelson et al. 2018a). These selections result in M, -selected
samples of 11579, 10939, and 8294 galaxies at z =0, z = 1, and
z = 2, respectively. As we wish to compare galaxy properties to
observations, we measure all physical properties within an aperture
of three times the 3D stellar half-mass radius (Ry).

2.3 Definition of star-forming and quiescent galaxies

We estimate the SFR from the instantaneous gas properties, which
we regard as the true SFR of the galaxies. Again, we measure the
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SFR within 3Ry;. A larger aperture does not change our results
since the SFR profiles are usually centrally peaked. The specific
star formation rate (sSFR) is the ratio between SFR and M,. To
classify galaxies as star forming, transitional, and quiescent, we
compare their sSFR to the Hubble time, #5(z), at the redshift of
interest. Specifically, we identify quiescent galaxies as having an
sSFR lower than

1

SFR uiescent\<) = ——— .
S Rauieseen(@) = 6=

)
This criterion implies that the stellar mass of quiescent galaxies
effectively does not grow due to star formation, i.e. that the stellar
mass grows by less than an e-fold (roughly a factor 2) within six
Hubble times. Furthermore, we define transition galaxies to have
SSFR guiescent < SSFR < SSFRransition, Where

1

SFl{r‘n'iim = 5 . -
S wransition (2) 2 x m(2)

@3]
Since the star-forming main sequence in [ustrisTNG is roughly
linear (Donnari et al. 2019) and the normalization roughly evolves
proportional to the Hubble time, these cuts are very similar to cuts
relative to the main sequence, as shown in Fig. C1.

A commonly used alternative definition of quiescence is based
on colour. We use the (g — r) colour as an additional indicator
for star formation activity, though our main distinction between
star-forming and quiescent galaxies is based on sSFR. We compute
the (g — r) colour from all gravitationally bound stellar particles
that belong to a galaxy, ignoring the effects of dust. As expected,
we find a tight correlation where more quiescent galaxies exhibit
redder colours. The key difference between sSFR and colour is that
the former is sensitive to shorter time-scales. Switching to a colour-
based definition of quiescence changes our results quantitatively,
but not qualitatively.

2.4 Measurement of morphology

Observationally, the structure of galaxies, meaning their bulge-to-
total ratio, size, and concentration, can be quantified in different
ways. Most straightforwardly, the light distribution can be described
either by non-parametric indicators or by a parametric model fit (e.g.
Sérsic profile). Based on these descriptions, size, concentration,
and bulge-to-total ratios can be estimated. Similarly, one can
correct for the mass-to-light ratio variations and estimate these
quantities directly from the stellar mass distribution (e.g. Wuyts
et al. 2012; Lang et al. 2014; Cibinel et al. 2015; Tacchella et al.
2015a, 2017; Mosleh et al. 2017). An alternative estimate of the
structure of galaxies can be based on kinematics: ordered-to-random
motion and the flattening of galaxies are two commonly used
proxies for their angular momentum (e.g. Binney 2005; Cappellari
et al. 2007). A more sophisticated approach is to construct orbit-
superposition Schwarzschild (1979) models that simultaneously fit
the observed surface brightness and stellar kinematics (e.g. Zhu
et al. 2018). This makes it possible to determine the fraction of
stellar mass in the kinematically cold (disc) and kinematically hot
(spheroid) component. At least for massive galaxies at z = 0, it has
been shown that the photometric bulge-disc decompositions and
the kinematical estimates from integral field spectroscopy yield
remarkably consistent conclusions (Kormendy & Bender 2012;
Kormendy 2016).

In numerical simulations, estimating the structure of galaxies
from kinematics is simpler than estimating it from the light distribu-
tion, since the latter involves forward modelling. Here, we focus on
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two different morphological indicators that are based on kinematics
and the mass distribution, respectively. The first indicator is the
spheroid-to-total ratio (S/T). We define the spheroidal component
as the mass of all stellar particles with j./j < 0.7 within three times
Ry. Here, j is the total angular momentum of the particle and
J. the component that is aligned with the galaxy’s rotation (as
defined by the total angular momentum of all stellar particles
bound to the galaxy). This definition slightly underestimates the
spheroidal component because a purely isotropic system would
contain ~15 per cent of orbits with j./j > 0.7. We correct for this
effect by applying a global correction factor of 15 per cent to the
spheroidal component. We have also considered definitions such as
the fraction of kinetic energy in rotation «  (Sales et al. 2012), twice
the mass of all stellar particles that counter-rotate, and a different
definition of the rotation of stellar particles. The different measures
of S/T correlate very strongly with each other, indicating that the
exact method for calculating S/T is not important for our purposes
(Appendix B and Fig. B1).

Our second morphological indicator is based on the 3D stellar
mass density profile. In particular, we consider the concentration,
defined as Cg; = 5 x logo(rgo/ra0), where rgp and ryy are the
radii enclosing 80 percent and 20 percent of the stellar mass,
respectively. This parameter is known to strongly correlate with the
morphological type of galaxies (Kent 1985; Bershady, Jangren &
Conselice 2000; Lotz, Primack & Madau 2004). As before, we
measure rgy and o within three times Ry;. Increasing the aperture
leads to an overall increase of Cg, values, but the qualitative trends
with M,, SFR, and colour remain unchanged. Similarly, estimating
Cg, from the 2D instead of 3D stellar mass profile leads to no
changes in our results.

Our two indicators correlate weakly for low-mass galaxies, which
exhibit a large diversity in S/T but Cg, ~ 3. Towards higher masses,
Csy and S/T correlate more tightly (Appendix B and Fig. B2).
We also present a detailed discussion concerning the effects of
numerical resolution in Appendix A and discuss how Cg, and S/T
are related to light-based measurements in Appendix B.

Fig. 1 visually demonstrates the large diversity of galaxy mor-
phology in the (g — r) colour—M, plane. For each bin in (g —
r) colour and M,, we randomly pick a galaxy and plot its face-on
(above the label) and edge-on (below the label) projection. Each
image shows a colour-composite representing the stellar luminosity
in the r-g-B bands (Genel et al. 2018). Massive and redder galaxies
are clearly more concentrated and have a more significant spheroidal
component. This visual impression is consistent with, and expands
upon, the findings of Nelson et al. (2018b, their figs 12 and 13). We
return to the colour—M, —morphology relation in Section 3.

3 SPHEROIDS AND DISCS: FORMATION AND
EVOLUTION

In this section, we consider the prevalence of spheroids and discs
in the IlustrisTNG galaxy population. We first investigate how
morphology depends on stellar mass and star formation, finding
that TNG galaxies roughly follow the observed correlations. We
then focus on the build-up of the spheroidal and disc components in
galaxies over time, highlighting that both stellar mass and cosmic
time play key roles.

3.1 Dependence of morphology on stellar mass

Fig. 2 shows S/T and Cy, as a function of M, and redshift. The trends
of S/T and Cg, are similar at M, > 10'® M. Typical disc galaxies

MNRAS 487, 5416-5440 (2019)
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Figure 1. A visual demonstration of the diversity of galaxy morphology in the (g — r) colour—M, plane. For each bin in (g — r) colour and M, , we randomly
pick a galaxy and plot its face-on (above the label) and edge-on (below the label) projection. Each image is a colour-composite representing the stellar
luminosity in the r-g-B bands, and is centred at the most bound particle in the galaxy. Each image has a total side length of six stellar half-mass (3D) radii. The
label indicates the spheroid-to-total ratio (S/T) and concentration (Cg;) of each galaxy. The main intention of this figure is to demonstrate the large diversity of
visual morphology in this simulation. More massive and redder galaxies are more concentrated and have a more significant spheroidal component. We explore

these trends further in Fig. 4.

with low S/T (<0.5) and low Cg, (<3.5) live in the mass range M, ~
10'°-10'!" M, at z = 0. More massive galaxies are typical spheroids
with high S/T values of >0.7 and concentration measurements of
Cgr =~ 4.5-5.5, which corresponds to a Sérsic index of n =~ 4.
Low-mass galaxies (M, < 10'° M) show a significant difference
between S/T and Cg,: the kinematics of these galaxies is dominated
by random motion, though their stellar mass distribution is well
described by a low concentration, Cs, =~ 3, corresponding to a
Sérsic (1968) index of n & 1. We discuss these low-mass galaxies
in detail in Section 5.2.

MNRAS 487, 5416-5440 (2019)

Fig. 2 also demonstrates that there is little redshift evolution
in the Cgp—M, relation. At all redshifts, high-mass galaxies have
high concentration and low-mass galaxies have low concentration.
The mass range where the concentration transitions is fixed at M, ~
10'0°-10'9% M, at all times. Interestingly, this mass scale is compa-
rable to the mass at which central galaxies in [llustrisTNG typically
cease their star formation. Conversely, the S/T—M, relation evolves
significantly with redshift: low- and intermediate-mass galaxies
have a decreasing S/T with cosmic time, in particular between
z = 1 and z = 0. Moreover, the M,-location of the ‘minimum’
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Figure 2. Spheroid-to-total ratio (S/T; top) and concentration of the stellar
mass density profile (Cgp; bottom) as a function of M, and redshift. The
cyan, blue, purple, and pink lines show the median relations of S/T—M, and
Cgo—M, at z = 0.0, 0.5, 1.0, and 2.0, respectively. The shaded region
shows the lo scatter at z = 0.0. Both morphological tracers agree in
that massive galaxies are typical spheroids with a high concentration and
hot stellar kinematics, while intermediate-mass galaxies are typical discs
with a low concentration and a significant kinematically cold component.
Conversely, at low stellar masses, S/T and Cg, diverge: those galaxies are
kinematically hot although their concentration is low. Furthermore, while
the Cgy —M, relation stays roughly constant with cosmic time, S/T decreases
significantly from z = 0.5 to z = 0.0, implying efficient disc growth at late
times.

in S/T evolves to lower M, towards z = 0. This trend indicates
that, at a given stellar mass, galaxies build up their kinematically
cold components over time. This is consistent with the idea of disc
assembly as extensively explored in TNG50 in Pillepich et al. (2019)
for both the stellar and gaseous structures of star-forming galaxies.
This picture is qualitatively consistent with observations (e.g. van
der Wel et al. 2014; Zhang et al. 2019), where the overall oblateness
(or ‘disciness’) of galaxies increases with cosmic time.

Previous work by Clauwens et al. (2018) finds negligible redshift
evolution of S/T—M, relation in the EAGLE simulations. They
define the mass of the spheroidal component as twice the mass of
counter-rotating stars, which is the same as our S/T,.; mentioned
above and in Appendix B. Using S/T, instead of our fiducial S/T
measurement does not change our finding significantly: we still find
a strong redshift evolution at M, < 10'%3 Mg, while above this mass
scale there is less evolution. This difference in the definition of S/T
can therefore explain some of the difference between our work and
the one by Clauwens et al. (2018), but not all of it. It would be
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Figure 3. Comparison of S/T (top) and Cg» (bottom) to observations at
z = 0. The solid red lines in both panels show the running median of the
TustrisTNG galaxies, while the shaded regions indicates the 1o scatter.
The observational data are taken from Zhu et al. (2018) and the GAMA
survey (Kelvin et al. 2012; Lange et al. 2016; Moffett et al. 2016). Top
panel: the estimate by Zhu et al. (2018) stems from stellar orbit modelling
and is comparable to our kinematics-based S/T estimate. The comparison to
the light-based estimate from the GAMA survey should be interpreted with
care, since the results at low masses depend significantly on whether one
counts irregular galaxies as spheroids (triangles) or not (squares). Bottom
panel: the concentration estimates from the GAMA survey stem from the K
band (error bars indicate 1o scatter) and can be compared to the mass-based
concentration estimates from TNG. Overall, both morphological indicators
agree reasonably well with observations over two orders of magnitude in
stellar mass (M, ~ 10°°-1011-3 Mo).

interesting to understand this in more detail in the future, analysing
both simulations together in the same way.

3.2 Comparison with observations

Observationally, the bulge-to-total ratio increases with galaxy mass
in both star-forming and quiescent galaxies. Only the most massive
(and quiescent) galaxies are dominated by the spheroidal component
(e.g. Cappellari 2016). At lower masses (M, ~ 10° M), it is not
clear how well photometric bulge-disc decompositions agree with
kinematical approaches. Fig. 3 demonstrates that S/T and Cg, in
IustrisTNG roughly agree with these trends at z = 0.

We begin by considering our kinematic spheroid-disc decompo-
sitions, S/T, in the top panel of Fig. 3. As shown in Fig. 2, S/T
has a minimum at intermediate masses and increases towards both
low and high masses. We compare this trend to two observational
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samples. First, Zhu et al. (2018) present stellar orbit distributions
for a sample of 300 nearby galaxies from the CALIFA survey
(Sanchez et al. 2012). Derived from stellar kinematic maps via orbit-
based modelling (Schwarzschild 1979), these orbits allow them to
determine the fraction of stellar mass that is in the kinematically
cold, warm, hot, and counter-rotating components. We estimate the
spheroid component by subtracting from the total mass 1.5 times the
cold component in order to take into account the different definitions
of the cold/disc component in their and our works. Although their
sample represents the largest such analysis to date, the sample is
incomplete at low masses towards 10° M.

Overall, we find good agreement between the Zhu et al. (2018)
observations and [llustrisTNG. They detect a smooth increase in the
dynamically hot component with stellar mass above 10! M, which
matches the stellar-mass trend in IllustrisTNG. At 10°-10'° Mg,
however, the kinematically hot component also increases towards
lower M,, indicating that these low-mass galaxies are dominated by
random motion. Correspondingly, S/T increases to ~0.7, implying
that about 70 per cent of the stellar mass is a kinematically warm/hot
component. This trend is in good agreement with IllustrisTNG
morphologies. Consistent with this, Xu et al. (2019) find that the
TNG100 simulation broadly reproduces the observed fractions of
different orbital components and their stellar mass dependencies.

As a second observational dataset, we consider the Galaxy and
Mass Assembly (GAMA) survey (Driver et al. 2011), which con-
tains more than 7500 objects at redshift 0.002 < z < 0.06. Moftett
et al. (2016) use the Lange et al. (2016) structural decomposition
that relies on photometric data alone. They use visual morphology
as a prior on whether to model a galaxy with a single or multiple
components. For all galaxies where both bulge and disc components
are present, they derive bulge and disc g — i colours and i-band
magnitudes, which they use to estimate component stellar masses.
They then present the stellar mass fraction in ellipticals, bulges,
and discs from SO-Sa, pure discs, and irregulars. The majority
of low-mass objects are single-component galaxies, pure discs as
well as irregular galaxies. Based on these photometric observations,
we consider two different approaches to determine S/T. First, we
assume that elliptical galaxies and bulges are accounting for all
of the spheroidal mass. Secondly, in addition to ellipticals and
bulges, we also consider irregular galaxies as spheroids. Since
irregular galaxies contribute only to the low-mass regime, these
two approaches differ significantly at low masses: the latter leads to
an increasing S/T towards low masses, while the former leads to a
strong decrease.

The top panel of Fig. 3 shows that the second method (ellipticals
+ bulges -+ irregulars) leads to much better agreement with Illus-
trisTNG. The overall mass dependence and slope of the relations
are similar. At higher masses (M, > 10'° My,), we find that TNG
is in good agreement with the GAMA data, with more massive
galaxies having a higher S/T (also consistent with findings by,
e.g. Thanjavur et al. 2016). The large error bars at the high-mass
end in the observations can be understood by the small volume
probed by GAMA, which implies poorer sampling of relatively rare
high-mass galaxies (Bernardi et al. 2013). The dip at M, = 10'%°—
10" My, might have to do with mass-to-light ratio effects, namely
with neglecting dust attenuation or outshining of the bulge by a
star-forming disc component, which can cause an underestimation
of both bulge n values and bulge-to-disc ratios (Gadotti, Baes &
Falony 2010; Pastrav et al. 2013; Tacchella et al. 2015b; Carollo
et al. 2016).

The bottom panel of Fig. 3 compares the Cg,—M, relation
in IustrisTNG with observations. The data is again taken from
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the GAMA survey. Specifically, we use their published Sérsic
fits in the K band (Kelvin et al. 2012) to derive the Cg—M,
relation. We select galaxies at z = 0.05-0.25 with good Sérsic
fits (quality flat >2). The error bars indicator the 16th and 84th per-
centiles. We find good agreement between the TNG simulations and
observations.

In summary, we have demonstrated that IllustrisTNG galaxies
generally reproduce the observed relation between morphology and
stellar mass. At low masses, the estimates for S/T are reasonable,
but resolution effects and modelling choices might be an issue.
We discuss on this in Section 5.2 and Appendix A. Furthermore,
a detailed observational comparison of galaxy morphology in
MustrisTNG at z = 0 was carried out by Rodriguez-Gomez et al.
(2019) and Huertas-Company et al. (2019); we discuss their results
in Section 5.3.

3.3 Morphology, star formation, and stellar mass

Fig. 4 shows the galaxy population in the plane of (g — r)—M, at
redshifts z = 0, 1, and 2 (see Appendix C for the same figure in
SFR—M, space). The black contours indicate the number density
of IustrisTNG galaxies, which clearly form a blue cloud and a
red sequence that gets less populated towards higher redshifts. The
overall colour-mass distribution is in good agreement with SDSS
data (Nelson et al. 2018b). Galaxies in IllustrisTNG typically cease
their star formation because of black-hole feedback, which becomes
effective above a black-hole mass of Mgy ~ 1052 My, i.e. when
the black hole preferentially resides in the low-accretion mode and
feedback is momentum-driven (‘kinetic mode’; Nelson et al. 2018b;
Weinberger et al. 2018). Although there is a tight relation between
SFR and Mgy (see Terrazas et al., in preparation), we find that
galaxies transition to quiescence over a wide range in stellar mass,
which can be explained, at least in part, by the scatter in the M, — Mgy
relation.

The colour coding in Fig. 4 corresponds to S/T for the upper
panels and to Cs, for the lower panels. As discussed in the previous
two sections and shown in Fig. 2, both indicators exhibit a strong
trend with stellar mass. However, in Fig. 4, it appears that, at
fixed M,, S/T correlates significantly with colour, and more so the
lower the redshift and above 10'° Mg, while Cg, does not. Namely,
above ~10'9-195 My, redder galaxies have larger spheroidal mass
fractions, by up to 0.3 in S/T values. To clarify this colour—
morphology relation, Fig. 5 shows the median relation between
colour and S/T or Cg, for four different mass bins. We confirm that
S/T increases significantly with redder colour, meaning that redder
galaxies have a larger spheroidal component. This is especially true
for galaxies in the transition region with M, ~ 10'%°-10'" M.
Conversely, Cs, remains roughly constant with colour, in particular
at z = 0 (see Rodriguez-Gomez et al. 2019, for a similar result).
At earlier cosmic times (z = 1 and z = 2), we find a secondary,
weaker trend within the blue cloud: galaxies with bluer colours
(higher sSFRs, see Fig. C1) have slightly higher concentrations
than galaxies with redder colours.

From Fig. 5, it is tempting to conclude that quenching galaxies
increase their S/T while not changing Cs,. However, this conclusion
cannot be derived from the figure because it shows the galaxy
population at a specific moment in time. Specifically, today’s
red galaxies ceased their star formation over a wide range of
cosmic times. Their star-forming progenitors also evolved signif-
icantly with time, which could lead to an observed correlation
between star-forming and quiescent galaxies at a given epoch
(e.g. van Dokkum & Franx 1996; Saglia et al. 2010; Carollo
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Figure 4. Relation between morphology, stellar mass, and (g — r) colour. We plot S/T (top) and Cg; (bottom) in the plane of (g — r) colour and M,, each bin
is coloured according to its median S/T or Cg, value according to the colour bars on the right. Each bin encloses at least 10 galaxies. The black contours show
the number density distribution of galaxies. The left-hand, middle, and right-hand panels show the galaxy population at z =0, z = 1, and z = 2, respectively.
We find that Cgy depends only on M, while S/T shows a M, and colour dependence.

et al. 2013; Fagioli et al. 2016; Lilly & Carollo 2016; Tacchella
et al. 2017).

In the upcoming sections, we will follow galaxies through
cosmic time and explicitly show how, and if, their morphological
estimators change as they transition through the green valley and
after quenching. Given our findings from Fig. 2, we can already
speculate that a reason for the apparent correlation between S/T and
colour in Fig. 5 is that galaxies that have ceased their star formation
in the past had a higher S/T value on average.

3.4 The build-up of the different stellar components

In this section, we investigate how the different components of
stellar mass assemble. We select galaxies in four stellar-mass bins
at z = 0:10'° My (with a bin width of £0.05 dex), 10'%° Mg
(£0.05 dex), 10"° My (£0.1 dex), and 10" Mg (£0.2 dex).
Each bin contains roughly 100—200 galaxies. We now follow
the progenitors of each galaxy and track the evolution of their
components. Fig. 6 shows this evolution in total stellar mass, the
spheroidal component, the ex sifu component, the spheroid&ex
situx component (i.e. stars that have formed ex situ and are part
of the spheroidal component), the bulge component (spheroidal
component within the inner 3 kpc), and the black hole mass
(multiplied by 10 so that it can be shown on the same scale). We
separately consider star-forming (dashed) and quiescent (dotted)
galaxies for the M, ~ 10'%5 Mg mass bin, since only this bin has
a significant fraction of both star-forming and quiescent galaxies
(> 30 per cent in each category). The lower mass bin is dominated
by star-forming galaxies, the higher mass bins consist mainly of
quiescent galaxies.

Today’s galaxies with M, ~ 10'° M, are typically dominated by
their own star formation, with a negligible ex situ contribution at all

cosmic times (see also Rodriguez-Gomez et al. 2016; Gémez et al.
2017; Qu et al. 2017; Clauwens et al. 2018; Pillepich et al. 2018b).
Atearly times (z &~ 1—3), the spheroidal component grows hand-in-
hand with the total stellar mass while the bulge component grows at
aslightly slower pace, resulting in a decreasing bulge fraction. Thus,
most of the mass growth of the spheroidal component is associated
with growth in the outer regions (>3 kpc). During this early time, the
galaxies are dominated by random stellar motions. In recent times
(z = 0—1), they evolve towards a disc-dominated morphology: the
spheroidal and bulge components grow only weakly (by about 0.2
dex) and their fractional contributions drop to ~45 per cent and
~25 per cent, respectively. This decrease demonstrates that those
galaxies go through a phase of disc formation.

Galaxies with M, ~ 10'%5 M, at z = 0 follow a similar growth
pattern: their spheroidal and bulge components grow at a slower
pace than the total stellar mass, leading to a decrease in spheroidal
and bulge mass fraction. This disc formation phase starts at z ~
2-3, earlier than for lower mass galaxies, where it begins at z ~
1—2. The main difference between the quiescent and star-forming
galaxies is that quiescent galaxies assemble earlier and have higher
black hole and spheroid masses. Interestingly, the mass of the black
hole (Mgy = 108 Mg at z = 0) tracks the mass of the ex situ
mass fraction quite closely. This points to mergers driving at least
part of the black-hole mass growth, either by fuelling the central
part of the galaxies with gas or simply via BH-BH mergers. Such
an evolution is consistent with the black-hole growth picture of
Weinberger et al. (2018, their fig. 7). This picture is also consistent
with the results of Section 4.1 and Fig. 11, where we find that a high
concentration of the stellar mass is associated with a high ex situ
fraction.

Galaxies with M, ~ 10'! Mg, at z = 0 assemble rather quickly
at z > 1. Their spheroidal component grows slightly slower than
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Figure 5. Morphology versus colour at z = 0. We plot the median S/T
(top panel) and Cg; (bottom panel) as a function of (g — r) colour for four
different mass bins. The red, orange, green, and blue lines indicate the mass
bins of log M,/Mg = 11.2—11.7, 10.8—11.2, 10.5—10.8, and 10.0—10.5,
respectively. We find that S/T increases with redder colours, in contrast with
concentration, which barely depends on colour at fixed stellar mass. As
this figure considers only z = 0, it does not imply that galaxies necessarily
need to change their morphology (kinematics) as they are ceasing their star
formation and redden.

their total stellar mass, giving rise to a weak decline of S/T from
~80 per cent at z ~ 4 to ~60 per cent at z ~ 1. However, the
scatter in the population is large because some galaxies have ceased
their star formation earlier than others. In an upcoming paper, we
demonstrate that more recently quenched galaxies have a lower
S/T value than galaxies that quench at earlier epochs. Here, we
understand the weak decline as evidence that galaxies in this mass
bin have not been able to efficiently form a disc component (see
next section). At late time (z < 1), the rise of the spheroidal
component (and the negligible growth of the bulge) are driven by
ex situ accretion in the outskirts. The black-hole growth tracks
the growth of the ex situ component until the black hole reaches
a mass of ~10%2 M. At this mass scale, the galaxy quenches
because it enters the more efficient black-hole feedback mode
(Section 3.3).

Finally, galaxies in the most massive bin (M, =~ 10! My, at z =
0) show a weakly increasing spheroid fraction with cosmic time.
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After these galaxies cease their star formation, they grow by ex
situ mass accretion, increasing their ex situ fraction to more than
60 per cent at z = 0. The spheroidal component grows at a similar
pace, implying that a large fraction of the ex situ accreted stars are
deposited in the spheroid component.

3.5 When and where do discs form?

We now turn to the efficiency of disc and bulge formation as a
function of stellar mass and redshift. Do all galaxies form discs at a
certain efficiency, or is there a particular time and mass range where
discs form? We define the disc (bulge) formation efficiency as the
fraction of added stellar material that enters into ordered rotation
(random motion within the inner 3 kpc). Fig. 7 presents the disc
(left) and bulge (right) formation efficiency, computed by following
z = 0 galaxies back in time and measuring the change of their disc
and bulge mass relative to the change of their total mass. Here,
the disc is defined as rotationally supported stars with j,/j > 0.7,
while the bulge is defined as the spheroidal component within the
inner 3 kpc. The black lines in Fig. 7 show the median mass growth
histories of galaxies in different mass bins.

Fig. 7 highlights a key result: the efficiency of disc formation, and
thus the build-up of morphology, depends strongly on both M, and
cosmic time. At early times, z > 2, the formation efficiency of discs
remains low, in particular for galaxies with M, < 10 My. With
passing cosmic time, the formation efficiency of the disc component
increases, in particular for intermediate-mass galaxies with M, =~
10'%5 M. The lowest mass galaxies with M, < 10°° My have
only very recently entered the region of efficient disc formation,
giving rise to their high S/T ratios (Section 3.1). Similarly, massive
galaxies with M, > 10" My have never been able to efficiently
form a disc. At early times, they quickly formed stars but their
disc formation efficiency was, at best, intermediate. At late times,
their growth is dominated by ex situ mass accretion that mostly
deposits stars in the spheroid component. The ex situ accretion can
also destroy discs, though this mechanism does not dominate. This
can be seen from Fig. 7, where the median AMg;s./AM, is always
positive.

Focusing on the assembly of bulges, i.e. the spheroidal compo-
nent in the inner 3 kpc, we find to first order that bulges form
efficiently when disc growth is inefficient. An exception is the
regime of massive galaxies at z < 1, where disc and bulge formation
are both inefficient. This is because the growth via mergers leads to
growth of the spheroid component in the outskirts, and leaves the
spheroidal mass within the inner 3 kpc nearly unaffected (second-
order effects such as mass-loss and adiabatic expansion can lead
to a decrease in the bulge component). The key point to take
away is that bulges form efficiently at early cosmic times when
galaxies were star forming. We explore this further in the next
section.

3.6 Spheroids assemble while galaxies are star forming

We now turn to the question of when the spheroidal component
forms: during the star-forming phase, or after galaxies have ceased
their star formation? Fig. 8 shows the fraction of spheroid and bulge
(spheroidal component in the inner 3 kpc) that was added during
the star-forming phase (blue), the transition phase (green), and the
quiescent phase (red; see Section 2.3 for the definitions). Here we
do not follow backwards in time the stars that are in the spheroidal
and bulge components of the z = 0 galaxies. We rather evaluate the
mass fractions in the two components in galaxies at different times
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Figure 6. Evolution of the different stellar components following the main progenitor galaxy as a function of redshift. The blue, orange, green, red, purple,
and black lines correspond to the total stellar mass, spheroidal component, ex situ component, spheroid&ex situ component, bulge component (spheroidal mass
within central 3 kpc), and black-hole mass (multiplied by a factor of 10), respectively. The panels from the left to the right show bins of increasing stellar mass.
We plot star-forming (dashed) and quiescent (dotted) galaxies separately in the mass bin M, ~ 10'%3 M, since only this mass bin has a significant fraction
of both star-forming and quiescent galaxies (> 30 per cent in each category). The top panels show the mass evolution in absolute units, the bottom panels
show the fraction contributed by the different components with respect to the total stellar mass. For intermediate-mass galaxies (M, ~ 10'%0-10105 M), the
mass in the spheroidal component dominates at early times (z = 2) but decreases significantly in recent times: these galaxies have grown a disc component.
Higher mass galaxies (M, ~ 10''9-10"!> M) have a rather constant spheroid mass fraction with cosmic time, while their ex sifu (and spheroid&ex sifu) mass
fraction strongly increases since z &~ 1—2, meaning that they grow mostly through mergers.
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Figure 7. Disc (left) and bulge (right) formation efficiency as a function of stellar mass and redshift. The colour coding indicates the fractional mass increase
in the disc and bulge component relative to the change in the total stellar mass. The bulge mass is defined as the spheroidal mass within the inner 3 kpc. The
solid black lines show the median mass growth histories of galaxies in bins of z = 0 stellar mass. At high redshifts (z > 2) and low masses (M, ~ 10°~19 M),
the formation of significant disc components is inefficient, while bulges form efficiently. The disc formation efficiency increases with cosmic time, in particular
for stellar masses of 10°5-10'%5 M, with lower masses entering the efficient regime at later times. At the highest masses, disc formation is always suppressed
because at late times those galaxies grow mainly through mergers, leading to spheroid assembly in the outskirts.

in comparison to their z = 0 mass and assume that stars that are on
hot orbits at some point in time do remain in high-dispersion states
at subsequent times.

The key result is that, at all masses, a large fraction of the
spheroid is added while galaxies are star forming, albeit with a

large scatter highlighting the diversity at a given M,. At low masses,
(M, < 10'% My,), most galaxies are star forming throughout their
lifetimes. Thus, by construction, all of their spheroidal mass growth
takes place while star forming. Towards higher stellar masses, the
fractional mass growth while star forming steadily decreases, while
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Figure 8. The fraction of the spheroidal mass of z = 0 galaxies that has been
assembled while the galaxy was star forming (blue), transitional (green), and
quiescent (red). At M, < 10'%3 Mg, most central galaxies have always been
star forming, meaning that the spheroid component has to have assembled
during this phase. Towards higher masses, the fractional contribution of the
star-forming phase decreases continuously, while the contribution of the
transitional and quiescent phases increases. At the highest masses (towards
10''5 M), about half of the spheroid component has been assembled
in the star-forming phase while the other half originated in the transition
and quiescent phases. The shaded regions indicate the 16-84th percentile,
highlighting the large diversity of galaxy histories at fixed M,.

the mass growth during the transition and quiescent phases increase
at roughly the same pace. However, even at the highest masses
(M, =~ 10" Mg), ~45 per cent of the spheroidal mass has been
added while the galaxies were star forming, while about 30 per cent
and 25 per cent was added in the transition and quiescent phases,
respectively.

Focusing on the central (<3 kpc) bulge component, the fraction
of mass assembled during the star-forming phase is even higher
and always at least 80 percent. The bulge growth during the
quiescent phase is negligible (< 5 per cent at all masses). This
finding highlights that bulges in massive galaxies have already
assembled when galaxies stop forming stars, while (dry) mergers
play an important role in building the spheroidal component in the
outskirts.

Clearly, the fractions shown in Fig. 8 depend on the exact
definition of the star-forming, transition, and quiescent phases. As
outlined in Section 2.3, we adopt a rather conservative cut on star-
forming galaxies; a simple colour cut would classify more galaxies
as star forming. Lowering this threshold would increase the star-
forming fraction further, and thus strengthen our statement that a
large fraction of the spheroid formation takes place while galaxies
are star forming. However, even when switching to a simple colour
cut, the trends qualitatively remain the same, highlighting that our
main conclusion is robust.

3.7 Evolution with respect to star formation and colour

We now advance the discussion to the relation between mor-
phological changes and colours: how much of the morphological
transformation takes place while galaxies are blue and star-forming
versus red and quiescent? Fig. 9 shows the median evolutionary
tracks of the colours of four samples of quiescent galaxies, marked
by different symbols. The symbols’ face colours correspond to
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redshift as indicated on the right. The symbols’ edge colours mark
whether the sample of galaxies is classified as star forming (blue),
transitioning (green), or quiescent (red), according to their sSFR
with respect to the Hubble time (Section 2.3). Although individual
galaxies need not follow these median trends, they serve as a rough
indication for the typical relation between colour and morphological
changes. Specifically, we compare the colour evolution of quiescent
galaxies in four stellar mass bins to the evolution of their spheroid-
to-total ratio (S/T), concentration (Cg,), stellar half-mass size (Ry),
and ex situ stellar mass fraction (fixsiw ). By construction, all median
tracks evolve to red colours of (g — r) > 0.7 mag by z = 0. At
early cosmic times (z > 2), the colours of all samples are blue, i.e.
dominated by young stellar populations and high specific SFRs. The
colour of the most massive quiescent galaxies evolves most rapidly,
followed by the intermediate-mass objects.

Focusing on the evolution of S/T (left-hand panel of Fig. 9),
we find that all but the most massive galaxies are rapidly building
up their discs during their star formation phase (moving towards
lower S/T). Once star formation has ceased, the median tracks
evolve at almost constant S/T for a time. This non-evolution
demonstrates that galaxies do not (or at least not coherently)
transform their morphology as expressed by S/T during quenching
or transitional phase. During the quiescent phase, i.e. when they are
already quenched, galaxies’ S/T increases by 0.05—0.1, typically at
z < 0.5-0.3 and plausibly due to mergers (see previous sections).

The concentration (second panel from the left) increases with
time at z < 2 for all four samples of galaxies while they are star-
forming. The increase is slowest for the lowest mass galaxies. For
the most massive galaxies, Cgy increases significantly just before
they halt their star formation, i.e. during the transition phase, while
there is little change in Cg, during the subsequent quiescent phase.
This result demonstrates, once again, that massive galaxies build
up their high stellar mass concentration during the star formation
phase.

The third panel in Fig. 9 shows the evolution of galaxy size
as quantified by the stellar half-mass radius. The size growth of
quiescent galaxies depends strongly on mass: while all galaxy
samples grow their sizes at all times, that growth is much more
pronounced for the most massive galaxies (Genel et al. 2018).
The size growth in the transition and quiescent phases resembles
the increase in the ex situ stellar mass fraction (right-hand panel),
indicating that the size growth is likely due to the accretion of stellar
mass on to the outskirts. However, in particular during the transition
phase, star formation in the outskirts could also play an important
role in the increase in the sizes of these galaxies, an effect that
should be investigated further in future work.

The evolutionary tracks in Fig. 9 follow quiescent galaxies back in
time. Clearly, we can also investigate different sub-samples at earlier
cosmic times and study their subsequent evolution. For example,
focusing on quiescent disc galaxies at z = 1—2, we find that most of
those galaxies increase their S/T value by 0.2-0.3 by z =0, i.e. they
turn into spheroids, while staying quiescent. This is consistent with
Fig. 9, where we see that S/T increases at late times. We will study
this further in a future publication that focuses on those galaxies in
particular.

Finally, we would like to stress that Fig. 9 shows median
tracks. Studying the scatter in the tracks (not shown because of
clarity) reveals that there is significant scatter in the S/T-tracks,
highlighting the diversity in evolutionary paths. On the other hand,
for the concentration, size, and ex situ mass fraction, the scatter in
the evolutionary paths is much tighter, implying a more coherent
evolution.
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Figure 9. Median evolutionary tracks for the morphological properties of galaxies with respect to the (g — r) colour. The four tracks in each panel correspond
to quiescent galaxy samples with M, = 10104_1pt0-6 (hexagons; 448 galaxies), M, = 1010610108 (triangles; 348 galaxies), M, = 10108_10! 11 (circles;
330 galaxies), and M, = 10'"1-10'"-3 (squares; 147 galaxies). The symbols’ face colours correspond to redshift as indicated on the right. The symbols’ edge
colours mark whether the sample of galaxies is classified as star forming (blue), transitioning (green), or quiescent (red), according to their sSSFR with respect
to the Hubble time. The panels from the left to the right show the evolutionary tracks in the planes of (g — r) colour versus S/T, Cga, stellar half-mass size (Rv),
and ex situ stellar mass fraction (fexsitn). We find that S/T decreases significantly during the star-forming phase (i.e. galaxies build their stellar discs), but does
not change significantly during the process of quenching: 10'°~!! M, galaxies increase their spheroidal mass fraction only at late times, once they are already
quenched. Conversely, Cg increases just before quenching. Ry and fuxsiwy also increase significantly, especially for the most massive galaxies, highlighting the

importance of ex situ accretion in the outskirts.

4 OBSERVATIONAL CONSEQUENCES FOR z =
0 GALAXIES

After discussing how IllustrisTNG galaxy morphologies evolve
with cosmic time and stellar mass, we now turn to observational
consequences of this model at z = 0. We focus on the ex situ stellar
mass fraction and its dependence on morphology, quantify the stellar
mass density profiles, and discuss stellar population properties of
the disc and spheroidal components.

4.1 Correlation between ex sifu mass fraction and morphology

Many of the results in the previous sections imply that mergers
play an important role in shaping galaxies. In this section, we
thus investigate the relation between morphology and the in situ
and ex situ stellar components of simulated galaxies. The ex situ
stellar mass fractions for IllustrisTNG galaxies have already been
presented in Pillepich et al. (2018b). For completeness, we show the
ex situ fractions in Fig. 10 and compare them to the original Illustris
analysis of Rodriguez-Gomez et al. (2016). Here all measurements
are within three times the stellar half-mass radius. We then expand
on previous analyses by directly connecting the ex sifu fraction to
morphology.

We define and measure the ex situ stellar mass fraction as in
Rodriguez-Gomez et al. (2016) and refer the reader to their paper
for details. Briefly, the ex sifu stellar mass fraction is the fraction
of the total stellar mass of a galaxy that has been contributed by
stars that formed in other galaxies and were subsequently accreted.
Hence, the ex situ fraction is a good tracer of mergers, but not a
perfect one: mergers do not only add stellar mass (which would
be counted as ex situ), but they can also bring in gas and enhance
the star formation activity, which would then be counted as in situ.
Therefore, the ex situ component is a good tracer of gas-poor (dry)
mergers (see also fig. 6 in Rodriguez-Gomez et al. 2017). The top
panel of Fig. 10 shows the median fraction of ex situ stellar mass
as function of stellar mass and redshift. There is a striking mass
dependence: up to M, ~ 10'%° M, the median ex situ fraction is
< 5 per cent, while at and above 10'! M, it amounts to more than
50 percent. This strong increase occurs mainly because galaxies

quench efficiently and subsequently grow through ex situ accretion.
In addition, the merger rate increases with mass (Rodriguez-Gomez
et al. 2015). Moreover, the majority of stars stems from mergers
with a halo mass ratio <10:1 (Genel et al. 2010), which for galaxies
with M, < 10'%5 Mg, means mergers with haloes that host very few
stars. Fig. 10 also shows a weak redshift evolution after z < 1 while
a non-negligible one between z ~ 1 and 2: at fixed stellar mass,
the ex situ stellar mass fraction increases with cosmic time, for
example at M, ~ 10'' M where it increases from ~20 per cent to
~50 per cent from z = 2 to z = 0. This shows that the contribution
from mergers and accretion becomes relevant over the last 8 Gyr or
S0.

The bottom panel of Fig. 10 shows the fraction of stellar mass
that was accreted from completed minor and major mergers. Major
mergers are defined by a mass ratio of >1: 4. The stellar mass
fractions from minor and major mergers do not exactly add up to
the ex situ stellar mass fraction (shown in the top panel), because
the latter also includes the stellar mass from on-going mergers,
from flybys, and from mass formed outside the galaxies. For the
exact definition, see Rodriguez-Gomez et al. (2015, 2016). The key
result is that minor mergers dominate up to a stellar mass of M,
~ 10'%8 Mg, beyond which major mergers start to dominate. As
we will show in the next section (Section 4.2), this translates into a
different radial distribution of the ex situ stellar mass fraction within
galaxies.

The most striking conclusion from Fig. 10 is that the ex situ
fraction steeply increases with stellar mass above about M, =~
10'%3 My, reminiscent of the increase in S/T and Cg, seen in
Fig. 2. However, this similarity does not prove that a high ex
situ mass fraction implies a high S/T or Cs, value; they could be
independent of each other but both correlate with M, . To investigate
the connection directly, Fig. 11 shows 2D histograms of S/T and
Cg, as a function of M,, where each bin is colour-coded by the
normalized ex situ fraction (ex situ fraction after subtracting the
median fexsiy — M, relation to remove the strong mass dependence).
At a given M,, galaxies with higher S/T and higher Cg, also have
a higher ex situ stellar mass fraction. This trend is particularly
pronounced in intermediate-mass galaxies around M, ~ 10'° M,
which are typically star forming. Physically, this implies that star-
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Figure 10. Ex situ mass fraction (top) and mass fraction split by merger
type (bottom) as a function of M,. Top panel: the solid coloured lines show
the median relations of ex situ stellar mass fraction and M, at different
redshifts. The dashed line shows the original Illustris simulations at z = 0
(Rodriguez-Gomez et al. 2016). We find ex situ stellar mass fraction to be
a strong function of M,: it approximately vanishes at M, < 10'%> M, and
then increases towards 0.7 when M, approaches 10" M. Furthermore,
there is a weak redshift evolution below z < 1 and stronger one between z
~ 2 and 1: the ex situ stellar mass fraction generally increases with cosmic
time at a given M,. Bottom panel: fraction of stellar mass that was accreted
from completed minor and major mergers. Major mergers are defined by
a stellar mass ratio >1: 4, while minor mergers are all mergers that are
not major. The solid and dashed lines show the results for IllustrisSTNG
and original Illustris, respectively. Overall, the stellar mass growth above
10'! Mg, is dominated by ex sifu mass accretion. The results for Illustris are
qualitatively similar, but predict lower ex situ fractions at high stellar mass.
This trends can be understood based on changes in the feedback and the
resulting stellar mass function.

forming galaxies that recently experienced a merger have, on
average, an increased S/T and Cg,. This interpretation is consistent
with a picture where mergers fuel gas to the central region to build
up a spheroidal component in the core of galaxies (Hernquist 1989;
Barnes & Hernquist 1991; Mihos & Hernquist 1994, 1996; Barnes &
Hernquist 1996; Tacchella et al. 2016b). We will investigate this
scenario further in an upcoming publication, where we will study
the spatially resolved SFR and M, profiles.

Previously, Rodriguez-Gomez et al. (2017) used the original
Mlustris simulation to study the relationship between the ex situ
fraction and kinematic morphology at z = 0. The latter was
quantified using the «,, parameter (Sales et al. 2012, see also
Appendix B), which measures the fraction of kinetic energy invested
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Figure 11. Normalized ex situ mass fraction in the plane of S/T (top panel)
and Cg; (bottom panel) versus M,. Each bin (containing at least 10 galaxies)
is colour-coded by its average ex situ stellar mass fraction after removing the
M,-dependence of fexsita (Fig. 10). The solid and dashed black lines indicate
the median and 16th/84th percentiles of the S/T— and Cg,—M, relations,
respectively. After controlling for the M,-dependence, we find a secondary
trend with morphology: at fixed M, higher values of S/T and Cs; correlate
with higher-than-average ex situ stellar mass fractions.

in ordered rotation. Their main finding was that the correlation
between the ex situ fraction and kinematic morphology is mass-
dependent: dry mergers play an important role in shaping the
morphology of massive galaxies (M, > 10'' M), while the role
of mergers becomes less clear at lower masses (their fig. 5).
This finding is qualitatively consistent with the upper panel from
Fig. 11, which also compares the ex situ fraction with kinematic
morphology. The only quantitative difference between the results
of Rodriguez-Gomez et al. (2017) and this work is that mergers
become relevant at a somewhat lower stellar mass (10'° M, instead
of 10! My,) in IustrisTNG compared to Illustris, as a result of the
lower transition mass between in situ and ex situ dominated systems
in HustrisTNG (Fig. 10). Specifically, in Fig. 10, dashed curves
denote results from the original Illustris simulation: it predicts a
lower ex situ fraction at fixed galaxy mass towards the high-mass
end in comparison to TNG (up to 25-30 percentage points). This
difference between TNG and Illustris can be understood based on
changes in the feedback and the resulting stellar mass function.
However, it is exacerbated by a shift towards larger stellar masses
of Illustris galaxies at fixed halo masses. The ex sifu fractions of
TNG and Illustris galaxies differ by 10—15 percentage points at
most when measured at fixed halo mass.

Similarly, Bignone et al. (2017) and Snyder et al. (2018) studied
the relationship between several non-parametric morphological
indicators — including the light concentration — and the frequency of
galaxy mergers in Illustris, finding a clear correlation between the
two. In particular, Snyder et al. (2018) found that the concentration
statistic has a high importance as an indicator of very recent mergers
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(those that happened during the last 250 Myr; see their fig. 11),
which could be an indication of highly concentrated starbursts
produced by gas-rich mergers. This finding is qualitatively con-
sistent with the lower panel of Fig. 11, which shows a particularly
strong correlation between the ex sifu fraction and concentration for
intermediate-mass galaxies.

4.2 Stellar mass density profiles

To shed further light on the assembly of the spheroidal and ex
situ stellar mass components on spatially resolved scales, we now
investigate the stellar mass distribution within galaxies at z = 0.
Fig. 12 shows the 3D stellar mass density profiles (upper panels)
and the radial stellar mass fraction (bottom panels) for galaxies
in six different mass bins. We split the total stellar mass profiles
into the spheroidal component, the ex situ component, and the
spheroidal&ex situ component. The radial coordinate of the stellar
mass profiles are all normalized by the stellar half-mass radii. The
mass bins include both star-forming and quiescent galaxies and
increase from 10° to 10" Mg. As in Fig. 6, we separate star-
forming and quiescent galaxies in the bin with M, ~ 10'°5 M,
which contains significant populations of both star-forming and
quiescent galaxies.

At low masses (M, < 10" M), galaxies have a significant
spheroidal component (see also Fig. 2), which dominates the mass
profile within the stellar half-mass radius and decreases steadily
towards the outskirts. The ex situ mass fraction is negligible at
all radii. With increasing stellar mass (M, = 10°° — 10'%° M),
the spheroidal mass fraction steadily decreases within 3 Ry, but
still peaks in the central region. In the outskirts of these galaxies,
between 3 and 10 Ry, the mass profile of the spheroidal and ex sifu
components increases with increasing M,, while the spheroid&ex
situ component increases to a lesser degree. These trends demon-
strate that intermediate-mass galaxies have a stellar envelope (halo
component) that has partially been built up by the accretion of stars
through minor mergers. This finding is consistent with Fig. 10,
where we show that the ex situ fraction within 3 x Ry is < 5 per cent
for galaxies within this mass range, and that most of their mass is
contributed by minor mergers. Nevertheless, the central spheroidal
component, i.e. the bulge, consists mostly of stars that formed in
situ.

Considering even more massive galaxies, we find that the
spheroidal and ex sifu mass fractions increase with stellar mass.
The difference between M, = 10'" and 10" My, is surprisingly
stark: for galaxies with M, = 10'" M, the spheroidal mass fraction
decreases with radius, while the ex sifu mass fraction increases with
radius. Galaxies with M, = 10''° Mg, on the other hand, have
basically flat spheroidal, ex sifu, and spheroid&ex situ profiles that
contribute significantly at all radii. The natural interpretation of this
difference is that the main formation channels of galaxies in the
two mass bins differ (see also Fig. 4). Minor mergers contribute
to the ex situ fraction in the outskirts of M, = 10'! M, galaxies,
but are inefficient at deploying significant amounts of mass in the
central region (e.g. Rodriguez-Gomez et al. 2016; Amorisco 2017).
For the most massive galaxies (M, = 10" M), however, the ex
situ mass fraction dominates the central region as well, indicating
that more violent, major mergers must play a role. This picture
is consistent with the stellar mass fraction from minor and major
mergers shown in Fig. 10, where we show that major mergers start
to be significantly more important than minor mergers above M, ~
]0112 MO'
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In Appendix D, we reproduce Fig. 12 for the original Illustris
simulation. We discover large differences in the shape of the profiles,
with less concentrated mass profiles in Illustris. Moreover, the
spatial distribution of the spheroidal and ex situ stellar mass fractions
differs as well, highlighting that the details of stellar and black-hole
feedback have a large impact on the morphology and assembly of
galaxies.

4.3 Stellar population properties of the spheroidal and disc
components

In order to gain further insight into the formation mechanism
of the spheroidal and disc components, and to make predictions
that can be compared to observations, we investigate the stellar
population properties of the kinematic components at z = 0. Nelson
et al. (2018b) presented the mass-weighted stellar age and stellar
metallicity of [llustrisSTNG galaxies as a function of M,. In Fig. 13,
we expand on their analysis by splitting the stellar properties
according to the kinematics. In particular, the top and bottom
panels show the mass-weighted stellar age and stellar metallicity
as a function of M,, with the black, blue, and red lines indicating
the property of stars in the entire galaxy, in the disc component, and
in the spheroidal component, respectively.

The mass-weighted stellar age of the entire galaxy increases from
5.5 Gyr for low-mass galaxies to >9 Gyr for high-mass galaxies.
Galaxies with M, < 10'%3 M, have similar ages, consistent with a
nearly linear relation between SFR and M, (i.e. the mass doubling
time-scale is roughly the same for those galaxies). The average age
rapidly increases around the mass-scale where most galaxies quench
(M, ~ 10'95-10'" M,). Interestingly, the spheroidal component is
older than the disc component at all masses. This difference is
especially pronounced in the intermediate-mass regime of M, ~
10'°-10'%3 M. This trend implies that the spheroidal component
forms earlier and that the majority of the recently formed stars are
in the disc component, which is consistent with disc assembly as
outlined in Sections 3.3 and 3.7.

The stellar metallicity (lower panel of Fig. 13) increases with M,
up to M, ~ 10'> Mg, and then remains constant. Interestingly, the
metallicities for the spheroidal and the disc components are practi-
cally indistinguishable. We speculate that the rather homogeneous
metallicity is driven by efficient feedback, which causes metals to
mix effectively. The fact that metallicity seems to correlate with the
potential well can be explained by a larger stellar mass that produces
more metals and by a larger halo that is able to better retain those
metals (Marinacci et al. 2014; Grand et al. 2018).

5 DISCUSSION

We have presented a detailed analysis of how the disc and spheroidal
components within galaxies evolve in the framework of the Illus-
trisTNG simulations. In this section, we examine the role of mergers
in shaping galaxy morphology and further discuss the nature of
low-mass galaxies. Finally, we highlight some remaining questions
raised by our investigations, and discuss how we can improve our
analysis in the future.

5.1 The role of mergers and the emerging picture

In our standard cosmological model, dark matter haloes and their
galaxies merge with each other to build larger structures. With
the IlustrisTNG simulations, we confirm previous results (e.g.
Rodriguez-Gomez et al. 2016; Qu et al. 2017; Pillepich et al. 2018b)
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Figure 12. Stellar mass density profiles. The panels from the left to the right show increasing stellar mass bins from M, ~ 10° to 10! M. The top panels
show the 3D stellar mass density profile: the black, orange, green, and red lines indicate the profiles for the total stellar mass, the spheroidal component, the
ex situ component, and the spheroid&exsitu component, respectively. The radial coordinate of all profiles are normalized by the stellar half-mass radius. The

bottom panels show the fractional contributions of each component to the total mass profile. In the mass bin M, ~ |

005 M, we separately show star-forming

(dashed lines) and quiescent (dotted lines) galaxies, since this is the only mass bin where both populations exist in significant numbers (at least 30 per cent in
each category). The ex situ mass fraction is negligible for low-mass galaxies, and starts dominating in the outskirts of more massive galaxies. For the most
massive galaxies (M, ~ 10" Mg,), the ex situ stellar mass fraction is roughly constant as a function of radius. The spheroidal component dominates the
central part of all samples, particularly of low-mass galaxies. For the most massive galaxies, the spheroidal component is roughly constant as a function of
radius. A similar figure for the original Illustris simulations can be found in Appendix D.

that the ex situ stellar mass fraction is a steep function of stellar mass
(see Fig. 10). We put forward that there are three merger regimes:
(i) at M, <105 M,, the ex situ fraction is small and dominated
by minor mergers; (ii) at M, ~ 10'95-10'"" M,, the ex situ fraction
increases strongly, and minor and major mergers are roughly equally
important; and (iii) at M, > 10" M,, the ex situ fraction reaches
> 50 per cent and major mergers dominate. The overall upturn of
the ex situ stellar mass fraction above 10'%> M, can be explained by
the efficient star formation quenching in the TNG model (primarily
induced by effective black-hole feedback) around that mass scale:
the only way to grow more massive is by accretion of lower mass
galaxies.

The mass growth of galaxies with M, ~ 10°3-10'"> Mg, is
dominated by in situ star formation. For these galaxies, mergers
are typically gas-rich and a disc can re-form (e.g. Hammer et al.
2005; Hopkins et al. 2009). Nevertheless, mergers play an important
role in the assembly of the structure of these galaxies: those with a
high spheroid-to-total fraction and a high concentration also have
a significantly enhanced ex sifu stellar mass fraction (see Fig. 11).
The stellar mass density profiles (Fig. 12) reveal that the spheroidal
mass fraction peaks in the centre, while the ex situ fraction peaks in
the outskirts. Furthermore, the ex situ stellar mass budget is clearly
dominated by minor mergers (Fig. 10).

All of these findings are consistent with the picture suggested by
Hernquist (1989), where tidal effects during mergers may induce
instabilities that can funnel a large amount of gas into the central
region of a galaxy, thereby inducing a starburst that creates a
spheroidal component. Additionally, based on zoom-in simulations,
it has been suggested that misaligned accretion (i.e. counter-rotating
gas accretion) can also lead to gas compaction and the formation of a
central spheroidal component (Sales et al. 2012; Zolotov et al. 2015;
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Tacchella et al. 2016b). This channel is especially efficient when gas
fractions are high, e.g. for local low-mass galaxies and galaxies at
high redshifts. This shows that typical star-forming galaxies on the
main sequence can form bulges in situ, consistent with observations
(Nelson et al. 2016a, 2019b; Tacchella et al. 2015a, 2018).

The transition from the minor to major merger regime at M, ~
10'" My, is important. First, this transition is directly reflected in
the stellar mass density profiles: the ex sifu mass fraction is radially
increasing when minor mergers dominate, while it is roughly
constant with radius when major mergers dominate (see Fig. 12).
Secondly, it can have important implications for the size growth
of quiescent galaxies: minor mergers lead to the increase of the
radius as the square of the mass in contrast to the usual linear rate
of increase for major mergers (Naab et al. 2009). Finally, this mass
scale is roughly consistent with the critical mass above which slow
rotators are abundant (e.g. Cappellari 2016).

We summarize the emerging picture of spheroid and disc growth
in [ustrisTNG in Fig. 14. Both M, and cosmic time play crucial
roles in understanding the build-up of morphology. Stellar mass
and its correlation with star formation controls whether galaxies
grow mainly by in situ star formation or by ex situ mergers. Cosmic
time sets the gas accretion rate and gas content of the galaxies. As
shown in Pillepich et al. (2019), star-forming, H o emitting gas of
TNG galaxies with stellar masses of >10° My at z = 0.5—4 is
always colder and in discier configurations than the stars. Hence,
the stars that form initially cold are either quickly heated up into
kinematically hot configurations, or the different star formation
events are misaligned, leading to an overall hot stellar system.

In any case, significant spheroidal assembly takes place during
the star formation phase of the galaxies at early cosmic times.
Galaxies are able to efficiently grow a disc at lower redshifts (z
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Figure 13. Stellar population properties for the spheroidal and disc compo-
nents at z = 0. The upper and lower panels show the mass-weighted stellar
age and metallicity (Z) as a function of M,, respectively. The black, blue,
and red lines show the median relations for total galaxy, the spheroidal and
the disc components, respectively. The shaded regions indicate the 16th/84th
percentiles. The stellar populations in more massive galaxies are older and
have higher metallicity. At all masses, the spheroidal component is older
than the disc component, in particular for intermediate-mass galaxies. We
find no significant difference in the metallicity of the spheroidal and disc
components.

< 2) and in the mass regime of M, ~ 10°°-10'%% M. The most
massive galaxies have moved through this mass range too early
and were thus unable to efficiently form a disc (Fig. 14). Their
stellar component is at all times dominated by random motions.
About half of their spheroidal component has assembled while they
were star-forming at early times, the other half through mergers
after ceasing their star formation nearly 6-10 billion years ago
(Fig. 8). Those mergers directly build up the spheroid component,
but also indirectly contribute by disrupting any pre-existing stellar
disc (though this process is subdominant on average).

From these considerations and from Fig. 9, it is evident that
galaxies do not necessarily need to change their morphology when
they cease their star formation in order to explain the colour-
morphology relation observed at z = 0. Specifically, we show in
Fig. 5 that, at fixed M,, S/T depends on the (g — r) colour, while
Cg, does not. This difference can be explained by the fact that
the S/T—M, evolves with cosmic time, while the Cg,—M, relation
does not. Galaxies that quench and leave the star-forming main
sequence at early times have, at that moment, a higher S/T value
than similar-mass galaxies today, though their Cg, is comparable
(see also Fig. C1). The observed colour—S/T correlation is simply
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Figure 14. Sketch of the expected disc formation efficiency
(=AMgisc/ AM,) in the plane of stellar mass (M, ) and redshift. The solid
black lines show the median mass growth histories of galaxies with
log (M, (z = 0)/Mg) = 11.5, 11.0, 10.5, 10.0, and 9.5. The green line
indicates where the inverse of the sSFR, roughly the mass-doubling time-
scale, rises above twice the Hubble time. This line corresponds to the time
when galaxies no longer efficiently increase M, due to star formation.
The efficiency for disc formation increases with cosmic time, in particular
for stellar masses of 10°-1010-5 Mgp. At lower masses, discs do not
form efficiently, leading to high S/T values at low M,. Galaxies with
M, > 101" Mg at z = 0 have never fully entered a phase of efficient disc
formation. Their mass growth in recent times has been dominated by mergers
that further build up the spheroidal component.

a reflection of the fact that galaxies that formed their stars earlier
formed them in a more spheroidal-like manner.

This conclusion does not imply that dry mergers are entirely
subdominant in spheroid formation. As shown in Figs 8 and 9,
there is significant growth of the spheroid component after galaxies
cease their star formation. On average, the mass in the spheroid
component doubles and S/T slightly increases by up to 0.1.

5.2 Low-mass galaxies in IllustrisTNG

We find in Fig. 2 that TNG galaxies with M, ~ 10°-10°> M, have
low concentration (Cgy ~ 3), i.e. that their stellar mass density is
discy (Sérisc index of n & 1) while their stellar kinematics are
dominated by random orbits (S/T ~ 0.7 at z = 0, and higher at
earlier cosmic times).

Before interpreting these results, one has to worry that resolution
effects could play a role in these galaxies. It is possible that S/T
of these low-mass galaxies is overestimated in TNG because of
the assumed equation of state (Springel & Hernquist 2003), which
might prevent the formation of thin discs at low masses (Benitez-
Llambay et al. 2018). We discuss the impact of resolution on our
morphology indicators in Appendix A. We conclude that resolution
may have an effect on the exact numbers quoted, but that the
overall trends with stellar mass are robust. Consistently, Pillepich
et al. (2019) show that TNG50-2 (with a similar resolution of the
TNG100 simulation analysed here) returns a qualitatively consistent
picture with TNGS50, but they also demonstrate that lower resolution
generally underestimates the number of discy galaxies. Specifically,
the growth of disc fractions of low-mass galaxies is underestimated
by up to 20 percent while it is overestimated at the highest mass
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end. These findings are consistent with lower resolution imposing
thicker disc heights.

Additional support for our findings of high S/T for low-mass
galaxies comes from observations, which underpin the upturn of
S/T towards low-mass galaxies: Zhu et al. (2018) perform statistical
modelling of stellar orbits of 300 local galaxies, confirming the
increased prevalence of the hot, warm, and counter-rotating com-
ponent towards low-mass galaxies (see Fig. 3). Along similar lines,
Wheeler et al. (2017) show that ~80 per cent of the local dwarf
galaxies have dispersion-supported rather than rotation-supported
stellar motions. Finally, Simons et al. (2015) quote M, ~ 10°° Mg
as the mass above which all star-forming galaxies form discs based
on H « kinematics.

What is the physical cause for the rather large S/T values of
low-mass galaxies? Works based on higher resolution simulations,
in particular zoom-in simulations, find similarly high S/T values.
Using the FIRE-2 simulations, El-Badry et al. (2018) find that 15
out of their 17 galaxies with M, < 10°° M, are dominated by
random stellar motion and show no clear sign of the formation
of a cold stellar disc. Only more massive galaxies with M, >
10'° My, show a prominent disc component at z = 0 (Garrison-
Kimmel et al. 2018). They argue that the reduced rotational support
in their low-mass galaxies is due to stellar feedback driving non-
circular motions in the gas, in combination with heating by the
UV background which suppresses the accretion of high angular
momentum gas. Similarly, works based on the VELA simulations
(Ceverino et al. 2014) find that galaxies around 10° Mg, at z > 1 have
stellar mass and SFR distributions following roughly exponential
disc profiles (Tacchella et al. 2016b), though these galaxies tend to
be triaxial, prolate, and dispersion-dominated (Ceverino, Primack &
Dekel 2015; Zolotov et al. 2015; Tomassetti et al. 2016). These
authors argue that dark matter dominates the gravitational budget,
which leads to the reduced rotational support. Rotating discs in these
simulations form only after gas compaction events, which lead to a
high central stellar mass density (Tacchella et al. 2016b; Tomassetti
et al. 2016).

We argue that the formation mechanism of these dispersion-
dominated, low-mass systems needs to be investigated in more
detail. Since the star formation histories in IllustrisTNG are less
variable on short time-scales than the ones in FIRE-2, stellar
feedback driving non-circular motions in the gas is probably not
their main formation mechanism in TNG. As shown in Pillepich
et al. (2019), star formation takes place in cold and discy con-
figuration. Therefore, the initially cold stars are either quickly
heated up into kinematically hot configurations, or the different
star formation events are misaligned with respect to each other,
leading to an overall hot system (Sales et al. 2012; Danovich
et al. 2015).

5.3 Outstanding questions

As highlighted in the previous section, the resolution of our
simulation is an important caveat. The TNG100 simulation used in
this work is a state-of-the-art simulation that matches many current
observational constraints successfully (e.g. Diemer et al. 2019;
Donnari et al. 2019, see Nelson et al. 2018a for a summary). We
have shown that galaxy morphology, as measured by S/T and Cs;, is
also reasonably consistent with observed trends. Nevertheless, it is
difficult to prove that the structure of galaxies in these simulations
is converged. As discussed above and shown in Appendix A, S/T
and Cg, change when decreasing the resolution. However, the main
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trends and dependencies on colour and stellar mass, and thus the
key conclusions of this paper, are robust.

A related aspect of the simulation is the sub-grid models for
star formation and feedback. The ISM model in [lustrisTNG
pressurizes the gas and might therefore not be reliable in low-mass
galaxies (M, < 10°° Mg). The agreement of our morphological
measurements for those galaxies with observations and also with
zoom-in simulations might arise for the wrong, unphysical reasons.
However, Pillepich et al. (2019) tested the impact of the sub-grid
pressure term and concluded that the vertical structure of star-
forming discs negligibly depends on the parameter choices in the
ISM model.

In terms of the feedback implementation, the results for II-
lustrisTNG and the original Illustris simulations exhibit large
differences (e.g. Figs Al and D1). Thus, quantities such as stellar
mass profiles can constrain the feedback models, given a detailed
comparison with observations. We compared the S/T and Cs, values
as a function of M, from TNG with observational data in Section 3.2
and Fig. 3. We find overall good agreement and the main trends from
the simulations are confirmed by observations.

A more detailed comparison concerning the morphology of
galaxies has been presented in Rodriguez-Gomez et al. (2019) and
Huertas-Company et al. (2019), where the simulations have been
forward-modelled into the observational space. Rodriguez-Gomez
et al. (2019) find that the optical morphologies of IllustrisTNG
galaxies are in good agreement with observations. In particular,
the median trends with stellar mass of all the morphological, size,
and shape parameters considered in that work lie within the ~1o
scatter of the observational trends, consistent with our findings
(Fig. 3). This agreement is to be expected because our mass-based
concentration measurements are in qualitative agreement with the
light-based ones from Rodriguez-Gomez et al. (2019), as shown
in Appendix B. Furthermore, they show that IllustrisTNG does
not produce a strong morphology—colour relation, i.e. that the red
disc fraction is too high. This is consistent with the absence of a
trend between Cg, and colour that we illustrate in Fig. 5, though
we also show there that there is a correlation between S/T and
colour. As we have discussed above, one key reason for this is
that S/T—M, evolves with redshift, while Cg,—M, does not. We
speculate that this points towards some missing physical mechanism
that introduces a z-dependent Cg,—M, relation. For example, gas
might not be efficiently transported to the central region in high-z
galaxies. Further investigation of the gas mass, stellar mass, and SFR
density profiles are needed. Additionally, Bustamante & Springel
(2019) showed that by introducing a new sub-grid model for the
black-hole spin evolution, they are able to alleviate some of the
tension in the galaxy morphology—colour relation. The reason for
this is that the kinetic feedback mode is activated predominantly
in merging galaxies, in which major morphological changes take
place as well. Understanding this link between the black hole sub-
grid physics and morphology further is crucial and motivates future
studies.

Along similar lines, Huertas-Company et al. (2019) study the
morphology in TNG, finding that the majority of high-mass galaxies
are discs rather than spheroids, in contrast to our findings. They in-
ferred morphology from the light distribution and classified galaxies
with a machine learning algorithm trained on visually classified
SDSS galaxies, while our morphological measures are based on
kinematics and the mass distribution. Beyond the complications
of the machine learning approach, this highlights the importance
of kinematical versus photometric morphological measures and
comparisons.
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While forward modelling the simulations into the observational
space is key in order to perform an apples-to-apples comparison,
adding another layer of free parameters on top of the galaxy
formation model also increases modelling uncertainty. It is therefore
important to properly marginalize over those parameters before
concluding that the underlying galaxy formation model needs to be
modified.

6 SUMMARY AND CONCLUSIONS

We have studied the relation between morphology, stellar mass,
and star formation activity in the IllustrisTNG galaxy formation
model. We focus on TNG100 central galaxies with stellar masses
in the range 10°~!' Mg. We quantify galaxy morphology by a
kinematical decomposition of the stellar component into a spheroid
and a disc component (S/T) and by the concentration of the stellar
mass density profile (Csy).
Our conclusions are as follows.

(i) Both S/T and Cs; exhibit a strong M, dependence. Typical
disc galaxies with a low concentration and cold stellar kinematics
(S/T < 0.5) have a stellar mass of M, ~ 10'°-10!°° M. More
massive galaxies are spheroids with hot kinematics and a high
concentration, while low-mass galaxies have hot kinematics but
a low concentration. These trends agrees well with observations
(Fig. 3).

(i) In addition to stellar mass, the morphology of TNG galaxies
correlates with their (g — r) colour and star formation activity (Figs 4
and 5). Specifically, S/T increases from the blue cloud to the red
sequence at fixed M,. Contrarily, Cs, shows no colour dependence
and only depends on stellar mass. Since Cg, correlates with light-
based morphological indicators (Appendix B), this is consistent
with Rodriguez-Gomez et al. (2019), who found the morphology—
colour correlation to be too weak in IllustrisTNG.

(iii) A key result of this work is that galaxies do not necessarily
change their morphology when they transition through the green
valley on to the quiescent sequence (Fig. 9), this depending on
mass scale and morphological estimator. Galaxies’ morphology
(particularly Cg, and spheroidal and bulge mass fractions) is largely
set before they cease their star formation. The observed correlation
between S/T and colour (star formation) is mostly a reflection of
the fact that galaxies that formed their stars earlier formed them
mostly in a spheroidal-like manner: the S/T—M, relation evolves
with cosmic time to lower values (disc assembly). On the other hand,
the Cg, —M, relation remains constant with cosmic time, leading no
correlation between Cy, and colour.

(iv) The formation of disc and spheroidal components depends
critically on stellar mass and cosmic time. At early times (z 2 2), the
mass growth of all galaxies is dominated by in sifu star formation,
usually forming significant spheroidal components. Towards lower
redshift (z < 2), discs start to form efficiently in the regime of M,
~ 10757195 M, (Fig. 7).

(v) Above this mass scale, galaxies quench efficiently due to
black-hole feedback, implying that further mass growth occurs via
ex situ accretion. Minor mergers contribute significantly to the
accretion of mass (Fig. 10) that is preferentially deposited in the
outskirts (Fig. 12), especially in galaxies below M, < 10" M. For
the most massive galaxies, major mergers contribute the majority
of ex situ stellar mass, which dominates at all radii including the
central region (Fig. 12). Dry mergers can also play a role in spheroid
formation: during the quiescent evolution of these massive galaxies,
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the mass in the spheroid component doubles and S/T slightly
increases by up to 0.1 (Figs 8 and 9).

(vi) Intermediate-mass galaxies (M, ~ 109! My) exhibit a
correlation between the ex situ stellar mass fraction with S/T and
Cg, (Fig. 11). This trend is consistent with a picture where mergers
induce an enhancement of centrally concentrated star formation
that lead to the formation of a spheroidal component and a high
concentration. Therefore, the bulge component consists mostly of
stars that formed in situ (Fig. 12), though its formation is, to a large
degree, induced by mergers. In future work, it would be interesting
to decompose the bulge formation contributed by true ‘in situ gas’
versus ‘ex situ gas’ brought in by mergers.

The main conclusion of our work is that although we find a
correlation between star formation activity and morphology at a
given epoch, we do not find a direct link between the two. In
MustrisTNG, the main mechanism responsible for the cessation
of star formation is black-hole feedback, which itself has no direct
dependence on morphology (neither on the kinematics of the stars
nor on the concentration of the stellar mass profile). Clearly, both
the morphology and the black-hole mass are shaped by similar
physical processes such as mergers that can funnel gas into the
central region. Nevertheless, the main reason for the morphology—
star formation correlation is that the quiescent population contains
galaxies that have ceased their star formation over a wide range
of epochs, during which the star-forming galaxy population has
evolved tremendously. Specifically, many of today’s quiescent
galaxies stopped their star formation when star-forming galaxies
had a larger spheroidal mass fraction.

We have shown how a numerical simulation such as TNG can
be used to help to interpret observations and guide future observing
endeavours. As highlighted throughout the text, we have left
several follow-up studies for future work, including a more detailed
comparison with observations. In particular, we will learn more
about the low-mass regime from the TNG50 simulation (Nelson
et al. 2019a; Pillepich et al. 2019), which has a mass resolution that
is about 16 times better than the simulation analysed here.
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APPENDIX A: RESOLUTION DEPENDENCE IN
TNG

We consider here effects of resolution in the IlustrisTNG simu-
lations. Throughout this paper we have exclusively shown results
from our fiducial TNG100-1 volume, whereas here we consider the
effects of changing resolution. To do so we analyse TNG100-2 and
TNG100-3, realizations with 8 and 64 times lower mass resolution,
corresponding to factors of two and four larger gravitational soften-
ing lengths. The numerical parameters of this resolution series are
given in Table 1.

Pillepich et al. (2018a) discuss the effects of resolution and
numerical convergence in detail. Briefly, using this resolution
series, they find higher resolution results in larger galaxy stellar
masses at fixed halo mass, leading to a higher normalization of the
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Figure Al. Effects of numerical resolution on morphological indicators
S/T (upper panel) and Cs, (lower panel). In both panels we plot the median
relations and 16th/84th percentiles as a function of stellar mass. The solid
blue, dashed orange, and dotted red lines indicate the TNG100(-1), TNG100-
2, and TNG100-3 simulations, respectively (see Table 1). As a comparison,
we show as grey solid line the original Illustris simulation.

stellar mass function and cosmic SFR density. Many of the other
galaxy population statistics exhibit a similar qualitative trend, i.e.
monotonically larger values with increasing numerical resolution.
This can be understood by reference to the implementation of star
formation in the TNG model. Progressively better spatial resolution
leads to the sampling of ever higher gas density regions, allowing
more gas mass to become eligible for star formation and to be
resolved at higher densities, accelerating the rate at which it is
turned into stars.

Using the resolution series of TNG100 (Table 1), in Fig. A1 we
explore the convergence properties of morphologies in the TNG
model. Specifically, we plot the median S/T and Cs, versus M,
relations. The solid blue line shows our fiducial model, while the
dashed orange and dotted red lines indicate the lower resolution
versions. Furthermore, the grey solid line is the original Illustris
model.

Reducing the resolution leads to the disappearance of kine-
matically defined disc galaxies. Since discs are most prominent
at intermediate masses (M, ~ 10°°-10'"5 M), the median S/T
changes most significantly for those galaxies. However, when
analysing the scatter in Fig. A1, we see that also discs disappear at
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lower and higher masses when decreasing the resolution. Consistent
with this, Pillepich et al. (2019) show that TNG50-2 (comparable
resolution of TNG100 analysed here) return a qualitatively con-
sistent picture with TNG50 but demonstrate that lower resolution
generally underestimates the number of disc galaxies. Specifically,
the growth in time of the disc fractions of low-mass galaxies is
underestimated (by up to 20 percent), while it is overestimated
at the highest mass end. This is consistent with lower resolution
imposing thicker disc heights.

The concentration seems to be less affected by resolution. The
largest effect concerns high-mass galaxies, where decreasing the
resolution leads to more diffuse galaxies. At lower masses, a similar
trend can be seen, but the overall effect is less severe than at higher
masses. We have also check the actual values for ry, the radius
that encloses 20 per cent of the stellar mass, and check it they are
comparable to the gravitational softening length of the simulation.
We find that only 16 per cent of the galaxies below 10°3 My, have
0 to be smaller than the gravitational softening. We conclude that
this is not the cause of the flattening seen in the Cgy —M, relation at
low stellar masses.

In Fig. A1, we also compare the TNG results with the original
Tlustris simulations, where we have measured all the properties in
exactly the same way. Illustris has practically the same resolution as
the TNG100-1 simulation (our fiducial run). Nevertheless, we can
find significant differences between these simulations. First, the
original Illustris simulation produces much fewer disc-dominated
galaxies than TNG, in particular in the mass regime of 10—
10'%5 Mg. This most probably arises because of the improved
stellar feedback in TNG. At high masses (>10'' My,), the upturn
in S/T is taking place at lower masses in TNG than in the original
Ilustris simulation, which can be explained by the fact that more
galaxies were star forming at those mass scales in Illustris. Through
the improved black-hole feedback, galaxies are quenching more
effectively at this mass scale in TNG. Similarly, the concentrations
are lower in original Illustris and the turnover towards higher
concentrations happens at higher stellar masses than in TNG.

We conclude that, using the resolution series of TNG100, these
simulations are not converged in an absolute sense, i.e. the physical
properties of the galaxies change when increasing or decreasing
the resolution. These changes are significant, though the qualitative
trends remain. We are therefore confident that we grasp the main
evolutionary trends of the galaxy population concerning their
morphology and star formation activity.

APPENDIX B: COMPARING DIFFERENT
MORPHOLOGICAL INDICATORS

We consider here how different definitions of morphology are
correlated with each other. Specifically, in the main text we focus
on two morphological indicators: S/T and Cg,. In this section, we
compare how these indicators change when adopting a different
definition of the spheroidal component and when one performs the
measurements on the light instead of the mass distribution.

B1 Different spheroid definitions

We have tested a number of kinematic spheroid-disc decompositions
as well as the fraction of kinetic energy in rotation, ko, as defined
in Sales et al. (2012) and Rodriguez-Gomez et al. (2017). In our
fiducial calculation, we compute the spheroidal component as the
mass of all stellar particles with j,/j < 0.7 plus a 15 percent
correction as discussed in the main text. Here, j is the total angular
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Figure B1. Good agreement between different spheroid definitions. Our fiducial S/T, based on j,/j < 0.7, is compared to (i) the one defined by twice the mass
of all stellar population particles that counter-rotate (left-hand panel); (ii) by defining the rotation as j,/j(E) where j(E) is the angular momentum of a particle
on a circular orbit with the same binding energy (middle left and middle right panels), (iii) « o, Which is the fraction of the total kinetic energy contributed by
the azimuthal component of the stellar angular momenta (right-hand panel). All of these definitions lead to similar S/T values that are highly correlated with

Pearson correlation coefficients >0.9.

momentum of the particle and j, the part that is aligned with the
galaxy’s rotation (as defined by the total angular momentum of all
stellar particles bound to the galaxy). We have also experimented
with alternative ways to quantify the spheroidal component: (i)
S/Tyeg: twice the mass of all stellar population particles that counter-
rotate, where rotation is defined as j,/j; (i) S/Tjc.cy: the mass of
all stellar particles with j,/j(E) < 0.7, where j(E) is the angular
momentum of a particle on a circular orbit with the same binding
energy (e.g. Marinacci et al. 2014); and (iii) S/Tjc.peg : twice the mass
of all stellar population particles that counter-rotate, where rotation
is defined as j,/j(E).

Another kinematic morphology tracer is k. (Sales et al. 2012),
defined as the fraction of the total kinetic energy contributed by
the azimuthal component of the stellar angular momenta, where the
z-axis coincides with the total angular momentum of the galactic
stellar component:

2
) ; (B1)

Krot 1 1 jz,i
= = 2 m (%

where K is the total kinetic energy of the stellar component, m;
represents the mass of a particle, R; is the projected radius and the
sum is carried out over all stellar particles in the galaxy (i.e. not
just within 3 x Ry). Following Genel et al. (2015), the calculation
frame is centred at the position of the most bound stellar particle,
while the velocity of the frame coincides with that of the stellar
centre of mass.

‘We compare these different definitions in Fig. B1. All the different
definitions for S/T correlate very strongly with each other (Pearson
correlation coefficient of >0.9), indicating that the exact method
for calculating S/T is not important for our purposes. In addition to
scatter, we find small offsets on average between the different S/T
estimates. Specifically, the S/T,., estimates are on average lower
than the fiducial S/T estimates. However, the overall change is
small and nearly mass independent, leading to a simple overall shift
when studying the S/T—M, relation.

B2 Kinematics versus mass versus light

As shown in Fig. 4, S/T and Cg, depend differently on stellar mass
and star formation. Here, we plot in Fig. B2 the relation between
S/T and Cs,. As expected, there is a large amount of scatter and no
correlation visible. The major part of the scatter can be attributed to
galaxies with low stellar masses (M, < 10'° Mg). Those galaxies
have typically a low concentration, i.e. are disc-like concerning
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Figure B2. Stellar mass density versus kinematic morphology. We plot the
concentration versus the spheroid-to-total ratio, colour-coded by the stellar
mass. We find a large amount of scatter, indicating that these morphological
indicators trace different structure within galaxies.

their stellar mass distribution, but have a significant spheroidal
component concerning their kinematics. More massive galaxies (M,
> 10'° My,) reveal a tighter correlation with a Pearson correlation
coefficient of 0.54. Overall, Fig. B2 highlights that the morphology
according to the mass distribution can be quite different from the
kinematic morphology.

The main focus of this paper is the investigation of the as-
sembly and evolution of spheroidal and disc components of TNG
galaxies. Hence, we work mainly in theory plane, i.e. quantify the
morphology of galaxies based on the stellar mass distribution and
kinematics. We only perform a rough comparison to observations
in Section 3.2. One way to achieve a more detailed comparison to
observations is based on ‘forward-modelling’ of simulation data into
the observational plane. In particular, the generation and subsequent
analysis of synthetic images from hydrodynamic simulations is a
powerful tool to connect theory with observations (e.g. Jonsson,
Groves & Cox 2010; Scannapieco et al. 2010; Snyder et al. 2015b,a;
Bottrell et al. 2017a). However, the generation of realistic synthetic
images is challenging such as the aspects of the detailed modelling
of dust absorption and scattering.

In Rodriguez-Gomez et al. (2019), we created realistic synthetic
images from the IllustrisTNG simulations using the radiative trans-
fer code SKIRT (Baes et al. 2011; Camps & Baes 2015). Specifically,
we designed them to match observations of low-redshift galaxies
from the Pan-STARRS 37 Survey (Chambers et al. 2016). We then
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Figure B3. Relation between mass-based, light-based, and kinematic measurements of morphology. The concentration (Ciigne) and the bulge statistics (F(G,
M>)) based on the light distribution in the galaxies are compared to the concentration of the stellar mass profile (Cpass) and the kinematic S/T. We find that
the mass-based concentration is correlated with the light-based concentration and bulge statistic, while the kinematic S/T is not.

quantified various structural parameters of both the simulated and
observed galaxies using the same morphology code, which allows
us to make a fair comparison. We find that the optical morphologies
of IlustrisTNG galaxies are in good agreement with Pan-STARRS
observations: the locus of the Gini—M,, diagram is consistent
with that inferred from observations, while the median trends with
stellar mass of all the morphological, size, and shape parameters
lie within the 1o scatter of the observational trends. However, the
TNG model has some difficulty with more stringent tests, such as
producing a strong morphology—colour relation. This results in a
somewhat higher fraction of red discs and blue spheroids compared
to observations.

We compare the mass-based and kinematic morphology indica-
tors to light-based indicators in Fig. B3 in order to assess how similar
they are. In particular, we compare our mass-based concentration
and S/T estimates with the light-based concentration and the ‘bulge
statistic” for individual galaxies at z = 0.05. The bulge statistic is
based on a combination of the Gini and M, estimates and quantifies
the strength of the bulge component, and hence is tightly correlated
with the light-based concentration (Snyder et al. 2015a).

We find that the mass-based concentration is correlated with both
the light-based concentration and the bulge statistic (Fig. B3). The
correlation is quite strong with a Pearson correlation coefficient of
0.6—0.7. We speculate that the scatter is primarily caused by the
effects of (spatially resolved) dust attenuation and scattering, which
typically reduces the concentration, though also radial variation
in the mass-to-light and spherical versus elliptical apertures could
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play a role. On the other hand, there is no correlation between these
light-based indicators and the kinematic morphological tracer S/T.
We find that the light-based concentration and bulge statistic are
systematically lower than the kinematic fractions at low masses,
but with increasingly good agreement as the stellar mass increases.
This is similar to the findings presented in Scannapieco et al. (2010)
and Bottrell et al. (2017b). We conclude that the absence of the
strong morphology—colour relation seen in Rodriguez-Gomez et al.
(2019) is a direct reflection of our finding that there is no Cs,—colour
relation in Fig. 5.

APPENDIX C: MORPHOLOGY ON THE
STAR-FORMING MAIN SEQUENCE

Fig. C1 shows the distribution of morphology (S/T and Cg,) in the
plane of SFR and M,, i.e. on the star-forming main sequence. Since
SFR and (g — r) colour are closely related, this figure is consistent
with the conclusions drawn from Fig. 4. The green and red lines
mark the transition and quiescent regions according to the Hubble
time as detailed in equations (1) and (2). Since the normalization
of star-forming main sequence roughly evolves proportional to the
Hubble time, these cuts are similar to cuts relative to the star-forming
main sequence.

As discussed in the main text, there are significant differences
between S/T and Cg,. First, while Cg, mainly depends on M,, S/T
shows an M, and SFR dependence. Secondly, the M, dependence
of S/T and Cg, are different, in particular for low-mass galaxies.
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Figure C1. Relation between morphology, stellar mass, and star-formation activity. We plot S/T (top) and Cs; in the plane of SFR and M,. The layout of this

figure follows closely Fig. 4: each bin is coloured according to the median S/T or

Cgp value as indicated by the colour bars on the right and encloses at least

10 galaxies. Galaxies with SFR < 1073 Mg yr~! are set to SFR = 1073 Mg, yr~!. The left-hand, middle and right-hand panels show the galaxy population
atz =0, z =1, and z = 2, respectively. The green and red lines divide the galaxies into star-forming and transitional, and transitional and quiescent objects

according to equations (1) and (2).

Finally, there is a much stronger trend with redshift for S/T than
for Cg,. In particular, we see that disc galaxies with low S/T only
appear in significant numbers at z < 1. This is important since it
directly translates into a correlation between S/T and colour, while
there is no correlation between Cg, and colour: quiescent galaxies
today were star-forming in the past when S/T were overall higher.

APPENDIX D: STELLAR MASS PROFILES IN
ORIGINAL ILLUSTRIS

Fig. D1 plots the stellar mass density profiles as measured in the
original Illustris simulation. The figure follows the exact same
layout as Fig. 12 in the main text, where we show the profiles
for the TNG simulation. Comparing the new TNG profiles with
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Figure D1. Stellar mass density profiles measured in the original Illustris simulation. This figure follows exactly the same layout as Fig. 12. The panels from

the left to the right show increasing stellar mass bins from M, &~ 10° to 10''> Mg

. The top panels show the 3D stellar mass density profile: the black, orange,

green, and red lines indicate the profiles for the total stellar mass, the spheroidal component, the ex situ component, and the spheroid&ex situ component,
respectively. The radial coordinate of all profiles are normalized by the stellar half-mass radius. The bottom panels show the fraction contribution of the
spheroidal, ex situ, and spheroid&ex sifu component to the total stellar mass density profile.
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the ones from the original Illustris reveals several differences. First
and foremost, the profile shapes are very different: the galaxies in
TNG are significantly more concentrated at all stellar masses. This
is consistent with the findings of Fig. Al. Secondly, the spheroidal
component is more dominant in the central region in the original
Ilustris-1 simulation than in the TNG simulation, in particular in
intermediate galaxies (M, ~ 10'°-10'%% M,,). Finally, the ex situ
fraction for massive galaxies is showing a steep gradient with radius
in Illustris-1, while the this trend is much weaker in TNG: at M,
~ 10" M, the ex situ stellar mass fraction dominates only in the
outskirts (outside of ~3 Ry;) in Illustris-1, while it dominates at all
radii in TNG.

These trends can be explained by the fact that the galaxies in
lustris-1 are more diffuse and have larger sizes than the galaxies
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in TNG. By construction, the galaxy sizes in TNG are in much
better agreement with observations than the ones in the original
Mlustris-1 (Genel et al. 2018; Pillepich et al. 2018a). Since more
diffuse galaxies disperse more efficiently in a galaxy—galaxy merger,
mergers in Illustris-1 are not able to bring significant amounts of
stellar mass to the centre, which leads to a high ex sifu stellar
mass fraction in the outskirts, but a low fraction in the centre. This
highlights that there is a direct link between the morphology of
galaxies and merger products.
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