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A B S T R A C T 

Observations have shown that the star formation activity and the morphology of galaxies are closely related but the underlying 

physical connection is not well understood. Using the TNG50 simulation, we explore the quenching and the morphological 
evolution of the 102 massive quiescent galaxies in the mass range of 10.5 < log ( M stellar /M �) < 11.5 selected at z = 0. We show 

that galaxies tend to be quenched more rapidly if they (i) are satellites in massive haloes, (ii) have lower star-forming gas fractions, 
or (iii) inject a larger amount of black hole kinetic feedback energy. Following global evolutionary pathways, we conclude that 
quiescent discs are mainly disc galaxies that are recently and slowly quenched. Approximately half of the quiescent ellipticals 
at z = 0 are rapidly quenched at higher redshifts while still disc-like. While quiescent, these gradually become more elliptical 
mostly by disc heating, yet these ellipticals still retain some degree of rotation. The other half of quiescent ellipticals with the 
most random motion-dominated kinematics build up large spheroidal components before quenching primarily by mergers, or in 

some cases, misaligned gas accretion. Ho we ver, the mergers that contribute to morphological transformation do not immediately 

quench galaxies in many cases. In summary, we find that quenching and morphological transformation are largely decoupled. 
We conclude that the TNG black hole feedback – in combination with the stochastic merger history of galaxies – leads to a large 
diversity of quenching time-scales and a rich morphological landscape. 

K ey words: galaxies: e volution – galaxies: formation – galaxies: star formation – galaxies: structure. 

1  I N T RO D U C T I O N  

It has long been suggested that the morphology of galaxies is closely 
related to their star formation activity. Many extragalactic surveys 
have reported that local galaxies are composed of two distinct 
populations, star-forming and quiescent galaxies, which produce the 
galaxy colour bimodality (e.g. Strate v a et al. 2001 ; Baldry et al. 
2004 ). The distinct colours and star formation rates (SFRs) are often 
associated with the relative importance of the two most distinctive 
structures in a galaxy, a disc and a bulge component, as the disc tends 
to be blue and star-forming, while the bulge component is red and 
composed of older stars. Indeed, many studies have shown that the 
quiescence of galaxies is connected to larger bulge components or 
higher central mass densities (e.g. Wuyts et al. 2011 ; Cheung et al. 

� E-mail: minjung.park@cfa.harvard.edu 

2012 ; Bluck et al. 2014 ; Van Dokkum et al. 2014 ; Mosleh et al. 2017 ; 
Whitaker et al. 2017 ). Also, the fraction of the quiescent galaxies at 
z = 0 has been found to increase with the stellar mass of the galaxies 
(e.g. Peng et al. 2010 ; Bluck et al. 2014 ; Lang et al. 2014 ), suggesting 
that the bulk population of massive galaxies becomes more bulge- 
dominated and quiescent with cosmic time. 

The bulge components are thought to grow by mergers (e.g. 
Toomre 1977 ; Barnes 1988 ; Hernquist 1992 , 1993 ; Hopkins et al. 
2010 ) or disc instability (e.g. Noguchi 1999 ; Dekel, Sari & Ceverino 
2009b ) that could destroy discs and induce AGN feedback and 
subsequent quenching (Springel, Di Matteo & Hernquist 2005 ). This 
seems to suggest that the morphological transformation from discs 
to ellipticals (spheroids) could accompany the quenching process of 
galaxies (Hopkins et al. 2006 , 2008 ). Ho we ver, unlike the present- 
day star-forming galaxies, which are mostly disc-dominated, the 
morphology of the star-forming galaxies at high redshifts is not very 
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well known. Therefore, it is not yet clear how much bulges grow 

as galaxies become quiescent and when the bulge growth occurs 
relative to the quenching: before, during, or after quenching. Also, 
the existence of quiescent (passive or red) disc galaxies, or often 
referred to as S0s or lenticulars (e.g. Masters et al. 2010 ), and the star- 
forming/blue ellipticals/spheroids (e.g. Zolotov et al. 2015 ; Tacchella 
et al. 2016b ) has further added complexity to this picture, suggesting 
that there is no single pathway through which galaxies are quenched 
and transform their morphology (e.g. Park et al. 2019 ; Tacchella et al. 
2019 ). 

Regarding quenching processes, several mechanisms have been 
proposed and are thought to work together to quench galaxies. 
Broadly, the quenching processes can be divided into two classes: 
(i) preventing gas in a galaxy from forming stars and (ii) removing 
gas from a galaxy. The first process (i) includes the so-called halo 
mass quenching, which suggests that accreted gas in a massive halo, 
with a mass abo v e a critical mass of ∼ 10 12 M �, could be heated 
by virial shock heating (e.g. White & Rees 1978 ; Birnboim & 

Dekel 2003 ; Kere ̌s et al. 2005 ). For long-term quenching, heating 
the circumgalactic gas and preventing further cooling is needed 
(e.g. Nelson et al. 2018 ; Terrazas et al. 2020 ; Zinger et al. 2020 ), 
which can be achieved by stellar and/or (thermal) active galactic 
nuclei (AGNs) feedback (e.g. Croton et al. 2006 ; Somerville et al. 
2008 ; Somerville & Dav ́e 2015 ). Furthermore, the existence of a 
large bulge component could stabilize the galactic disc against local 
disc instability, thus, reducing the star formation efficiency. This is 
referred to as the morphological quenching, as suggested by Martig 
et al. ( 2009 ; see also Gensior, Kruijssen & Keller 2020 ). Finally, 
the gas removal process (ii) could be driven by the (kinetic) AGN 

feedback (e.g. Silk & Rees 1998 ) or environmental effects such as 
ram-pressure stripping (e.g. Gunn & Gott 1972 ). 

There is growing evidence that various quenching processes act 
in galaxies on two different time-scales, ‘fast’ and ‘slow’ (e.g. 
Wu et al. 2018 ; Belli, Newman & Ellis 2019 ; Wild et al. 2020 ). 
Theoretically, the gas removal process is thought to shut down star 
formation quite rapidly, whereas star formation is believed to be 
halted rather slowly by other processes (e.g. Trussler et al. 2020 ). 
Indeed, man y studies hav e attempted to constrain the quenching 
time-scales of observed galaxies using various methods and showed 
that quiescent galaxies have a wide range of quenching time-scales 
(e.g. Tacchella et al. 2022 ). Using the SIMBA simulation, Rodr ́ıguez 
Montero et al. ( 2019 ) have shown that their simulated galaxies 
show a bimodal distribution in quenching time-scales (fast and 
slow). Some studies have also suggested that galaxies with different 
morphology are quenched on different time-scales; disc galaxies tend 
to be quenched slowly (slow quenching), while elliptical galaxies, 
or the slow rotators, are quenched quite rapidly (fast quenching) 
(e.g. Schawinski et al. 2014 ; Smethurst et al. 2018 ). This suggests 
that quiescent disc and elliptical galaxies are formed by different 
quenching mechanisms acting on different time-scales. 

In this paper, we study massive galaxies with a mass range of 
10.5 < log ( M stellar /M �) < 11.5 in the TNG50 simulation (Nelson 
et al. 2019b ; Pillepich et al. 2019 ). In this mass range, observed 
morphological properties are well reproduced in TNG (e.g. Genel 
et al. 2018 ; Rodriguez-Gomez et al. 2019 ; Tacchella et al. 2019 ). A 

number of studies have explored the quenching of massive galaxies 
in the IllustrisTNG model (hereafter TNG) adopted in TNG50. For 
example, Weinberger et al. ( 2018 ) have shown that different feedback 
channels (e.g. stellar versus AGN) are dominant at different stellar 
mass regimes at different cosmic epochs: for galaxies with stellar 
masses abo v e log ( M stellar /M �) ∼ 10.5, the energy injection via 
kinetic AGN feedback dominates at lower redshifts. In fact, within the 

TNG model, a red, quiescent population of high-mass galaxies that 
is consistent with observations develops only when the supermassive 
black hole (SMBH)-driven winds get activated (Weinberger et al. 
2017 ; Nelson et al. 2018 ; Donnari et al. 2019 ). Weinberger et al. 
( 2018 ) also showed that the star formation efficiency significantly 
drops for galaxies with an SMBH mass greater than ∼ 2 × 10 8 M �: 
the kinetic AGN feedback has been demonstrated to be the key 
driving factor for quenching in massive galaxies in the TNG model, 
via both ejecting the gas and preventing it from cooling, via heating 
(Terrazas et al. 2020 ; Zinger et al. 2020 ; Davies, Crain & Pontzen 
2021 ). Also, Donnari et al. ( 2021a ) have studied the quenched 
fractions of central and satellite galaxies in the TNG100 and TNG300 
simulations (Nelson et al. 2019a ) and concluded that massive galaxies 
with stellar mass abo v e a few times of 10 10 M �, even for satellite 
galaxies, are quenched by internal processes, most likely by AGN 

feedback, not by environmental effects. 
Whereas it is clear that AGN feedback plays the primary role in 

quenching massive galaxies in the TNG models (see also Nelson et al. 
2019b ; Luo et al. 2020 ), it is still not yet well understood how the 
morphological evolution is related to star formation history, which 
will be explored in this work. Previously, Joshi et al. ( 2020 ) have 
shown with TNG50 and TNG100 that the long-lasting reduction of 
available gas and the mechanisms perturbing preexisting disc stars 
into non-disc orbits are the two necessary conditions for the long- 
term morphological transformation from discs to ellipticals. These 
are achieved by a combination of mergers and AGN feedback for 
massive field galaxies and by a combination of ram-pressure stripping 
and tidal shocking at pericentric passages for satellite galaxies. 
By studying mock-observed morphological properties of TNG50 
galaxies, Varma et al. ( 2022 ) have also concluded that kinetic AGN 

feedback drives both quenching and central mass density growth 
due to fading. In this paper, we expand upon these results and aim 

to answer the following questions by inspecting massive TNG50 
galaxies: 

(i) Do the quiescent TNG50 galaxies sho w dif ferent (fast and 
slow) quenching time-scales? How does the quenching time-scale 
differ for galaxies with different morphologies (discs versus ellipti- 
cals)? 

(ii) If the TNG50 quiescent galaxies also show a variety of 
quenching time-scales, what determines the quenching time-scales? 

(iii) How does the morphology evolve during and after quenching? 
Can we understand the formation of quiescent disc and elliptical 
galaxies? 

This paper is structured as follows. In Section 2 , we give a 
brief description of the TNG50 simulation and describe how we 
select the quiescent galaxies and how we measure the two most 
important parameters in our study: the morphology of galaxies and 
their quenching time-scales. In Section 3 , we present our results on 
the quenching time-scales and the time since quiescence of the disc 
and elliptical galaxies (Section 3.1 ) and how quenching time-scales 
depend on various properties such as halo mass, star-forming gas 
fraction, and AGN feedback energy (Section 3.2 ). In Section 3.3 , we 
explore when the morphologies of galaxies change in the process of 
quenching (i.e. before, during, or after quenching) to understand the 
formation of quiescent disc and elliptical galaxies. In Section 4 , we 
discuss ho w massi ve quiescent galaxies we observe today could have 
a variety of morphologies (Section 4.1 ) and present some caveats 
of our study (Section 4.2 ). Finally, we summarize our results and 
conclusions in Section 5 . 
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2  M E T H O D O L O G Y  

2.1 The TNG50 simulation 

The TNG50 simulation 1 (Nelson et al. 2019b ; Pillepich et al. 2019 ) 
is a high-resolution magnetohydrodynamical cosmological volume 
simulation run using the AREPO code, as part of the Illustris TNG 

project (Marinacci et al. 2018 ; Naiman et al. 2018 ; Nelson et al. 2018 , 
2019a ; Pillepich et al. 2018b ; Springel et al. 2018 ), the next gener- 
ation of the origial Illustris simulation (Vogelsberger et al. 2014a , 
b ; see also Vogelsberger et al. 2020 , for re vie w of cosmological 
simulations). Here, we give a brief description of the simulation. The 
box size of the simulation is ∼ 50 Mpc, which is the smallest volume 
among the TNG suite but with highest resolution. The baryonic 
and dark matter (DM) mass resolution is m ∗ ∼ 8 . 5 × 10 4 M � and 
m DM 

∼ 4 . 5 × 10 5 M �, respectively, and the minimum gravitational 
softening for the star-forming gas cells is ∼ 74 pc, with an average 
cell size for the solution of the magnetohydrodynamics (MHD) 
of 100 − 140 pc throughout the cosmic time. The high resolution 
of TNG50 allows us to track the star formation history and the 
morphology of individual galaxies more reliably for our proposed 
study. We used the PYTHON framework hydrotools (Diemer et al. 
2017 , 2018 ) to extract the data from the simulation. There are ∼360 
galaxies in the range of 10.5 < log ( M stellar /M �) < 11.5 at z = 

0.0. While the simulation mostly co v ers field environments, there 
are two Virgo cluster analogues at z = 0 with virial masses of 
log ( M 200 c / M �) ∼ 14. Furthermore, there are seven massive group- 
like objects with log ( M 200 c / M �) > 13 . 5. 

In the TNG model, stellar particles representing a coe v al pop- 
ulation of stars formed stochastically in a gas cell where the 
density is abo v e the threshold density of n � 0 . 1 cm 

−3 following 
the Kennicutt–Schmidt relation (Springel & Hernquist 2003 ). The 
Chabrier initial mass function (Chabrier 2003 ) is assumed for each 
stellar particle and as the stellar population evolves with time, it 
returns mass and metals into the surrounding medium by AGB winds, 
and supernovae Type II and Ia. The TNG model assumes stars with 
masses of 1 –8 M � go through the AGB phase, and the stars with 
masses in the range of 8 –100 M � explode as Type II supernovae. 
More detailed description regarding the stellar feedback can be found 
in Pillepich et al. ( 2018a ). 

An SMBH with a mass of ∼ 10 6 M � is seeded at the potential 
minimum of a halo that is more massive than 7 . 4 × 10 10 M � and 
does not yet contain any other SMBHs. Once the SMBH is seeded, 
it grows either via SMBH–SMBH mergers or by accretion following 
the Bondi–Hoyle accretion rate. The SMBH feedback is modelled 
in two different ways depending on the ratio of the accretion 
rate to the Eddington rate. If the ratio exceeds the threshold ratio 
(i.e. in high-accretion-rate mode), defined as 0 . 002 ( M BH / 10 8 M �) 2 

with a maximum limit of 0.1, thermal energy is continuously and 
isotropically injected into the surrounding medium at a rate of 
Ė thermal = 0 . 02 Ṁ c 2 ; the thermal mode (or quasar mode). On the 
other hand, if the accretion rate ( Ṁ ) is low (below the threshold 
ratio), feedback energy is injected in the form of kinetic energy in a 
pulsed and directed way; the kinetic mode (or wind mode). The rate 
of this kinetic feedback energy is Ė kinetic = εf, kin Ṁ c 2 , where εf, kin 

depends on the kernel-weighted density of the surrounding medium 

relative to the density threshold for star formation. A more detailed 
descriptions of the SMBH feedback in the TNG models can be found 
in Weinberger et al. ( 2017 , 2018 ) and Pillepich et al. ( 2021 ). 

1 https://www.tng-pr oject.or g 

2.2 Sample selection 

To understand the link between quenching and morphological trans- 
formation, we select quiescent galaxies at z = 0.0, including both 
centrals and satellites, and study their evolution since z = 2. We use 
352 galaxies with stellar mass in the range of 10.5 < log ( M stellar /M �) 
< 11.5: this ensures a sufficient number of quiescent galaxies and 
also more than ∼4 × 10 5 stellar particles per galaxy. Of 352 galaxies 
in total, 54 galaxies are cluster satellites at z = 0 with host halo mass 
in the range of log ( M 200 c / M �) = 13 . 5 − 14 . 3. 

The star-forming and quiescent galaxies can be classified based 
on a specific SFR (sSFR) criteria, as shown in Fig. 1 (a). Note that 
both stellar mass and the instantaneous SFRs are measured within 
the radius at which the surface stellar mass density drops below 

� ∗ = 10 6 M �/ kpc 2 (defined as R full ), which is an arbitrary value 
to mimic the surface brightness cut. We will discuss the effect of 
the choice of aperture in due course, but our main conclusions 
are not affected by the aperture size. Galaxies are classified as 
star-forming if sSFR > 1 / [3 t H ( z)] (galaxies in the blue region), 
where t H ( z) is the Hubble time at each redshift, and as quiescent 
if sSFR < 1 / [20 t H ( z)] (in the orange region). Galaxies between 
(1 / [20 t H ( z)] < sSFR < 1 / [3 t H ( z)]) are considered transition galax- 
ies (in grey hatched region), making up the green valley. There are 
in total 102 quiescent galaxies in our sample, 30 of them are cluster 
satellites. 

The selected star-forming galaxies seem to follow the star-forming 
main sequence (SFMS) derived from observed galaxies (navy dashed 
and magenta dotted lines in Fig. 1 ; Whitaker et al. 2012 ; Renzini & 

Peng 2015 ). This is consistent with the findings of Donnari et al. 
( 2019 ), where they quantified the main sequence of the TNG100 
and TNG300 simulations and found minimal resolution effects in 
the locus of SFMS. Also, Nelson et al. ( 2021 ) have found that the 
resolved (on ∼ 1 kpc scales) and integrated SFMS of TNG50 galaxies 
agree well with observed SFMS from 3D- HST (within 0.1 dex). The 
SFR of the quiescent galaxies is about 1.5 dex lower than that of the 
star-forming galaxies of comparable stellar mass. 

Fig. 1 (b) shows the fractions of star-forming (blue line), transition 
(grey line), and quiescent (orange line) galaxies as a function of 
stellar mass. The shading of each line indicates the 1 σ error of the 
binomial distribution. The fraction of star-forming galaxies decreases 
with stellar mass, while the fraction of quiescent galaxies remains 
almost constant across this mass range. Interestingly, it is the fraction 
of transition galaxies that increases with the stellar mass. The red 
dashed line shows the fraction of non-star-forming galaxies (i.e. 
the sum of transition and quiescent galaxies) which agrees with the 
observed fractions of ‘passive galaxies’ presented in Behroozi et al. 
( 2019 ) where they adopted data from Moustakas et al. ( 2013 ) and 
Muzzin et al. ( 2013 ). The mild decrease in the fraction of non-star- 
forming galaxies in the most massive bin is most likely to be caused 
by the small number of TNG50 galaxies in that bin. 2 See also Donnari 
et al. ( 2019 , 2021b ) for detailed comparison of the TNG quenched 
fractions to observational results. 

2.3 Kinematic morphology: disc-to-total ratio (D/T) 

To explore the morphological evolution of individual galaxies, we 
use the kinematic morphology indicator, disc-to-total ratio, or D / T , 

2 We have tried including massive TNG100 galaxies, and the TNG100 galaxies 
do show a clear mass trend that the fraction of non-star-forming galaxies 
increases with stellar mass (see Donnari et al. 2021a , b ). For the purpose of 
consistency, in this study, we only show the results of TNG50 galaxies. 
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Figure 1. (a) SFR versus stellar mass ( M stellar ) for all TNG50 galaxies in the mass range 10.5 < log ( M stellar /M �) < 11.5. Both SFR and stellar mass are 
measured within R full , the radius at which the surface mass density drops below � ∗ = 10 6 M �/ kpc 2 . Galaxies with sSFR higher than sSFR > 1 / [3 t H ( z)] are 
classified as star-forming (in the blue region), and galaxies with sSFR < 1 / [20 t H ( z)] are defined as quiescent (orange region). Those in between are considered 
to be transition galaxies (grey hatched region). The dotted navy and dashed magenta lines are the observed main sequence at z = 0 from Whitaker et al. ( 2012 ) 
and Renzini & Peng ( 2015 ), respectively. The TNG50 star-forming galaxies seem to follow the observed main sequence well. Galaxies are colour-coded by 
D / T , the kinematic morphological indicator. (b) Fractions of star-forming (blue), transition (grey), and quiescent (orange) galaxies as a function of galaxy stellar 
mass. The fraction of non-star-forming galaxies (sum of transition and quiescent galaxies) is shown by the red dashed line and compared with the observed 
fractions of passive galaxies from Behroozi et al. ( 2019 ) where they adopted data from Moustakas et al. ( 2013 ) and Muzzin et al. ( 2013 ). (c) Fractions of disc 
galaxies ( D / T > 0.5) among all types of galaxies (solid green line) and among the quiescent galaxies (dashed orange line) as a function of stellar mass. The 
green circles are observed (visually classified) disc fractions in GAMA (Moffett et al. 2016 ), and the green stars are the fractions of the (kinematically defined) 
fast rotators among the SAMI primary sample from Guo et al. ( 2020 ). The orange stars are the visually defined passive disc fractions at z ∼ 0.3 presented in 
Bundy et al. ( 2010 ), and the orange circles are the disc fractions among quiescent galaxies in the GAMA sample (see the text for the selection criterion). We 
find that the mass trends of the disc fractions (all discs and quiescent discs) in the TNG50 simulation are broadly consistent with observations, although the 
definitions and methods differ between the two, preventing any strong quantitative comparison. 

by selecting ‘disc stars’ in a galaxy based on stellar orbits. The 
‘circularity’ of stellar orbits, i.e. how close a stellar orbit is to a 
circular orbit in the galactic mid-plane, can be calculated as the 
circularity parameter ( ε) introduced in Abadi et al. ( 2003 ). It is 
defined as follows: ε = J z / J circ , where J z is the angular momentum 

of each stellar particle in the direction of the net rotation axis of 
a galaxy defined using only the stellar particles within 3 R eff ( R eff : 
ef fecti ve radii, the radius containing half the total stellar mass), and 
J circ is the angular momentum of a circular orbit in the galactic 
mid-plane with the same binding energy as the stellar particle in 
question. We take disc stars to be the stellar particles with a circularity 
parameter greater than 0.5. By measuring how many stars in a galaxy 
have nearly circular orbits with ε > 0.5, we can measure D / T . Each 
galaxy in Fig. 1 (a) is colour coded by D / T . We then separate galaxies 
with different morphologies based on D / T : the disc ( D / T > 0.5) and 
elliptical ( D / T < 0.5) galaxies. 

Fig. 1 (c) shows the fractions of disc galaxies among all types of 
galaxies (solid green line) and among the quiescent galaxies (dashed 
orange line) as a function of stellar mass. The observed fractions of 
discy galaxies are shown as circles and stars; the green circles are 
observed (visually classified) disc fractions in GAMA (Moffett et al. 
2016 ), and the green stars are the fractions of the (kinematically 
defined) fast rotators among the SAMI primary sample from Guo 
et al. ( 2020 ). The orange stars are the visually defined passive disc 
fractions at z ∼ 0.3 presented in Bundy et al. ( 2010 ), and the orange 
circles are the disc fractions among the quiescent galaxies in the 
GAMA sample where we select disc galaxies to be those with the 
S ́ersic index measured in the K band lower than 2 and quiescent 
galaxies using the same sSFR criterion (i.e. sSFR < 1 / [20 t H ( z)]). 

At face value, this comparison would suggest that TNG50 has a 
higher fraction of disc galaxies (both all types of discs and quiescent 
discs) than observed disc fractions which are visually selected. 
This apparent discrepancy, ho we ver, may primarily result from the 
different definitions of ‘discs’, as we used a kinematic morphological 
indicator to define disc galaxies, while in observations, they are 
classified based on visual morphology . Similarly , the kinematic- 
based observational measurements also differ in detail from our 
methods (i.e. projected line-of-sight velocities in data versus full 3D 

information in the simulation). As a result, we cannot say whether the 
observed fast-rotator fractions, shown as green stars, are truly higher 
than the TNG50 fractions, as implied. Therefore, while it is difficult 
to make an one-to-one comparison of the disc fractions in the TNG50 
simulation to observations due to the different definitions of ‘disc’ 
galaxies, the qualitative mass trend, where the disc fraction mildly 
decreases with stellar mass of the galaxies, seems to be consistent 
with observed trends and those found in TNG100 (e.g. Tacchella 
et al. 2019 ). 

2.4 Quenching time-scales and time since quiescence 

The quenching time-scale of a galaxy (i.e. how fast galaxies are 
quenched) can be measured using the same sSFR criteria mentioned 
abo v e. We tracked the main progenitors of a galaxy up to z ∼ 2, and 
the sSFR of the galaxy at each time is measured within the radius at 
which the surface mass density drops below � ∗ = 10 6 M �/ kpc 2 for 
the galaxy at each period. To a v oid small fluctuations in sSFR, at each 
point, the sSFR is taken as the median between 5 nearby snapshots 
( ± 2 snapshots in the neighbourhood). The time interval for each 
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snapshot is ∼ 160 Myr. We confirm that very rapid quenching (e.g. 
shorter than the time interval between two consecutive snapshots) 
could be measured even using this median filtering process. 

We also measure the time since quiescence, the amount of time 
the galaxy has been quiescent, i.e. the time interval between when 
it becomes quenched and z = 0. This tells us whether galaxies are 
recently quenched (short time since quiescence) or quenched earlier 
at higher redshifts (longer time since quiescence). Here, we list the 
definition of the time-scales/epochs that we use in this study. 

(i) The epoch of the onset of quenching ( t onset ): it is defined as the 
epoch at which the sSFR drops to sSFR = 1 / [3 t H ( z)] 

(ii) The epoch when the quenching ends ( t end ): it is defined as the 
epoch at which the sSFR drops to sSFR = 1 / [20 t H ( z)] 

(iii) Quenching time-scale: the duration of quenching is defined 
as the time period during which the sSFR drops from sSFR = 

1 / [3 t H ( z)] to 1 / [20 t H ( z)] (i.e. t end − t onset ) 
(iv) Time since quiescence: it is defined as the amount of time the 

galaxy has been quiescent until z = 0 (i.e. t z = 0 − t end ) 

3  RESULTS  

3.1 Quenching time-scales and time since quiescence for disc 
and elliptical galaxies 

Fig. 2 shows the quenching time-scale (i.e. how rapidly galaxies 
are quenched) and the time since quiescence (i.e. how long galaxies 
have been quiescent) for quiescent galaxies at z = 0. Each galaxy is 
colour coded by D / T at z = 0, and the size of markers indicates the 
stellar mass of the galaxies (larger circles for more massive galaxies). 
Based on the distribution of galaxies with different masses (circles 
of different sizes), it seems that there is no clear mass dependence 
for the quenching time-scales and time since quiescence. 

The present-day massive quiescent galaxies in TNG50 have 
become quiescent since z � 1 3 (with time since quiescence of 
� 9 Gyr). Also, TNG50 quiescent galaxies show a wide range of 
quenching time-scales between 0 and 4 Gyr. The black solid line 
shows the median quenching time-scales at each epoch, and the 
lower/upper dashed line indicates 16th/84th percentiles. There seems 
to be a mild trend of increasing quenching time-scale with decreasing 
redshifts; in other words, quiescent galaxies at higher redshifts (e.g. 
z > 0.7) are quenched rapidly (e.g. < 1 Gyr), whereas, there are 
both rapidly and slowly quenched galaxies at lower redshifts. This 
redshift-dependent trend of quenching time-scale agrees with the 
results found in other studies based on the change in number density 
of transition populations (e.g. Pandya et al. 2017 ). 

The upper panel shows the distribution of time since quiescence for 
disc (blue solid histogram) and elliptical (orange hatched histogram) 
galaxies divided based on D / T at z = 0. While quiescent disc galaxies 
are recently quenched (mostly within the last 2 Gyr), quiescent 
elliptical galaxies at z = 0 have a much wider range of time since 
quiescence; galaxies that have been quiescent for a long time (e.g. 
time since quiescence > 6 Gyr since z = 0.7) are all ellipticals at 
z = 0. This morphological dependence on time since quiescence 
is consistent with the results found in Correa, Schaye & Trayford 
( 2019 ), in which they measured when disc and elliptical galaxies 

3 Note that we track the star formation history of quiescent galaxies with 
stellar mass of log ( M stellar /M �) ∼ 10.5 − 11.5 at z = 0.0. Therefore, we did 
not consider the quiescent galaxies that emerged before z ∼ 1 but evolved to 
become more massive than log ( M stellar /M �) > 11.5) by z = 0. 

Figure 2. The quenching time-scale and time since quiescence for quiescent 
TNG50 galaxies selected at z = 0. Each galaxy is colour coded by D / T at z = 

0, and the size of the circles indicates the stellar mass of the galaxies (larger 
circles for more massive galaxies). The black solid line shows the median 
quenching time-scale at each epoch and the lower/upper dashed line indicates 
16th/84th percentiles, which suggests a mild trend of increasing quenching 
time-scale with decreasing redshift. The grey shade on the upper right corner 
of the main panel indicates the region where the time spent since the onset 
of quenching (i.e. sum of quenching time-scales and time since quiescence) 
is greater than the age of the Universe. The upper/right panel shows the 
distributions of quenching time-scales/time since quiescence for quiescent 
disc (blue solid histogram) and elliptical (orange hatched) galaxies classified 
based on D / T = 0.5. We find that quiescent disc and elliptical galaxies show 

different distributions in quenching time-scales and time since quiescence; 
quiescent discs are mostly recently and slowly quenched. On the other hand, 
quiescent ellipticals are mostly quenched more rapidly and they have a wide 
range of time since quiescence (both recently quenched and quenched long 
ago). 

in the EAGLE simulation joined the red sequence based on colour 
evolution. 

Also, disc and elliptical galaxies at z = 0 show different distri- 
butions of quenching time-scales, as shown in the right-hand panel. 
While most of the elliptical galaxies are quenched quite rapidly 
(57 per cent of them have quenching time-scales shorter than 1 Gyr 
and 32 per cent of them have time-scales even shorter than 0 . 5 Gyr.), 
disc galaxies seem to be quenched more slo wly. Se veral studies have 
also shown a similar trend that elliptical galaxies are quenched on 
short time-scales while disc galaxies tend to be quenched slowly (e.g. 
Schawinski et al. 2014 ; Smethurst et al. 2018 ). 

Nelson et al. ( 2018 ) modelled optical colours of galaxies in 
TNG100 and TNG300, taking into account attenuation from in- 
terstellar dust, and measured the transition time-scale ( � t green ) 
from blue to red sequence, which is a similar quantity as the 
quenching time-scales in this work. The median transition time- 
scale of quiescent galaxies at z = 0 is �t green ∼ 1 . 6 Gyr, which is 
slightly longer than the median quenching time-scale of our sample 
( ∼ 0 . 95 Gyr). Interestingly, while we show that disc and elliptical 
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galaxies have different distribution of quenching time-scales, they 
found no correlation between the final morphology and � t green . On 
the other hand, they found that there is a decreasing trend of � t green 

with the stellar mass at the arri v al into the red sequence, while we 
do not see a clear trend with stellar mass, as indicated by the size of 
markers in Fig. 2 . This may be due to the fact that the mass range of 
our samples is much narrower than that of their samples in Nelson 
et al. ( 2018 ), and the difference in the selection of quiescent/red 
galaxies, e ven with dif ferent central/satellite ratios depending on the 
simulated volume. It could also be due to the fact that sSFR is not 
necessarily linear with colours, as colours are more sensitive to the 
presence of hot/massive stars. 

3.2 What affects the quenching time-scales? 

As described in the introduction, various quenching mechanisms are 
acting on galaxies on different time-scales. In this section, we inves- 
tigate the internal properties of galaxies at the onset of quenching to 
see what affects the quenching time-scales of galaxies. To provide a 
fair comparison of the link between the internal properties and the 
quenching time-scales, we identify two external effects that could 
affect the quenching time-scales. One is an environmental effect, such 
as harassment or ram-pressure stripping (e.g. Gunn & Gott 1972 ), 
which may play a role in ef fecti v ely remo ving gas from satellite 
galaxies in large clusters (e.g. Jung et al. 2018 ; Yun et al. 2019 ). 
Indeed, many studies have reported that satellite galaxies show higher 
quenched fractions than centrals (e.g. Bluck et al. 2014 ), implying 
that they have experienced additional external quenching processes 
(see the re vie w of Cortese, Catinella & Smith 2021 ). Therefore, in 
Fig. 3 , they are denoted by crosses (‘ ×’) and separated from those 
that are quenched as centrals (filled circles). 

Another external mechanism that could affect the quenching time- 
scales is additional external cold gas accretion during the quenching 
process, which can feed star formation (e.g. Kere ̌s et al. 2005 ; Dekel 
et al. 2009a ), allowing galaxies to have extended quenching time- 
scales. Therefore, we identify these galaxies with longer quenching 
time-scales due to the non-vanishing presence of star-forming in- 
terstellar medium (ISM) gas, as follows. We first measure the time 
duration (within the quenching duration) when the sSFR increases 
or remains the same, and if this period lasts for at least 0 . 5 Gyr, 
we identify these galaxies as ‘weakly rejuvenated’ galaxies during 
quenching. Note that the term ‘weak rejuvenation’ used in this study 
might differ from that used in the literature, as an increase in sSFR 

during quenching cannot be directly observed. 
There are in total seven weakly rejuvenated galaxies among 

the 39 quiescent discs, and 12 out of 63 quiescent ellipticals are 
identified as weakly rejuvenated. Ho we ver, only two galaxies in 
our sample (both are elliptical at z = 0) are rejuvenated strongly 
enough to be reclassified as star-forming galaxies and then quenched 
again to become quiescent. In this sense, galaxies that have been 
strongly rejuvenated are quite rare in our quiescent galaxy sample. 
In Fig. 3 , we mark the ‘weakly rejuvenated’ galaxies as diamonds 
(centrals) and stars (satellites) and exclude them from analysing the 
o v erall trend. Note that there are not many satellite galaxies that 
are rejuvenated during quenching (marked as stars). The key for the 
classification is given at the top of Fig. 3 . 

3.2.1 Central versus satellites 

Fig. 3 (a) shows the virial mass of the groups (host halo mass, M 200 c ) 
to which galaxies belong when they begin to be quenched (i.e. at the 

onset of quenching, denoted by t onset ) as a function of the quenching 
time-scale. Galaxies quenched as satellites inside large groups with 
a virial mass of log ( M 200 c / M �) ∼ 13 − 14 (denoted as ‘ ×’), mostly 
have short quenching time-scales probably because of environmental 
effects that could remo v e the gas. The short quenching time-scales 
for satellite galaxies in TNG50 (e.g. Joshi et al. 2020 ) ( < 1 Gyr) 
agree with the quenching time-scales inferred from observational 
data sets and models (e.g. Wetzel et al. 2013 ; Rhee et al. 2020 ). 

Central and non-rejuvenated galaxies are marked as filled circles 
colour coded by the stellar mass at z = 0. Their quenching time- 
scales do not seem to have a clear dependence on stellar mass, but 
they start to be quenched when their host halo mass is around M 200 c ∼
10 12 M �, which corresponds to the halo mass where efficient SMBH 

feedback in the TNG model begins to quench the galaxy population 
(Nelson et al. 2018 ; Weinberger et al. 2018 ). 

3.2.2 Star-forming gas fractions 

The cold and dense molecular gas is a major ingredient for star 
formation, thus, quenching has been conventionally associated with 
the lack of this fuel. Ho we ver, recent observ ational studies have 
reported that some of the post-starburst or quiescent galaxies have 
large molecular gas reservoirs (e.g. French et al. 2015 ; Suess et al. 
2017 ; Hunt et al. 2018 ), suggesting that galaxies could be quenched 
when the cold molecular gas in the galaxies is inefficient at forming 
stars. Several mechanisms seem to be responsible for the low star 
formation efficiency, including the presence of bulges, the so-called 
morphological quenching (e.g. Martig et al. 2009 ), or bars (e.g. 
Khoperskov et al. 2018 ). 

In the TNG simulations, molecular gas is not self-consistently 
modelled, thus, we instead measure the mass of the gas in the cells 
where the star formation is occurring to investigate the relationship 
between the amount of star-forming gas and the quenching time- 
scales. The star-forming gas mass is also measured within the same 
aperture, R full , as are the SFR and M stellar . In Fig. 3 (b), we measure 
the fraction of star-forming gas in the galaxies ( = M SF gas / M stellar ) at 
the onset of quenching. Also, galaxies are colour coded by the ratio 
between the ef fecti ve radius of the star-forming gas and that of the 
stellar component to see how the distribution of the star-forming gas 
with respect to the stellar distribution affects the quenching time- 
scale. The ef fecti ve radius of each component is measured as the 
radius within which it contains half of the total mass defined as the 
mass within R full . 

We find that galaxies having a higher fraction of star-forming 
gas when they start to be quenched have longer quenching time- 
scales. The magenta dashed line shows a linear fit to the central, 
non-rejuvenated galaxies (filled circles), and the resulting correlation 
coefficient of the fit is ∼0.69. This is consistent with the observational 
results of Michałowski et al. ( 2019 ). Also, galaxies with higher 
star-forming gas fractions tend to have more extended distributions 
of star-forming gas compared to their stellar distributions (redder 
colours). The high ratios between the ef fecti ve radii can be mainly 
explained by two cases; (i) many of the galaxies having higher ratios 
are accreting gas from the outskirts after mergers, (ii) while star- 
forming gas is mostly distributed in the disc regions, the stellar 
component is very compact. On the other hand, most galaxies with 
short quenching time-scales, shorter than 1 Gyr, have low star- 
forming gas fractions when the quenching begins and, in those 
galaxies, the star-forming gas is more concentrated in the central 
regions (lower R eff ratios between the star-forming gas and the stellar 
components). 
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Figure 3. The properties at the onset of quenching as a function of quenching time-scales for quiescent TNG50 galaxies selected at z = 0: (a) the host 
halo (group) virial mass ( M 200 c ), (b) star-forming gas fraction, (c) AGN feedback energy in the kinetic mode, (d) AGN feedback energy in the kinetic mode 
normalized by M 

5 / 3 
halo (where M halo is the individual subhalo mass) as a proxy for the gravitational binding energy of each galaxy. Galaxies are classified 

depending on whether they are centrals or satellites when the quenching begins and whether they are rejuvenated or not (see the text for the definition). Only the 
non-rejuvenated central galaxies (filled circles) are used to find the trends between the properties at the onset of quenching and the quenching time-scales, which 
are shown as magenta lines and the corresponding correlation coefficient in the lower right corners. The colour code indicates: (a) the stellar mass of galaxies at 
z = 0, (b) the ratio of the ef fecti ve radii between the star-forming gas and the stellar components at the onset of quenching, and the SMBH mass at the onset of 
quenching for both panels (c) and (d). We find that galaxies tend to be quenched more rapidly (shorter quenching time-scales) if they are satellites in a massive 
halo, have lower star-forming gas fractions, and/or release a higher AGN feedback energy at the onset of quenching. 

3.2.3 Kinetic AGN feedback 

AGN feedback has been proposed as a mechanism that could quench 
massive galaxies and form massive quiescent elliptical galaxies (e.g. 
Di Matteo, Springel & Hernquist 2005 ; Springel et al. 2005 ; Croton 
et al. 2006 ; Dubois et al. 2016 ). It is often described as acting in 
two distinct manners; active SMBHs are believed to inject thermal 
energy into the surrounding medium and prevent gas from forming 
stars. Also, they could blow away the gas in the form of outflows, such 
that galaxies cannot form any more stars as there is no available gas 
for star formation. Moti v ated by this, the AGN feedback prescription 
in TNG is modelled in two modes, the kinetic (wind-like) and the 

thermal (quasar) modes, depending on the ratio of the accretion rate 
to the Eddington rate (see Section 2.1 and Weinberger et al. 2017 
for more details). Weinberger et al. ( 2018 ) showed that quenching of 
the massive (central) TNG galaxies is driven primarily by the kinetic 
(wind-like mode) AGN feedback, whereas the energy injected via 
thermal AGN mode is mostly radiated away, at least partially as 
a consequence of limited numerical resolution, thus, inefficient at 
quenching galaxies. 

Here, we measure how much energy is released in the kinetic 
AGN feedback mode when the quenching begins (averaged over 
t onset ± 100 Myr) and explore how it affects the quenching time- 
scales. In Fig. 3 (c), the kinetic AGN feedback energy released at the 
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Figure 4. The change in D / T of TNG50 galaxies during quenching (left) and during the time since quiescence (right). Galaxies are colour coded by the D / T at 
the onset of quenching (left) and at the time when the quenching is completed (right). Central and satellite galaxies at z = 0 are shown as circles and stars. The 
grey histogram right next to each panel shows the � [ D / T ] distribution normalized by the number of quiescent galaxies, and the red hatched histogram shows 
only the � [ D / T ] of the galaxies with time since quiescence longer than 4 Gyr. We find that galaxies do not seem to change their D / T during quenching, and 
only the galaxies that spent a long time being quiescent (e.g. > 4 Gyr) transformed their morphology from discy to elliptical. Also, many of these galaxies that 
changed their morphology are satellites at z = 0. 

onset of quenching is plotted as a function of the quenching time- 
scales, and in panel (d), the AGN feedback energy is normalized by 
the subhalo mass of each galaxy, M 

5 / 3 
halo , as a proxy of the gravitational 

binding energy. The colour codes in both panels (c) and (d) indicate 
the SMBH mass of the galaxies at the onset of quenching. 

Galaxies in which higher AGN feedback energy is released at the 
onset of quenching ( ±100 Myr) seem to be quenched more rapidly; 
both injected energy in kinetic-mode (in panel c) and the injected 
energy normalized by M 

5 / 3 
halo (in panel d) have a mild decreasing trend 

with quenching time-scales with correlation coefficients of ∼−0.5. 
Also, the SMBH mass (indicated as colour code) does not seem to be 
very tightly correlated with the quenching time-scales or the amount 
of injected feedback energy, as long as the SMBHs are massive 
enough, e.g. abo v e a few times of 10 8 M �. Several studies have 
also shown that in the TNG model, quenching is most efficient in 
galaxies with SMBHs of masses greater than a few times of 10 8 M �
(e.g. Weinberger et al. 2018 ; Terrazas et al. 2020 ; Quai et al. 2021 ), 
and indeed, many of our galaxies have SMBHs with masses above 
this mass when quenching begins. 

3.3 Mor phological ev olution in the process of quenching 

In the previous section, we investigated the dependence of the 
quenching time-scale on different internal properties, such as star- 
forming gas fractions and AGN activity. We additionally considered 
whether external effects such as if galaxies are centrals or satellites 
and if galaxies are rejuvenated, could affect the quenching time- 
scales. Ho we ver, it still remains unclear when and how the morphol- 
ogy of galaxies evolves during quenching and how quiescent galaxies 
end up having a variety of morphologies. In this section, we track the 
evolution of D / T to determine when morphological transformation 
occurs: before, during, or after quenching. 

3.3.1 The change in D / T during the quenching and quiescent 
periods 

Fig. 4 shows the change in D / T for all the present-day quiescent 
galaxies during their quenching period (between t onset , at the onset of 

quenching, and t end , when quenching ends) and during the quiescent 
period between t end and t z = 0 . Each galaxy is colour coded by the 
D / T from which the change in D / T is measured: D / T at the onset 
of quenching ([ D / T ] onset , left-hand panel) and at the time when 
quenching is completed ([ D / T ] end , right-hand panel). Positive � [ D / T ] 
means that D / T has increased (galaxies becoming more discy) from 

the D / T indicated by the colour, while ne gativ e � [ D / T ] means 
that galaxies become more spheroidal during the period. The circle 
indicates galaxies that are centrals at z = 0, while satellites are shown 
as stars. 

We find that galaxies do not seem to change their D / T much during 
quenching, even for galaxies that have long quenching time-scales. 
The grey histogram on the right in the left-hand panel shows the 
distribution of � [ D / T ] during quenching normalized by the total 
number of quiescent galaxies at z = 0, and most galaxies are 
distributed around � [ D / T ] ∼ 0. The little morphological change 
during quenching is consistent with the results of Cortese et al. 
( 2019 ), where they showed using both observed SAMI galaxies and 
simulated EAGLE galaxies that cluster satellite galaxies undergo 
little structural ( V / σ ) change during quenching. Ho we ver, the right- 
hand panel shows that galaxies that spent a long time being quiescent 
change their D / T significantly; the hatched red histogram on the 
right shows the � [ D / T ] for galaxies with time since quiescence 
greater than 4 Gyr, and they have a wide distribution of � [ D / T ] 
centred around −0.1. Also, many of the galaxies that change their 
morphology dramatically are satellite galaxies marked as stars, 
possibly because quenched satellite galaxies are more susceptible 
to gravitational perturbations that could drive the morphological 
transformation. In conclusion, in contrast to the standard picture, 
we find that TNG50 galaxies do not change their morphologies 
significantly during quenching. 

3.3.2 Morphological evolutionary path towards quiescent disc and 
elliptical galaxies 

As the colour of the galaxies in Fig. 4 shows, many of the galaxies 
started to be quenched with discy morphology (bluer colours) and 
those disc galaxies that spent a long time being quiescent (e.g. > 

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/515/1/213/6619062 by Sistem
a Bibliotecario d'Ateneo-U

niversità di Bologna user on 11 M
arch 2023

art/stac1773_f4.eps


Quiescent galaxies with diverse morphologies 221 

MNRAS 515, 213–228 (2022) 

Figure 5. The morphological evolutionary pathways of TNG50 galaxies to quiescent disc and elliptical galaxies at z = 0. (a) The morphology of galaxies at 
the onset of quenching ([ D / T ] onset ) is plotted at the epoch of the onset of quenching ( t onset ) in the time axis (time since big bang in Gyr). Quiescent galaxies are 
divided into three groups depending on their morphology at z = 0 and at the onset of quenching: quiescent disc galaxies are shown as blue edges, quiescent 
elliptical galaxies that started to be quenched with discy morphology are plotted as orange edges, and quiescent ellipticals that were already elliptical at the 
onset of quenching are shown by dark red edges. Each coloured arrow shows the average trajectory in the plane of morphology and time for each group of 
galaxies during quenching (hatched arrows) and during the quiescent (solid arrows) period. The colour inside the markers indicates the quenching time-scales 
of individual galaxies. Galaxies that are centrals/satellites at the onset of quenching are plotted as circles/stars. The properties of the galaxies in the three groups 
are shown as histograms in different colours according to the same colour code used in tracks in the left-hand panel: (b) stellar mass at z = 0, (c) D / T at z = 0, 
(d) quenching time-scales, and (e) time since quiescence. 

4 Gyr) change their morphology to become more spheroidal (having 
lower D / T ). However, galaxies that were already elliptical before 
quenching (redder colours in Fig. 4 ) tend to retain their morphology 
until z = 0 (only a very few of them become slightly more discy at 
z = 0). In this section, we investigate the morphologies of galaxies 
at the onset of quenching in more detail; how it depends on redshift 
or how many galaxies started to be quenched with discy/elliptical 
morphologies, and what determines the morphology at the onset of 
quenching. Thus, eventually, we aim to identify different formation 
pathw ays tow ards the quiescent disc and elliptical galaxies at z = 0. 

Fig. 5 (a) shows the morphology of galaxies at the onset of 
quenching ([ D / T ] onset ) versus the time at the onset of quenching 
( t onset ). Galaxies that are centrals at the onset of quenching are 
plotted as circles, while the stars show satellites at the onset of 
quenching. At higher redshifts ( z > 0.7), most galaxies that begin 
to be quenched are disc galaxies ([ D / T ] onset > 0.5). This is probably 
because most of non-disc (spheroidal or irregular having low D / T ) 
galaxies at these redshifts are formed as a result of frequent gas-rich 
mergers. Since they would be still star-forming, there would not be 
many spheroidal or irregular galaxies about to be quenched. At lower 
redshifts, on the other hand, galaxies have diverse morphologies at 
the onset of quenching; the majority remain discy but there is a 
distinct minority with elliptical morphologies. What determines the 
morphology at the onset of quenching will be discussed in later 
paragraphs. 

We divide quiescent galaxies at z = 0 into three groups depending 
on their present-day morphology and their morphology at the onset 
of quenching and colour the edges of the markers differently: 
quiescent disc galaxies in blue, quiescent elliptical galaxies with 

discy morphology at the onset of quenching in orange ([ D / T ] z = 0 

< 0.5 and [ D / T ] onset > 0.5), and quiescent elliptical galaxies with 
elliptical morphology when they start to be quenched in dark red 
([ D / T ] z = 0 < 0.5 and [ D / T ] onset < 0.5). The colours inside the 
markers indicate the quenching time-scales of the galaxies. The 
arro ws sho w the average morphological e volutionary trajectory of 
the galaxies in the three groups during quenching (hatched arrows) 
and quiescent periods (solid arrows). Also, the panels on the right 
show the histograms of the properties of galaxies in the three groups 
(in blue solid histogram and orange and dark red hatched histograms): 
(b) present stellar mass, (c) present D / T , (d) quenching time-scales, 
and (e) time since quiescence. 

For quiescent discs, all of them were discs when they started to be 
quenched, implying that the rejuvenated scenario for the formation 
of quiescent discs where elliptical galaxies accrete gas after mergers 
and form the disc structures (e.g. Diaz et al. 2018 ; Hao et al. 2019 ) 
is extremely rare in the TNG50 simulation. 

The colours inside the markers show that the quiescent disc 
galaxies have different quenching time-scales depending on when 
they started to be quenched; galaxies that started to be quenched 
recently tend to have shorter quenching time-scales (otherwise, they 
would not have been selected as quiescent galaxies at z = 0, but 
rather, they would be transition galaxies at z = 0) and those that 
started to be quenched at higher redshifts tend to have slightly longer 
time-scales. Thus, the o v erall time since quiescence (the time that 
galaxies spent being quiescent until z = 0) are skewed to shorter 
time-scales, meaning they are mostly quenched recently (panel e). 
Also, the majority of quiescent disc galaxies are centrals at the onset 
of quenching, as plotted as circles in the left-hand panel. Ho we ver, 
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they tend to be less massive galaxies compared to elliptical galaxies 
(panel b). 

For quiescent elliptical galaxies at z = 0, approximately half of 
them (31/63) have discy morphologies at the onset of quenching 
and transform their morphology after quenching (plotted as orange). 
They started to be quenched at higher redshifts, and most of them are 
quenched rapidly ( < 1 Gyr, panel b). Thus, they spend a long time 
until z = 0 being quiescent (longer time since quiescence as shown 
in panel e) and transform their morphology from discs to ellipticals 
(ending up having lower D / T at z = 0). Many of them are satellite 
galaxies at the onset of quenching, as marked as stars in the left-hand 
panel, and at z = 0, 21 of 31 galaxies are identified as satellites. They 
are less massive than the elliptical galaxies starting to be quenched 
with elliptical morphology (dark red). 

The other half (32/63) of the present-day quiescent elliptical 
galaxies (shown as dark red) already have elliptical morphologies 
at the onset of quenching and they retain their elliptical morphology 
until z = 0 (dark red). They mostly started to be quenched at 
intermediate/lower redshifts and some of them have notably longer 
quenching time-scales (darker green colours inside markers). Thus, 
they tend to be the elliptical galaxies recently quenched (shorter time 
since quiescence in panel d), i.e. younger elliptical populations at 
z = 0. Interestingly, they are overall slightly more massive than the 
elliptical galaxies that transformed their morphology from discs to 
elliptical while being quiescent (panel b). This suggests that their 
elliptical morphology at the onset of quenching might be related to 
the mechanism related to their stellar mass growth. We will explore 
in more detail what determines the morphology of galaxies when 
the y be gin to be quenched. 

3.3.3 What determines the morphology of galaxies at the onset of 
quenching? 

In Fig. 5 , we have seen that almost half of the quiescent elliptical 
galaxies (32 galaxies out of 63) started to be quenched with elliptical 
morphology. Furthermore, we confirm that only 3 of these 32 galaxies 
have al w ays been elliptical throughout their history, at least since z 
∼ 2. The majority of the galaxies that started to be quenched with 
elliptical morphology were discy galaxies at earlier times, meaning 
that they changed their morphology from discs to ellipticals before 
quenching. 

To see what affects the morphology of galaxies at the onset of 
quenching, Fig. 6 shows the D / T at the onset of quenching for each 
galaxy as a function of the fraction of stellar particles formed ex situ 
( f ex situ ) at the same epoch (when the quenching begins) as a proxy of 
the significance of mergers that galaxies had experienced until then. 
The f ex situ was measured using all the stellar particles in each galaxy 
following Rodriguez-Gomez et al. ( 2016 ). The colour code indicates 
the stellar mass of the galaxies at z = 0. 

Broadly, galaxies starting to be quenched with elliptical morphol- 
ogy (with low [ D / T ] onset ) have higher fractions of stellar particles 
formed ex situ , meaning that mergers may have turned their morphol- 
ogy to elliptical before quenching begins. As the colour indicates, 
these galaxies tend to be massive galaxies that are formed as a result 
of frequent/significant mergers. 

Ho we ver, the mergers that contributed to the elliptical morphology 
do not seem to trigger the quenching for these galaxies immediately. 
We identify the galaxies that have significant mergers ( > 10 per cent 
of the stellar mass of the galaxy in question) o v er the last 2 Gyr 
before the quenching begins; i.e. the increase in the ex situ mass for 
the last 2 Gyr divided by galaxy stellar mass 2 Gyr ago is greater 

Figure 6. The D / T at the onset of quenching for each TNG50 galaxy as a 
function of the fractions of stellar particles formed ex situ ( f ex situ ) measured 
at the onset of quenching. Galaxies are colour coded by final stellar mass at 
z = 0. Galaxies in magenta diamonds are the galaxies that had significant 
mergers ( > 10 per cent of the stellar mass of the galaxy in question) o v er 
the last 2 Gyr before the quenching begins. We find that mergers affect the 
morphology of galaxies at the onset of quenching, but in most cases, they do 
not seem to immediately shut down the star formation in the galaxies. 

than 0.1 ( �M ex s i tu /M stellar, 2 Gyr ago > 0 . 1). We mark these galaxies 
with magenta diamonds, and there are only a few galaxies where 
the merger epochs are correlated with the onset of quenching. 4 

This means that mergers seem to be the mechanism transforming 
the morphology of galaxies from discy to elliptical but they are 
not directly responsible for shutting down the star formation in 
these galaxies. Indeed, some studies using simulations directly 
measured the epoch of (last major) mergers and the epoch when 
the quenching begins and found that the two epochs are not tightly 
correlated (e.g. Rodr ́ıguez Montero et al. 2019 ; Pathak, Belli & 

Weinberger 2021 ; Quai et al. 2021 ). Weinberger et al. ( 2018 ) 
also showed using the TNG simulation that a large population 
( > 60 per cent) of galaxies are quenched unrelated to a major merger 
event. 

Interestingly, there are some low-mass galaxies (bluer circles/stars 
in the lower left corner) that have also transformed their morphologies 
to elliptical before quenching ([ D / T ] onset < 0.5) without experiencing 
significant mergers (having low f ex situ at the onset of quenching). 
We visually checked the evolution of these galaxies and found 
that they change their morphology from discs to ellipticals after 
having misaligned gas accretion or very gas-rich minor mergers (e.g. 
Khim et al. 2021 ), as the y hav e low contrib ution in e x situ mass. 
Indeed, several studies have shown that counterrotating streams 
can lower the angular momentum of gas disc and lead gas to the 
central regions, building bulges, while galaxies are still on the main 
sequence (e.g. Sales et al. 2012 ; Tacchella et al. 2016b , a ; Park 
et al. 2019 ; Dekel et al. 2020 ). These galaxies would be quenched 
later, which can explain how some low-mass galaxies have rather 
elliptical morphology when they start quenching without significant 
mergers. 

4 If mergers induce starbursts (forming many stars in situ ), f ex situ might 
have not increased so much. Thus, instead of �f ex situ , we used 
�M ex s i tu /M stellar, 2 Gyr ago > 0 . 1 to identify the galaxies where quenching 
seems to be related to mergers. 
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Figure 7. The evolution of one example quiescent disc galaxy at z = 0. The leftmost panel shows the evolution of the sSFR (top) and D / T (black solid line), 
and f ex situ (brown dashed line). The blue, green, and red regions indicate the star-forming phase, transition phase (thus, quenching time-scale), and quiescent 
phase (time since quiescence) based on the definition using the sSFR criterion (see Section 2 ). The right-hand panels show the edge-on images of the galaxy in 
stellar mass density (top), line-of-sight velocity (middle), and SFR (bottom) from z = 2.0 to z = 0.0. The magenta circles in the stellar density maps indicate 
the half-mass radii. We find that massive quiescent TNG50 discs are recently quenched disc galaxies, the quenching proceeds slowly in an inside-out manner. 
Without significant mergers, they can retain their disc structures and are identified as quiescent disc galaxies at z = 0. 

4  DISCUSSION  

4.1 The formation of massi v e quiescent TGN50 galaxies with 

di v erse mor phologies 

As described in the introduction, several possible quenching mech- 
anisms including both internal and external processes have been 
suggested and explored for a long time. While the importance of each 
mechanism seems to depend on galaxy stellar mass, environment, 
and model, it appears that AGN feedback is the key driver of the 
quenching of massive central galaxies in the TNG model in the 
mass re gime abo v e log ( M stellar /M �) ∼ 10.5 (e.g. Nelson et al. 2018 ; 
Weinberger et al. 2018 ). For satellites, while we do see some hints 
of the environmental effects on quenching satellite galaxies in the 
massive groups and clusters on short time-scales, the majority of the 
massive quiescent TNG50 galaxies are central galaxies. Moreo v er, 
Donnari et al. ( 2021a ) have shown with TNG100, where the volume 
includes diverse environments, that massive galaxies (above a few 

times 10 10 M �) are more likely to be quenched by AGN feedback 
regardless of the environment; i.e. regardless of whether they are 
centrals or satellites. 

With seemingly the same dominant quenching mechanism –
AGN feedback – ho we ver, galaxies end up having a variety of 
morphologies depending on the degree of AGN feedback and the 
stochastic merger history. As we showed in Fig. 2 , quiescent disc 
galaxies are mostly recently quenched and they are quenched more 
slowly. As Figs 3 (c) and (d) indicate, longer quenching time-scales 
seem to be associated with lower (but still strong enough to quench) 
AGN feedback energy. Many observational studies (e.g. Tacchella 
et al. 2015 , 2018 ; Nelson et al. 2016 ; Ellison et al. 2018 ; Morselli 
et al. 2019 ) have suggested that quenching proceeds in an inside- 
out fashion; central regions are quenched first while disc regions in 
the outskirt continue to form new stars and later quenched as well. 
Recently, Nelson et al. ( 2021 ) have studied the evolution of spatially 
resolved star formation using the TNG50 galaxies and showed that 
TNG50 galaxies are also quenched inside-out. 

Fig. 7 shows the evolution of one example quiescent disc galaxy 
at z = 0. The leftmost top panel shows the evolution of sSFR and 
the bottom panel shows the evolution of D / T (black solid line) and 
f ex situ (brown dashed line, on the right y -axis). The blue, green, 
and red regions are the star-forming, transition, and quiescent phase, 

as defined using the sSFR (see Section 2 ); thus, the duration of 
the green and red regions correspond to the quenching time-scale 
and time since quiescence. The right-hand panels show the edge- 
on images of the galaxy in stellar mass density (top), line-of-sight 
velocity (middle), and SFR (bottom) from z = 2.0 to z = 0.0. As the 
bottom panel shows the SFR of this galaxy is, indeed, quenched first 
in the central regions, while there is still residual star formation in 
the outskirts (disc regions). 

Therefore, the massive quiescent discs in TNG50 are recently 
quenched disc galaxies with mild AGN feedback. While disc galaxies 
are quenched rather slowly and in an inside-out manner, and without 
significant mergers, they can retain their disc structures and are 
identified as quiescent disc galaxies at z = 0. 

Disc galaxies that are quenched very rapidly at higher redshifts 
with strong AGN feedback could form quiescent ellipticals at z = 

0 (see the orange track in Fig. 5 ). In this case, the morphological 
transformation occurs on a long time-scale after quenching. Among 
those 31 galaxies that were discs at the onset of quenching and 
decrease their D / T while spending a long time being quiescent, only 
3 of them experience significant mergers after quenching (the change 
in ex situ mass fraction is �f ex situ > 0 . 1 during quiescence). The 
majority, remaining galaxies gradually decrease their D / T until z = 

0, possibly by disc heating. Here, by disc heating, we broadly refer 
to the change in the orbital properties of stellar particles, which 
can be driven by both internal secular processes like bar heating 
(e.g. Grand et al. 2016 ) and external perturbations such as minor 
mergers, fly-bys or tidal shock heating at pericentre in the case of 
cluster satellites (see Joshi et al. 2020 ) or disturbance from DM 

substructures (e.g. Kazantzidis et al. 2009 ). At z = 0, they end up 
being dominated by stellar particles with random motions (thus, D / T 

< 0.5). Although they are classified as ellipticals based on their 
kinematics, most retain some degree of rotation, with D / T ∼ 0.3–0.5 
(orange hatched histogram in Fig. 5 c). 

Fig. 8 (a) shows the evolution of one quiescent elliptical galaxy at 
z = 0 that is thought to be formed by disc heating. This galaxy is very 
rapidly quenched at z ∼ 0.8. Quiescent since then, its disc is gradually 
heated without significant/major mergers (low f ex situ throughout the 
time, as shown as the brown dashed line in the leftmost bottom panel). 
Eventually, this galaxy becomes thicker/spheroidal (kinematically 
dominated by random motions, lower D / T ) to be identified as a 
quiescent elliptical at z = 0. 
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Figure 8. Same format as Fig. 7 for quiescent elliptical galaxies at z = 0. (a) Quiescent ellipticals (that were discs at the onset of quenching), possibly formed by 
disc heating (following the orange track in Fig. 5 ). (b) Quiescent ellipticals that trasformed their morphology to elliptical before quenching by mergers (brown 
track) and by (c) misaligned gas accretion (or very gas-rich minor mergers). 

Quiescent ellipticals with the most random motion-dominated 
kinematics (the brown track in Fig. 5 ) are formed by disc galaxies 
at higher redshifts building up large spheroidal components by 
significant mergers before the onset of quenching. These signifi- 
cant mergers transform the bulk kinematics of galaxies from disc- 
dominated to random-motion-dominated (with D / T ∼ 0.3, as shown 
as brown hatched histogram in Fig. 5 c) and also increase the 
stellar mass of galaxies; they are overall more massive than the 
quiescent ellipticals quenched at higher redshifts (shown by the 
orange hatched histogram). This is consistent with the findings of Du 
et al. ( 2021 ): they studied the evolution of kinematically decomposed 
structures, e.g. discs, bulges, and haloes, and found that massive 
bulge-dominated galaxies develop compact massive bulges at high- 
z as a result of mergers, and in the later phase, these galaxies are 
quenched inside-out. 

Ho we ver, quenching in these galaxies does not occur immediately 
after the mergers (Fig. 6 ). This has been found in other previous 
studies using simulations (e.g. Rodr ́ıguez Montero et al. 2019 ; Pathak 
et al. 2021 ; Quai et al. 2021 ). Perhaps, it takes some time for the 
SMBHs to grow by mergers and release enough feedback energy 
to quench galaxies. Also, mergers are more likely to be gas-rich 
at higher redshifts, thus, the merger remnant would be actively 
forming stars immediately after merging and it may take some time 
until the galaxies consume all the gas and start to be quenched. 
This is consistent with the results of Zolotov et al. ( 2015 ) and 
Tacchella et al. ( 2016b ): merger-like events (including misaligned gas 
accretion) could induce ‘compaction’ and the formation of spheroidal 
components in star -forming galaxies, b ut quenching happens later 
and does not need to be directly associated with the events (see also 
Dek el & Burk ert 2014 ; Dek el, Lapiner & Dubois 2019 ). This may 
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Figure 9. The schematic diagram summarizing the evolutionary pathways towards quiescent disc and elliptical galaxies with stellar mass of 10.5 < 

log ( M stellar /M �) < 11.5 at z = 0. The colour of galaxies indicates the star-forming activities of galaxies: star-forming (blue) and quiescent (red). The 
green and orange arrows indicate the quenching and morphological transformation events. We find that massive quiescent TNG50 discs are recently and slowly 
quenched disc galaxies. For massive quiescent ellipticals in TNG50, half (31/63) of them are formed as a result of quiescent discs being heated for a long time by 
internal and external processes, as the example shown in Fig. 8 (a). The other half (32/63) transform their morphology before quenching primarily by mergers, as 
shown in Fig. 8 (b). However, the mergers that contributed to morphological transformation do not immediately quench galaxies in many cases. In some cases, 
galaxies become elliptical/spheroidal before quenching by misaligned gas accretion (without significant mergers), as shown in Fig. 8 (c). 

explain why there are not many galaxies that started to be quenched as 
ellipticals at higher redshifts (i.e. not many galaxies in the lower left 
corner in Fig. 5 a) and why these quenched ellipticals started to appear 
at later epochs. In other words, star-forming blue ellipticals/spheroids 
would be more frequently found at higher redshifts. 

Indeed, Fig. 8 (b) shows one example of a quiescent elliptical 
galaxy formed by mergers. This galaxy has a significant merger at 
t ∼ 7 Gyr (the f ex situ soars to ∼0.4); as a result, the morphology 
becomes highly disturbed with low D / T . Even after the morphology 
is transformed to elliptical/spheroidal, the galaxy is still star-forming, 
and it starts to be quenched ∼ 3 Gyr after the merger (at t ∼ 10 Gyr). 
Thus, this example clearly shows that the mergers that contributed to 
morphological transformation do not immediately quench galaxies. 

Also, some elliptical galaxies develop large spheroidal com- 
ponents before quenching by misaligned gas accretion (without 
significant mergers), one of which is shown in Fig. 8 (c). As stars 
are still formed from gas accreted in a misaligned direction with 
the net galactic rotation, the bulk kinematics of the galaxy remains 
random-motion-dominated (low D / T on the bottom left panel). The 
galaxy starts to be quenched at a much later epoch after it consumes 
all the gas. 

Fig. 9 is a schematic diagram summarizing the evolutionary path- 
w ays tow ards quiescent disc and elliptical galaxies. In conclusion, we 
find that massive quiescent TNG50 discs are recently quenched disc 
galaxies, and they could retain their disc structures as the quenching 
proceeds slowly by mild AGN feedback in an inside-out manner and 
there are no significant mergers that could disrupt their discs. On the 
other hand, half of the quiescent elliptical galaxies at z = 0 are formed 
mainly as a result of long-term heating of disc galaxies at higher 
redshifts that are rapidly quenched by strong AGN feedback. These 
quiescent ellipticals are slightly less massive and retain some degree 

of rotation at z = 0. The other half transform their morphology before 
quenching primarily by merger, or in some cases, by misaligned gas 
accretion (or very gas-rich minor mergers), both of which could 
induce strong AGN feedback responsible for rapid quenching. These 
quiescent ellipticals are more massive and have the most random- 
dominated kinematics. 

4.2 Caveats 

Here, we discuss some caveats of this study and sho w ho w our results 
might change both qualitatively and quantitatively if we try different 
criteria for some of our measurements. 

4.2.1 Numerical heating 

It is worth noting that simulated galaxies might suffer from numerical 
(artificial) heating caused by interactions between the stellar and DM 

particles. This could artificially heat the stellar discs of galaxies and 
make them look thicker and rounder, thus eventually altering galactic 
morphology. The effect of numerical heating has been explored in 
man y studies. F or e xample, recently, Ludlow et al. ( 2021 ) hav e run a 
suite of simulations of stellar discs embedded in a DM halo resolved 
with DM particles of different masses and concluded that the degree 
of numerical heating is determined by the DM particle mass. As 
the TNG50 simulation we used for this study has one of the highest 
DM particle resolutions among the cosmological volume simulations 
( m DM 

∼ 4 . 5 × 10 5 M �), we can argue that our simulated galaxies 
would be less affected by numerical heating. Moreo v er, Joshi et al. 
( 2020 ) have clearly shown that numerical heating is not an issue in 
the TNG50 galaxies in terms of making galaxies more spheroidal; 
the y hav e found that the majority of TNG50 disc galaxies that do 
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not undergo environmental effects (e.g. mergers, fly-bys, and tidal 
shocking at pericentric passages) do not become less discy with time. 

4.2.2 Aperture size 

In this study, we used R full , defined as the radius where the surface 
stellar mass density drops below � = 10 6 M � kpc −2 , as an aperture 
size within which the SFR, stellar mass, and the morphology indicator 
( D / T ) are measured. While this R full attempts to mimic the surface 
brightness cuts done for many local galaxies, co v ering most of the 
visual extent of galaxies, it might be difficult to perform on galaxies at 
higher redshifts. Typically, many of the properties for high- z galaxies 
are measured within a few times the effective radii, e.g. 1 –3 R eff , 
which sometimes co v ers only a fraction of the entire extent of the 
galaxies. So, to see how our results would change if we used different 
aperture sizes, we repeated our analysis again using 3 R eff as the 
aperture for measuring stellar mass, SFR, and D / T . On average, the 
aperture of 3 R eff is 3 times smaller than R full . 

For the most part, our results remain unchanged even if we use 
3 R eff instead of R full . The number of quiescent galaxies selected at 
z = 0 is slightly increased from 102 to 131, suggesting that there are 
some galaxies where the central regions are totally quenched (thus, 
classified as quiescent galaxies with 3 R eff ) while there is residual 
star formation in the outskirts/disc regions (thus, identified as non- 
quiescent with R full ). When using 3 R eff (which is ∼3 times smaller 
than R full ), one of the most noticeable changes is that the majority of 
quiescent galaxies (102 out of 131) are classified as ellipticals ( D / T 

< 0.5). This means that many of the quiescent discs we originally 
selected have highly concentrated mass in the centre of galaxies so 
that they are classified as ellipticals with smaller apertures, but in 
fact they do have (fainter) disc structures (rotating component) in the 
outskirts. 

The trends of quenching history for disc and elliptical galaxies 
measured with 3 R eff are roughly similar to our results as shown in 
Fig. 2 ; quiescent discs are mostly recently quenched and many of 
them are quenched slowly, whereas ellipticals are mostly quenched 
rapidly and have a wide range of time since quiescence. With reduced 
aperture, a higher fraction of elliptical galaxies are quenched on 
short time-scales; with R full , 32 per cent of ellipticals are quenched 
within < 0 . 5 Gyr, and this fraction is increased to 42 per cent with 
3 R eff . This suggests that central concentrated regions are quenched 
more rapidly than the outer regions, consistent with an inside-out 
quenching scenario. 

We also confirm that our qualitative conclusion on the formation 
of quiescent galaxies with a variety of morphologies discussed in 
the previous section remains still valid with different choices of 
aperture such as 3 R eff . Though, the fraction of elliptical galaxies 
that change their morphology after they are quenched (equi v alent 
to the orange track in Fig. 5 ) has become slightly increased from a 
half to ∼ 60 per cent when a smaller aperture is used; the remaining 
40 per cent of ellipticals changed their morphology prior to the onset 
of quenching by mergers. 

4.2.3 The choice of D / T cut 

The morphology of galaxies is quantified based on the mass fractions 
of the kinematically selected disc stars ( ε > 0.5). Also, we distinguish 
between disc and elliptical galaxies by the arbitrary cut of D / T = 

0.5. In Section 3.3.2 , we examined the a verage ev olutionary track 
to z = 0 quiescent disc as well as quiescent ellipticals (see Fig. 5 a) 
and found that approximately half of the quiescent ellipticals are the 

rapidly quenched disc galaxies at high redshifts that transformed their 
morphology from discy to elliptical, while the other half changed 
their morphology much earlier than the epoch when the quenching 
be gins. This quantitativ e result might depend on the choice of the cut. 
F or e xample, if we lower our D / T cut as D / T = 0.35, the majority of 
quiescent ellipticals transformed their morphology prior to the onset 
of quenching. 

Ho we ver, with the lowered (higher) D / T cut, there would be 
more quiescent discs (quiescent ellipticals) at z = 0 which does 
not agree with the observed morphological mix. Therefore, while 
we admit that our quantitative results depend on the choice of 
D / T cut, the choice of D / T = 0.5 is the most reasonable cut that 
reproduces the morphological mix in observ ations. Qualitati vely, the 
fact that quiescent disc galaxies are formed as recently quenched disc 
galaxies and that many of the quiescent ellipticals transformed their 
morphology by mergers prior to the quenching would not change. 

4.2.4 Cluster environments 

In TNG50, there are two Virgo-like clusters with virial masses 
of M 200 c ∼ 10 14 M �. Indeed, 30 of 102 quiescent galaxies in our 
sample are selected as cluster satellites with host halo masses 
of log ( M 200 c / M �) ∼ 13 . 5 − 14 . 3, and they are mostly rapidly 
quenched ( < 1 Gyr, in Fig. 3 a) possibly due to environmental 
effects. In this work, we have not studied in detail how galaxies 
are quenched and transform their morphology as they fall into 
clusters (see Joshi et al. 2020 , for more details). We also do not 
have satellites of massive clusters, as massive as Coma ( ∼ 10 15 M �), 
where environmental effects are believed to be more dramatic. In 
much denser environments, galaxies would experience mergers more 
often in their early formation histories (e.g. Muldrew, Hatch & Cooke 
2018 ), which would likely make them more spheroidal. As they 
would become more massive and host larger SMBHs, many of them 

would start to be quenched with their elliptical morphology just as 
the brown track shown in Fig. 5 . 

5  SUMMARY  A N D  C O N C L U S I O N  

In this study, we use massive quiescent TNG50 galaxies with stellar 
mass in a range of 10.5 < log ( M stellar /M �) < 11.5, including both 
centrals and satellites, to explore how quiescent galaxies end up 
having various morphologies. Specifically, we aim to answer these 
questions: (i) how does the quenching time-scale differ for galaxies 
with different morphologies? (ii) what affects the quenching time- 
scales?, and (iii) when does morphological transformation happens: 
before, during, or after quenching? 

We select quiescent galaxies at z = 0 as the galaxies with 
sSFR < 1 / [20 t H ( z)], and quantify the morphology of galaxies using 
the kinematic morphological indicator, D / T (the mass fraction of 
stellar particles rotating in near-circular orbits as disc stars). As a 
result, we have in total 102 quiescent galaxies z = 0 consisting of 39 
disc ( D / T > 0.5) and 63 elliptical ( D / T < 0.5) galaxies. We directly 
track the evolution in sSFR of individual galaxies and measure the 
quenching time-scale (i.e. how fast the sSFR drops) and the time 
since quiescence (i.e. how long galaxies have been quiescent). Here, 
we summarize our key findings. 

(i) We find that quiescent galaxies in the TNG50 simulation have 
a variety of quenching time-scales and time since quiescence, which 
varies depending on the morphology of galaxies; quiescent discs are 
mostly recently and slowly quenched, whereas quiescent ellipticals 
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have a wide range of time since quiescence, and most of them are 
rapidly quenched. 

(ii) We explored what affects the quenching time-scales and find 
that galaxies are quenched more rapidly if they: (i) are satellites in 
massive haloes, (ii) have lower star-forming gas fractions, or (iii) 
inject a larger amount of kinetic AGN feedback energy. Rejuvenated 
galaxies are not common in the TNG50 simulation and they tend to 
have longer quenching time-scales. 

(iii) Quiescent discs in the TNG50 result from recently quenched 
disc-like galaxies where quenching proceeds slowly (possibly by 
relatively milder AGN feedback) in an inside-out manner. Quiescent 
ellipticals are formed by two paths. (i) Less massive and kinemati- 
cally colder ellipticals are formed by disc galaxies that are quenched 
rapidly by strong AGN feedback at higher redshifts and transform 

their morphology to ellipticals while being quiescent for a long time. 
(ii) More massive and kinematically hotter ellipticals are formed 
by galaxies building up large spheroidal components as a result of 
mergers prior to quenching. Ho we ver, the mergers that contributed to 
the morphological transformation do not al w ays immediately quench 
galaxies in most cases. 

In conclusion, we find that quenching and the morphological 
transformation are decoupled ; half of the ellipticals gradually 
transformed their morphology after quenching, while the other half 
transformed before quenching by mergers. We conclude that AGN 

feedback and the stochastic merger history leads to a diversity of 
massive quiescent galaxies in the field environments in terms of both 
morphology and quenching time-scales. Future investigations can 
further study the process of SMBH accretion and growth in massive 
galaxies, as well as the detailed relationship between multiscale gas 
inflows and galaxy quenching. Future high-resolution simulations in 
much larger volumes including several massive clusters will provide 
no v el insights on the quenching of massive quiescent galaxies. 
Finally, we expect that future observations such as James Webb Space 
Telescope could provide more information about the morphology of 
high- z galaxies and when and how quiescent galaxies first emerged 
in cosmic history. 
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