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Abstract

A rare population of massive disk galaxies have been found to invade the red sequence dominated by early-type
galaxies. The formation and origins of these red/quenched massive disk galaxies have recently gained great
interest. The quenching mechanisms that are usually proposed, such as bar quenching and environment quenching,
do not seem to be suitable for those bulgeless quenched disks in a low-density environment. In this paper, we use
the TNG300 simulation to investigate the formation of massive quenched central disk galaxies. It is found that
these galaxies contain less gas than their star-forming counterparts and harbor giant super massive black holes
(SMBHs; above 10® M_.). By tracing their formation history, we found that quenched disk galaxies formed early
and preserved disk morphology for cosmological timescales. They have experienced less than one major merger on
average, and mini-mergers (mass ratio <1/10) have mainly contributed to the growth of their SMBHs. In the
TustrisTNG simulation, the black hole feedback mode switches from thermal to kinetic feedback when the black
hole mass is more massive than ~10° M., which is more efficient to eject gas outside of the galaxy and to suppress
further cooling of the hot gaseous halo. We conclude that the dominant quenching mechanism in massive red/
quenched disk galaxies is kinetic active galactic nuclei feedback.

Unified Astronomy Thesaurus concepts: Galaxy evolution (594); Super massive black holes (1663); Galaxy
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1. Introduction

Our knowledge of galaxy formation has greatly benefited
from large sky surveys, such as SDSS (York et al. 2000), which
have provided a large sample of galaxies across a wide range of
masses, morphologies, and environments. These rich data
allows us to infer the statistical properties of galaxy population
(e.g., Kauffmann et al. 2003a), among which the most distinct
feature is the bimodal distribution of galaxy population in the
color—magnitude or morphology-mass diagram (e.g., Blanton
et al. 2003; Schawinski et al. 2014). This bimodality states that
there are two main branches of galaxy population: the first is
the red sequence, which consists of passive, bulge-dominated
massive galaxies; while the second is the blue sequence, which
consists of star-forming, disk-dominated low-mass galaxies.

Reproducing the two distinct sequences of galaxy population
from theoretical modeling is not easy. In particular, the
quenching of massive galaxies has long been the main
motivation of semianalytical model (e.g., Benson et al. 2003;
Croton et al. 2006; Kang et al. 2006) hydro-dynamical
simulations (e.g., Vogelsberger et al. 2014a). Although the
physics of quenching in detail are still unclear, it is commonly
believed that the quenching of massive galaxies is related to the
central SMBHs. Frequent mergers, especially major mergers,
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lead to the formation of a galaxy bulge (Toomre &
Toomre 1972) and strong torque on the gas can lead to rapid
feeding of the black hole at the center. The strong feedback from
the high-accretion state of the black hole (QSO phase) can
effectively sweep up the cold gas from the galaxy (e.g., Di
Matteo et al. 2005), and subsequent feedback from radio active
galactic nuclei (AGN; in low-accretion state) can heat the hot
gas in the dark matter halo, which suppresses the further cooling
of fresh gas for a cosmological timescale (e.g., Springel et al.
2005a). This merger-driven formation scenario for growth of
both galaxy bulge and SMBH fits well with the observed
galaxy bulge-black hole mass relation (e.g., Kormendy &
Gebhardt 2001). It has been implemented , though differing
significantly in detail, in the semianalytical model (e.g.,
Kauffmann & Haehnelt 2000; Bower et al. 2006; Croton et al.
2006; Kang et al. 2006; Somerville et al. 2008; Cattaneo et al.
2009) and the state-of-the-art hydro-dynamical simulation of
galaxy formation (e.g., Sijacki et al. 2007; Hopkins et al. 2008;
Vogelsberger et al. 2014b; Schaye et al. 2015; Pillepich et al.
2018a) to well reproduce the red sequence of galaxies.
However, more recent evidence from both observations (e.g.,
Ghosh et al. 2008; Greene et al. 2010; Cisternas et al. 2011;
Jiang et al. 2011; Schawinski et al. 2011; Simmons et al. 2011;
Kocevski et al. 2012; Schawinski et al. 2012; Simmons et al.
2013; Bizzocchi et al. 2014; Kaviraj 2014; Simmons et al. 2017;
Smethurst et al. 2019; Bohn et al. 2020; Smethurst et al. 2021)
and simulations (e.g., Martin et al. 2018; McAlpine et al. 2020)
have found that SMBHs and AGN activities are also seen in
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disk-dominated galaxies. This suggests that secular processes
other than major mergers, such as minor mergers and smooth
gas accretion, may also play a role in driving the growth of both
SMBHs and galaxies.

In addition to the dominant population of early-type galaxies
at the massive end (>10'"" M) of the red sequence, a rare
population of disk galaxies also intrude the red sequence at the
massive end. The red disk galaxy population has attracted great
attention recently (e.g., Zhang et al. 2019; Zhou et al. 2021b;
Zhang et al. 2021; Xu et al. 2021). In fact, red disk galaxies
have been known for several decades (e.g., van den
Bergh 1976; Couch et al. 1998). It has been found that most
red disk galaxies are really passive and their star formation has
been quenched (e.g., Tojeiro et al. 2013; Guo et al. 2020). Most
red disks preferentially reside in intermediate/high density
regions and they also show distinct sign of bars (e.g., Masters
et al. 2010; Hao et al. 2019; Mahajan et al. 2020; Zhou et al.
2021a).

The formation and quenching mechanism of a red disk
galaxy is still not clear. It is widely speculated that both the
internal structure and external environment could lead to the
quenching of a red disk (e.g., Fraser-McKelvie et al. 2018).
Red disks with significant bars are quenched by internal
process, such as bar quenching, while those in high/
intermediate environment density may be quenched due to
the environment effect, such as ram pressure stripping or
strangulation. However, such quenching mechanisms may not
apply to recent findings of massive disk galaxies lacking clear
signature of bar and in low-density environment (Luo et al.
2020; Xu et al. 2021). For these galaxies, some additional
quenching mechanisms have to be invoked, such as the
suppression of cooling from the hot gaseous halo (e.g., Man &
Belli 2018). AGN feedback is a very natural choice. However,
strong AGN feedback, under the merger-driven paradigm, does
not seem to be applicable in massive bulgeless galaxies because
they are not expected to possess giant SMBHs. However, some
recent observations confirm the presence of a strong AGN in
massive disk-dominant galaxies (e.g., Greene et al. 2010;
Cisternas et al. 2011; Bizzocchi et al. 2014) and even in the
massive bulgeless galaxies (e.g., Ghosh et al. 2008; Schawinski
et al. 2011; Kocevski et al. 2012; Simmons et al.
2012, 2013, 2017; Bohn et al. 2020). Interestingly, it was the
finding of these merger-free objects that challenged the merger-
driven mechanism (e.g., Greene et al. 2010; Cisternas et al.
2011; Jiang et al. 2011; Simmons et al. 2013).

Recently, Luo et al. (2020) studied the red disk galaxy using
the model galaxies from the IllustrisTNG simulation (e.g.,
Pillepich et al. 2017; Marinacci et al. 2018). They found eight
quenched disk galaxies and have shown that these galaxies
have massive black hole mass (>10% M), about ~1 dex higher
than the predictions from the classical bulge mass-black hole
mass relation. Luo et al. (2020) speculated that it was the AGN
feedback that shut off the cooling of the hot halo gas, thus the
disk galaxies are kept quenched. However, because their
selection of quenched disks is limited to galaxies with stellar
masses larger than 10" M, the sample is too small (only eight
galaxies) for statistical analysis.

In this work, we use the IllustrisTNG simulation and select
quenched disk galaxies with stellar masses larger than
10'%5 M. Compared with the work of Luo et al. (2020), we
have a much larger samples. This enables us to study the
properties and formation history of quenched disk galaxies in
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more detail. In particular, we focus on the quenching
mechanism of these red disk galaxies. This paper is organized
as follows: in Section 2, we introduce selection of galaxy
sample from the simulation and we present their properties in
Section 3. We explore the evolution of gas, SMBHs and
specific star formation rates in Section 4. We then analyze the
growth of SMBHs in Section 5. In Section 6, we give our
conclusions and will include some discussion of this topic.

2. Sample Selection

In this section, we will briefly highlight a few implementa-
tions of the IllustrisTNG simulation, which we believe are
relevant to our study and our selection of model galaxy. We
select two samples at z=0: the first is the massive quenched
central galaxies (named SampleQ), and the second is the
massive star-forming central disk galaxies (named SampleF).
Their comparison gives us a clue as to why some central disk
galaxies are quenched while others are not.

2.1. HlustrisTNG

The IMustrisTNG (hereafter TNG)® project is a series of
cosmological magnetohydrodynamical simulations, which have
produced many wonderful results (e.g., Pillepich et al. 2017;
Marinacci et al. 2018) that have improved our understanding of
galaxy formation. There are three simulation boxes with
three different resolutions for TNG simulations. In this work,
we selected samples from the simulation TNG300-1
(Marinacci et al. 2018; Naiman et al. 2018; Nelson et al.
2018, 2019; Pillepich et al. 2018b; Springel et al. 2018)
with the largest simulation box (roughly (300 Mpc)®)
and high resolution because it could provide a large sample
of massive galaxies (M, >10'"> M_). We have adopted the
Planck Collaboration et al. (2016) best fit cosmological
parameters: dark energy density 2, =0.6911, matter density
Q,, =0.3089, barlyon density €2, =0.0486, Hubble constant
Hy=67.74 kms™ Mpcil, normalization og = 0.8159 and the
spectral index ny = 0.9667.

In the following we list some physical prescriptions of the
TNG simulations that are related to our investigation:

1. Merger history. In the TNG simulations, galaxies live in
the halos and subhalos, which are identified by using the
Friends-of-Friends (FOF; Springel et al. 2001) and
SUBFIND algorithms (Springel et al. 2005b). The
SubLink (Rodriguez-Gomez et al. 2015) merger tree
records the formation history of the galaxies. The
SubLink is a algorithm that is used to link subhalos at
different snapshots and to construct the merger trees. For
a subhalo A with Ny, member particles at snapshot Sy, it
has a main progenitor and a sole descendant at S4 — 1 and
Sa+ 1, respectively. In general, the member particles of
subhalo A at S, are contained in different subhalos at
S4 — 1, which are all defined to be progenitors of subhalo
A. The main progenitor is defined as the one that contains
the maximum number of particles belonging to subhalo
A. Similarly, the descendant is defined as the halo at
S, + 1 that contains the maximum number of member
particles belonging to subhalo A. The main progenitor
and descendant is then used to construct the merger tree.

° https: //www.tng-project.org/
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For more details, we refer the reader to the paper by
Rodriguez-Gomez et al. (2015).

2. Hydrogen gas. The gas cell is able to form stars when its
hydrogen number density is above a threshold
(~0.1cm™ ) according to the star formation model
(Springel & Hernquist 2003), which is used in the TNG

simulation. The hydrogen number density is nyg = %’
P

where Xy is the abundance of hydrogen, p is the mass
density of the cell, m, is the mass of proton. The star-
forming gas (ng > 0. 1 cm— ) which is dominated (=85%,
refer to the first ﬁgure in Springel & Hernquist 2003) by
cold phase (T = 10° K) can be treated as cold gas. This
follows the effective equatlons of state. For the non-star-
forming gas (ny<0.1cm ™), it follows the ideal-gas
equations of state and the temperature is at most cooled to
10* K (cool or hot gas).

3. Super massive black hole. When the mass of a FOF halo,
w1th0ut a SMBH, is above ~7 x 10'° M., a SMBH seed
(~10° M,,) is put into the center (where the potential is
minimal) of the halo. There are two kinds of feedback
mode for the SMBH: thermal and kinetic mode. When
the black hole growth is in a high-accretion state, the
feedback energy will be injected into the surrounding gas
as thermal energy; while in a low-accretion state,
momentum rather than thermal energy will be transmitted
to the surroundings in a random direction driving a strong
wind. In TNG simulations, when the mass of the SMBH
M,;, exceeds ~10° M., the accretion mode will switch
from thermal to kinetic mode. We recommend readers
who are interested in the black hole model used in the
TNG to reference the paper by Weinberger et al. (2017).

2.2. Selecting Model Galaxies

We investigate the quenched massive disk central galaxies
from TNG300-1 data at z=0. Therefore, we use three
quantities to select galaxy the sample: the stellar mass M,.
the specific star formation rate, SSFR = SME(SFR represents the

instantaneous star formation rate, which is a direct output in the
TNG simulation); and the ratio of spheroid stellar mass to total
stellar mass of galaxy, labeled as S/T.

First, we select central galaxy defined as the most massive
member galaxy in a group and calculate these three quantities
within 3R, (R, is the stellar half-mass—radius) relative to the
center of the galaxy. The calculation of M, and sSFR is
straightforward. For M,, we summed the mass of every star
particles within 3R,. For sSFR, we summed the SFR (the direct
output of the simulation) of every gas cell within 3R, and
divided it by the stellar mass M,.

For S/T, we need to decompose the stellar mass into the disk
and spheroid components. The classical method is photometric
decomposition, which relies on the empirical assumption that
the disk and bulge components of a galaxy have different
surface brightness profiles. However, there are some more
suitable methods than the photometric decomposition for
simulation data, such as the kinematic decomposition (KD)
that decomposes a galaxy according to the distribution of a
characteristic quantity e. There are a few definitions of € (e.g.,
Abadi et al. 2003a, 2003b; Scannapieco et al. 2009;
Doménech-Moral et al. 2012; Pillepich et al. 2017). In this
work, we choose the definition of e that was used in Tacchella
et al. (2019). We note that there is no particular reason why we
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Figure 1. The top and bottom row show the face-on (left-hand panel) and edge-
on (right-hand panel) stellar surface mass density distribution of two randomly
selected galaxies, respectively. Their TNG ID and the spheroid to total mass
ratio (S/T), calculated using the methods that we introduced, are also labeled in
the panels. In each image, we only considered star particles within 6R,.
Obviously, the KD methods that we used are able to pick out the disk galaxies.

selected the method of Tacchella et al. (2019) over other
methods. We only made this choice because this decomposition
is faster because it does not require the potential energy of each
particle to be calculated, which is required by other kinematic
methods and the obtained S/T is well correlated with that from
other kinematic methods, as shown by Tacchella et al. (2019).

The definition that we used is ¢ = ]7, where j is the angular

momentum of a stellar particle and j, is the component of
angular momentum projected to the direction of total stellar
angular momentum of a galaxy within 3R,. Consequently, the
mass of the spheroid component, M,, is twice the sum of the
mass of stellar particles with €< 0, under the simple
assumption that the bulge stars move randomly with a
symmetrical distribution. We then got S/T =
is the the total mass of all the stellar particles within 3R,. It is
noted that S/T could be larger than 1 because we simply
double the stellar mass with € < 0; hence, we removed those
galaxies with S/T > 1, which are not realistic (only ~ 1% of
the total 22417 massive central galaxies in our sample). In
Figure 1, we randomly chose two galaxies (shown in the first
and second row) and plotted their face-on (left-hand panel) and
edge-on (right-hand panel) stellar surface mass density
distribution. The spheroid to total ratio (S/T) that were
calculated using these KD methods are also labeled in the
panels. This figure show that the methods that we used in this
paper work well.

In this work, we define a galaxy to be bulgeless if
S/T <025, and a galaxy with sSFR<10"'" yr ' to be
quenched. For our purposes, we finally select two samples of
galaxies: the first includes (]]uenched disk galaxies with
M, >10'""° M., sSFR <10~ '" yr ! and S/T < 0.25, named
SampleQ; and the second includes star-forming disk galaxies
with M, >10'"° M., sSFR>10""" yr ' andS/T <0.25,
named SampleF. From the TNG simulation, we get 545 and
658 members, respectively, for the two samples. Considering
the resolution limit of the simulation, the star formation rate
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Figure 2. The S/T and sSFR distribution for massive(M, > 10'0° M_,) central
galaxies. Blue points belong to SampleF, orange points belong to SampleQ,

and gray points belong to the rest. For those galaxies with SFR = 0 M, yr ',
we set sSFR = 1072° yr !t

(SFR) will be set to 0 when the SFR is unresolved. Thus, here
we set SSFR = 1072 yr ' when SFR =0M_, yr ..

In Figure 2 we show the distribution of TNG model galaxies
on the specific star formation and morphology diagram. Here,
all central galaxies with M,, > 10'% M, are shown, while the
blue points are used for SampleF and orange points are used for
SampleQ. In general, the simulation is consistent with the
observational trend that at given mass, bulge-dominated
galaxies have lower star formation rate and disk-dominated
galaxies have higher star formation rate (e.g., Kauffmann et al.
2003b; Snyder et al. 2015). In the following sections, we
mainly focus on disk-dominated galaxies (colored dots) and
investigate why some of them are quenched and others are not.

3. The Gas Content and Black Hole of Quenched Massive
Disk Galaxies

In this section, we examine the differences between
SampleQ and SampleF in some physical properties, such as
the gas content and the central black hole mass, because they
are thought to be the main factors leading to the quenching of
disk galaxies (e.g., Luo et al. 2020). Investigation of other
properties, such as galaxy structure between SampleQ and
SampleF, requires simulation with higher resolutions, which
are not available at the moment.

3.1. The Gas Content

Both hot and cold gas are related to star formation activity in
a galaxy because the former is the source of cooling and the
latter is direct fuel for star formation. In Figure 3, we show the
halo gas mass and halo virial mass distribution of both samples,
where the total gas refers to all of the gas cell within the halo,
including both cold and hot, and the halo virial mass My, is
the total mass of a sphere inside which the mean density is 200
times the critical density. It can clearly be seen that at the fixed
halo virial mass, the quenched sample (orange dots) has lower
halo gas mass than the star-forming sample (blue dots), while
two samples have similar halo virial mass distribution (right-
hand small panel). The same phenomenon was also found by
Davies et al. (2020).

Because cold gas, mainly in hydrogen, is the direct gas
reservoir for star formation, in Figure 4 we show the
distribution of the mass-weighted mean hydrogen gas density
ny within 3R, to illustrate the cold (hydrogen) gas content. As
expected, the mean hydrogen gas densities of SampleQ are
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Figure 3. This scatter plot shows the relation between the halo virial mass
Mhya10 and the gas mass M,,,. The two marginal distributions are also displayed
on the top and right-hand side. The orange points (i.e., quenched galaxies) have
less gas than the star-forming points with similar halo virial mass.
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Figure 4. This figure is similar to Figure 3 except for the relationship between
the mean gas density ny and the stellar half-mass-radius R.. Obviously,
SampleQ lacks star-forming gas (nz > 0.1 cm ™), while their sizes (R,) are
similar to those of SampleF.

systematically lower than 0.1 cm >, while those of SampleF are
higher. In the TNG simulation, a gas cell is allowed to form
stars only if its density, ny, is above the threshold 0.1 cm .
This means that SampleQ lacks hydrogen gas to form stars
within 3R,. It is also found that the lower hydrogen gas in
SampleQ is not due to their larger disk size. As seen from the
upper panel, the distributions of disk size in SampleQ and
SampleF are very similar.

These results show that both the total and cold gas are less in
SampleQ than in SampleF. Because cold gas comes from the
cooling of hot gas and the gas content of our selected sample
galaxies are dominated by hot gas, the deficiency of cold gas in
SampleQ is mainly due to the shortage of total gas compared to
SampleF. In the following text, we do not distinguish the cold
gas from the hot gas but focus instead on the total gas evolution
and we also investigate which physical processes produce less
total gas in SampleQ.
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Figure 5. The relationship between black hole mass and bulge mass for
massive(M, > 10" M) central galaxies. Blue points belong to SampleF,
orange points belong to SampleQ, gray points are the rest. SampleQ owns a
more massive SMBH (>10® M..) than SampleF with a similar bulge mass. The
black mark and the solid line are quoted from Kormendy & Ho (2013), and the
dashed line is quoted from McConnell & Ma (2013).

3.2. The Black Hole Mass

As mentioned earlier, a black hole is a key component of
modeling in nearly all hydro-dynamical simulations. Tradi-
tionally the mass of the black hole in elliptical galaxies is
measured using spectroscopic methods. It was recently found
that disk galaxies follow similar black hole mass-bulge (or
total) mass relation but with a different slope and a larger
scatter (e.g., Davis et al. 2018, 2019). The focus of this work is
not to compare the predicted black hole mass from TNG
simulation with the data in detail but to gain insight into the
possible effects of black hole feedback on disk quenching. For
a more detailed comparison of predicted black hole mass with
the data from TNG simulation, we refer the reader to a few
recent works (e.g., Li et al. 2020; Terrazas et al. 2020).

Figure 5 shows the bulge-SMBH relation. It is straightfor-
ward to see that both the quenched galaxies (orange dots)
and star-forming galaxies (blue dots) have similar bulge
mass, while the quenched galaxies have higher black hole
mass at given bulge mass. However, it is notable that the
simulated galaxies lie systematically above the two classical
bulge-SMBH relations (solid and dashed lines) (Kormendy &
Ho 2013; McConnell & Ma 2013). We note that this deviation
from the observed bulge-SMBH relation at the low-mass end
is also seen in the highest resolution TNG simulation with a
box size of (30h~! Mpc)® by Weinberger et al. (2017), who
concluded that this may be a result of increasing mass of
the seed black hole and the definition of the bulge mass (it
is notable that they used the same definition of bulge mass
as this work did, except that they considered star particles
within 0.1 virial radius, 0.1R,q, not the 3R, we used here).
However, this will not affect our conclusion that galaxies of
SampleQ have systematically higher black hole mass than
SampleF.

From these results, we can conclude that the galaxies of
SampleQ have a larger black hole(>10® M), and have less
cold and less total gas than those of SampleF, while the two
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samples have similar distributions for other quantities (e.g., the
halo virial mass M,,,,, the stellar half-mass—radius R.).
Davies et al. (2019, 2020) found a significant positive
correlation between the specific star formation rate (sSFR) and
the circumgalactic medium (CGM) mass fraction (fogy=

gas

M, . e
T where My, is the total mass of the gas cells within virial

radius which are non-star-forming) for central galaxies in
EAGLE (Schaye et al. 2015; Crain et al. 2015) and TNG
simulations because of the lack of fuel to form stars. Their
results also indicated that the low fcgym is due to the SMBH.
Particularly for TNG, the AGN feedback mode will change
from thermal to kinetic when the M, is above the threshold
(~108 M) (Weinberger et al. 2017). In the kinetic mode, the
gas can be expelled effectively from the galaxy or may even be
driven out of the halo (e.g., Weinberger et al. 2018; Terrazas
et al. 2020; Zinger et al. 2020).

This quenching mechanism seems to be applicable to our
SampleQ, which has both lower gas in the halo and giant
SMBH (M, > 10® M.). However, it is unknown why these
quenched disk galaxies have higher black hole mass. It is also
interesting to note that there are some galaxies with SMBHs
(~10® M) but are still star-forming. Thus, having a SMBH
does not necessarily lead to the quenching of a galaxy. The
answers to this problem may be behind the formation history of
the galaxies and their SMBHs. In the following sections, we
investigate their formation history in detail.

4. The Evolution History of Quenched Massive Disk
Galaxies

We used the SubLink merger tree data of the TNG
simulation (see Section 2.1) to investigate the evolution history
of the gas mass M,,, and the black hole mass Myy,.

We extracted the formation history for each model galaxy in
our samples, which is the track along the main progenitor at
each time step. In some cases, a galaxy will switch its identity
from a central to a satellite, or vice versa. This is due to the
shortcoming of the SUBFIND algorithm (Poole et al. 2017). So
we eliminated from our original samples those galaxies (at
z=0) that are not always central galaxies during their lifetimes.
Finally, about 38.6% and 40.7% of the members in original
SampleF and SampleQ were removed, respectively.

We then obtain the halo gas mass along the main branch for
each galaxy at z = 0 in our sample. We found that for almost all
galaxies in SampleQ, their halo gas mass reached the maximum
in the past at z > 0 and they then decrease to z = 0, which will
soon be shown and explained more explicitly in Figure 7
(Section 4.1). So, for each galaxy in SampleQ and SampleF, we
can define a new quantity, #,x, as the time when the halo gas
mass My, reaches its maximum value during the formation
history. Different galaxies have different 7., and their
distributions of the t,,,,, are plotted in Figure 6.

Obviously, the #,,,,x distribution of SampleF (blue histogram)
has a sharp narrow peak at the present time (z = 0), while that
of SampleQ (orange histogram) is very flat. This means that for
most SampleF galaxies, the gas mass will keep increasing until
z=0; however, for most galaxies of SampleQ, the gas mass
peak appears before z =0.

Considering the wide distribution of #,,,x for SampleQ, we
separated the samples into subgroups according their values of
fmax- We divided the #,,,,x from  =4.29 Gyr to t = 13.8 Gyr into
12 intervals: ([4.29, 5.12), [5.12, 5.88), [5.88, 6.69), [6.69,
7.45), [7.45, 8.28), [8.28, 9.06), [9.06, 9.84), [9.84, 10.65),
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Figure 6. The distribution of 7.,,x for SampleQ (orange) and SampleF (blue),

respectively. Note that #,,, is defined as the time at which the galaxy has the

largest gas mass M, in the halo among its whole history. The blue distribution

has a sharp narrow peak at the present time (z =0), while the orange is

very flat.

[10.65, 11.51), [11.51, 12.34), [12.34, 13.13), [13.13,
13.80]'° Gyr). Then we got 12 subsamples from SampleQ:
Qii=o0.1...11 corresponding to those time intervals (which
means that subgroup @, consisted of galaxies with
Imax € [4.29, 5.12) Gyr). The number galaxies of each sub-
sample is 12, 14, 22, 28, 38, 31, 38, 36, 36, 24, 22, and 22,
respectively. Similarly, we seParated SampleF into two
groups: Fo(tmax € [7.49, 10.65)" Gyr) of 70 members and
Fi(tmax € [10.65, 13.80]12 Gyr) of 334 members because it has
a sharp t,,,x distribution.

In the following, we selected three representative subsamples
of SampleQ: Qu(fmax € [4.29, 5.12) Gyr), QOs(tmax € [8.28,
9.06) Gyr), Q1o(tmax € [12.34, 13.13) Gyr) and one subsample
of SampleF: F(ty.x € [10.65, 13.80) Gyr) to investigate their
evolution history because any two subsamples with close .«
values will have similar behaviors in their evolution.

4.1. The Evolution of the Gas Mass

We first show the evolution history of the gas mass My,. In
Figure 7, the gray, green, and light-blue dashed lines represent
the three quenching subsamples: Qy, Qs and Qj, respectively,
while the red-solid line represents the star-forming subsample:
F,. The three vertical lines indicate the median value of 7,
(which are t,,,x = 4.82 Gyr for Qy, tmax = 8.29 Gyr for Qs and
Imax = 12.67 Gyr for Qj¢.) of the corresponding quenching
subsamples(shown by the same color). The contour range
represents the 25th percentile to 75th percentile distribution. It
is seen that the halo gas mass of all quenched samples reached
their maximum at an early stage, and they then decrease with
redshift. For the star-forming galaxies, their halo gas mass
reach the maximum at the present day. This plot also shows
that the halo gas mass in SampleQ are lower than that in
SampleF, which is consistent with what we have shown in
Figure 3.

10 - -
These unevenly spaced time intervals correspond to the evenly spaced
snapshot intervals: [40, 45), [45, 50), [50, 55), [55, 60), [60, 65), [65, 70), [70,
75), [75, 80), [80, 85), [85, 90), [90, 95), [95, 99].
Corresponding to snapshot interval [60, 80).
2 Corresponding to snapshot interval [80, 99].
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Figure 7. The evolution history of gas mass. The three quenching groups, Qo,
Qs and Q,o, which correspond to those galaxies that achieved their peak gas
mass in the universe age interval [4.29, 5.12) Gyr, [8.28, 9.06) Gyr and [12.34,
13.13) Gyr, correspond to the gray, green and light-blue dashed lines
respectively, while the red-solid line represents the star-forming group,
Fi(tmax € [10.65, 13.80) Gyr). The three vertical lines shows the median of
tmax for the corresponding quenching groups(with the same color). These
values are fp.x = 4.82 Gyr for Qp, fmax = 829 Gyr for Qs and tpax=
12.67 Gyr for Q. The 25th percentile to 75th percentile are denoted by the
appropriately colored corridors. It is notable that the gas mass of the quenched
galaxies increase at first and they then decrease later but for the star-forming
galaxies the gas mass always rises.
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Figure 8. The evolution history of black hole mass. The meaning of the other
signs are same as Figure 7. The My, of the quenched samples grow faster and
are larger than the star-forming sample.

4.2. The Evolution of Black Hole Mass

We now show the evolution history of the black hole mass,
My, in Figure 8. All of the notations are same as in Figure 7.
The first signature to see is that the three dashed lines are
always above the solid line, which means the mass of My, of
the quenched samples grow faster and are larger than the star-
forming samples. Among the quenching samples, M, of
subsample with lower #,,,.x (€.g., Qo) increases more rapidly and
reached the threshold (rle8 M, above which the feedback
from black hole will switch from thermal to kinetic mode)
earlier than that of the subsample with larger .. (e.g., O1o)-
We can also find that the black hole mass M, of all three
quenched subsamples reached the threshold almost at their own
median f,,, (i.e., the time when the gas mass begins to
decrease, marked by the vertical colored-solid lines). The
coincidence of time when the black hole is above the threshold
and when the total gas begins to decrease clearly indicates that
the kinetic AGN feedback mode transforms a galaxy from star-
forming to quenching.



THE ASTROPHYSICAL JOURNAL, 928:100 (11pp), 2022 April 1

31 k“l
“vxk\\«
2]
e NA\
= S e
| AN N==U\7 i
S N SR \‘\
~
BE [ N ER A “‘(K'i';\'\';,";;" ...... \\\. ......
2 ] SO
El . |\
o —h \ !
gl |
o
—34 - SSFR=10"11yr1 ) |
0 2 4 6 8 10 12 14
Age(Gyr)

Figure 9. The evolution history of sSFR. The meaning of the other notations
are the same as Figure 7. It is notable that the dashed lines (quenching groups)
decrease more rapidly right after the relevant 7,,,,. We set sSFR = 10714 yr~!
for galaxies with unresolved SFR (i.e., SFR = 0 M., yr ', which is different
from the convention used in the Figure 2, just for convenience). The black
dotted line is the criterion that is used to distinguish quenched (sSFR < 10"
yr ') and star-forming (sSFR > 10! yr™!) galaxies at z = 0.

4.3. The Evolution of Specific Star Formation Rates

To further answer whether the decrease of gas mass directly
leads to star formation quenching, in Figure 9 we show the
evolution of sSFR. The horizontal dotted line is the division for
quenching and star-forming. It can be found that the sSFR of
the quenched samples (the dashed lines) decreased more
rapidly immediately after the corresponding f.,,.x, and they will
be quenched in 3 ~4 Gyrs. While for star-forming samples
(red-solid line), sSFR had a relatively slow decrease and keep a
relatively larger value (>10"'° yr') above the threshold of
quenching. This result indicates that the quenching of galaxies
in SampleQ is really related to the loss of gas mass. Although
some other process, such as stellar feedback or star formation
could play an important role in consuming the gas, the
comparison of the Qg (dashed-blue line) and F (red-solid line)
pointed out that the AGN feedback should play a key role in
gas depletion because they had almost same gas mass (see
Figure 7) and sSFR evolution (Figure 9) before t,,,,, but with
quite different black hole mass evolution (Figure 8). The
quenching from the AGN feedback only began to be effective
when the galaxies have a central black hole mass above the
threshold of My, ~ 10® M. This conclusion also explains why
some galaxies in SampleF with higher black hole mass
(~10% M) are still star-forming (i.e., their black hole mass
has very recently reached this threshold).

We may conclude that the massive black hole and its
effective kinetic feedback could drive a large amount of gas
loss, thereby depleting the gas reservoir and thus effectively
quenching star formation. In fact, the strong AGN feedback can
also suppress gas inflow to halos, which could also decrease the
gas mass in halo (e.g., Wright et al. 2020). The overall effect of
AGN feedback, either by producing outflow or suppressing
inflow, is to decrease the total gas content of the galaxy and in
this work we do not distinguish between these two processes.

5. How Did Black Holes Grow in Massive Disk Galaxies?

We have found that the kinetic feedback of the SMBH is the
key to quench star formation for massive disk galaxies. We
now come to the question: how did the SMBHs grow in these
massive disk galaxies? In the classical scenario of bulge-black
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hole coevolution, the black hole and bulge mainly grow
through galaxy mergers. However, this scenario does not seem
to apply to the current case (i.e., disk-dominate galaxies with
massive SMBH). As mentioned in the introduction, this kind of
galaxy does not follow the classical bulge mass-BH mass
relationship and their SMBHs mainly grows via non-major-
merger processes. In the following section, we investigate how
the SMBHs in our samples grow in the simulation.

5.1. The Possible Path of Black Hole Growth

From the black hole growth evolution (Figure 8), we have
found that the quenched subsamples have experienced fast
growth at the early stage. We further investigate the evolution
of the black hole mass accretion rate. Here, the accretion rate is
instantaneous black hole mass growth rate given by the TNG
simulation. As shown in the Figure 10, during the interval
between the open arrow and the solid arrow with the same
color code, the SMBHs of all three quenched subsamples kept
very high accretion rates (>10" M, Gyr ') for a period of time,
and the accretion rates then decreased rapidly. The star-forming
sample (red line) kept relatively lower accretion rates
(~10%° M. Gyr™'). The fact that both the quenched and
star-forming samples experience such a high-accretion phase
for several billion years may suggest that SMBH accretion
plays a dominant role in driving the growth of SMBHs in
massive disk galaxies. By using TNG300 simulation,
Weinberger et al. (2018) obtained the same results as in this
work, in which they found that SMBH (<10*° M_.) mainly
grows via accretion.

We also found that for the quenched subsample, the time
when the accretion rate of black hole began to decrease is
correlated with #,,,,, (marked with open arrows). At around ?,,,y,
when the black hole mass reached the threshold (Nl()8 M),
AGN feedback mode is switched from thermal to kinetic, so the
surrounding gas is quickly expelled and this leads to a lower
accretion rate afterwards.

This black hole growth pattern supports the results from
some previous work (McAlpine et al. 2017, 2018, from
EAGLE simulation), which indicated that there are three black
hole growth phases: the stellar feedback regulated phase, the
nonlinear black hole growth phase, and the AGN feedback
regulated phase. Bower et al. (2017) found that the switch
between the two phases are governed by the halo virial mass.
When the halo virial mass is lower than certain critical mass
M., the mass accretion could be suppressed by the stellar
feedback. When the halo virial mass is above the Mg, the
black hole would be in nonlinear growth phase. The M., can
be calculated as M = 10'2(Q,,(1 + 2)° + Q) /M.

We show the halo virial mass evolution history of all four
subsamples, and M, (black solid line) in Figure 11. We
marked the critical time 7.; when the median halo virial mass
of each subsample exceeds the M., with colored arrows. For
those four subsamples, the f.; are: t.; =2.54 Gyr (for Qy),
terit = 3.28 Gyr (for Qs), teic = 3.9 Gyr (for Q19), teic = 4.5 Gyr
(for F,).

We also marked these critical times on the evolution of black
hole accretion rate using solid arrows in Figure 10. We found
that for all the quenched subsamples, the black hole has a high
accretion rate during the time between 7 and 7, (solid and
open arrows in Figure 10, respectively), which well correspond
to the nonlinear growth phase. After #,,,x, black hole growth is
in the AGN feedback regulated phase. During this phase,
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Figure 10. The evolution of black hole accretion rate. From left to right, the black hole mass accretion rate of each quenching sample group have been compared with
that of the star-forming group in each panel. We also shown the #,,,x marked with open arrows. The filled arrows have the same meaning as those in Figure 11.
Quenched subsamples keep very high accretion rates for a period of time, and the rates then decline rapidly. However, the star-forming sample (red line) keep

relatively lower rates, which are more or less constant.
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Figure 11. The evolution history of halo virial mass. The meaning of the other
notations are the same as those in Figure 7. The black line denotes the
evolution of the critical halo virial mass M., below which the black hole
accretion will be suppressed by the stellar feedback (Bower et al. 2017). The
colored arrows represents the earliest snapshot at which the mass of the halo of
the corresponding samples are higher than the the critical halo virial mass M.

although the accretion rate is lower (in fact, it still could
be >10°> M., Gyr "), the AGN feedback is still strong enough
to decrease the star formation because the kinetic mode is more
effective than the thermal mode to remove the surrounding gas.
We note that at z =0, all of the quenched samples are in the
AGN feedback regulated phase, while the star-forming sample
is still in the nonlinear black hole growth phase because their
black hole mass has just approached the threshold mass
(~10°M.).

5.2. The Evolution History of Morphology and Merger

A key question about quenched disk galaxies is when they
are formed. Using the integral field spectroscopy from the
SDSS-IV MaNGA sample, the recent study by Zhou et al.
(2021b) showed that massive red disk galaxies formed as early
as elliptical galaxies, with more than half stellar mass are
formed at 10 Gyrs ago. Meanwhile, it is often thought that
massive black hole is formed mainly in major merger, under

the merger-driven scenario for the coevolution of the black hole
and galaxy, but major mergers usually lead to the formation of
a massive galactic bulge. Why do these massive disk galaxies
lack significant bulge if their massive black hole are formed in
major mergers? In the following subsection, we investigate the
morphology evolution of these quenched disk galaxies and the
role of merger for the formation of the disks.

Along the evolution track of each model galaxy, we
decompose their star distribution into bulge and disk using
the kinematic method mentioned in Section 2. We then plot the
evolution of S/T of quenched subsamples in Figure 12. Here,
considering the star mass resolution, we only selected galaxies
with more than 1000 particles within 3R, to derive reliable
estimate of S/T at every snapshot. It is interesting to see that
the median S/T has a low value (<0.25) during the evolution,
showing that these quenched massive disk galaxies have disk
morphology for a long time. At early times, the scatter is
slightly larger, possibly due to the resolution effect (i.e., less
star particles at early times) but the scatter of S/T is lower after
fmax- Zeng et al. (2021) also found that some massive disk
galaxies preserve the disk morphology since their formation in
TNG simulation. They argued that major mergers with special
orbits could produce disk-dominant remnants.

Usually, the formation of the bulge is mainly due to a major
merger of galaxies. This long-lasting disk morphology of
SampleQ may hint that major merger is not dominant during
their formation. Consequently, we study the merger event of
our four subsamples. Here, we classify three kinds of mergers

according to the merger mass ratio: major merger (u > %),
1

> u)). The

, where M, <M,
*2

represents stellar mass of two merging galaxies, respectively.

(The definition of the mass ratio w is the same as in Rodriguez-

Gomez et al. 2015.) We then calculated the cumulative merger

numbers for every galaxy.

minor merger (% > po> %) and mini-merger (

) M,
mass ratio, u, defined as p = M—‘
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Figure 12. The evolution of the S/T of the quenched groups. From top to
bottom, we consider different quenched groups. We only choose the galaxies
with at least 1000 star particles to construct the curve at every snapshot. Where
the vertical line is the same as the one that is plotted in Figure 7. These curves
indicate that quenched massive disk galaxies got disk morphology many
billions of years ago.

In Figure 13, we compared the cumulative merger numbers
of each subsample for three different merger types separately.
As we can see from the first row, all of the samples have at
most one major merger at early stage 7 < fp,. Interestingly,
these major mergers did not quench the star formation of those
galaxies (SSFR decreased significantly only after 7., see
Figure 9). This is consistent with the results of Weinberger
et al. (2018) and Park et al. (2021) that a major merger event is
not a main cause of quenching in the TNG simulation.

From the second row of Figure 13, it seems that there are no
clear distinction between the number of minor mergers between
the quenched samples and the star-forming sample. However,
for the mini-merger shown in the lowest row, the quenched
samples had more frequent mini-merger events. We also
marked 7. and f,.x by the solid and open arrows in the
Figure 13. Most of the mini-mergers happened between 7., and
max- This is exactly the period when the black hole has a higher
accretion rate (i.e., the nonlinear black hole growth phase
shown in Figure 10). Furthermore, these frequent mini-mergers
nearly did not change the morphology of those galaxies. Hence,
we can conclude that the frequent mini-mergers cause the rapid
growth of SMBHs in quenched disk galaxies and these mini-
mergers did not significantly change the disk morphology of
these galaxies. All of the massive disk galaxies in our sample,
either quenched or star-forming, have experienced few major
mergers. Our conclusion of non-major-merger-driven growth
of SMBHs in disk galaxies is consistent with many recent
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studies (e.g., Kocevski et al. 2012; Kaviraj 2014; Martin et al.
2018; McAlpine et al. 2020).

6. Summary and Conclusion

The recent finding of quenched massive disk galaxies has
raised great concern about how they formed and were
quenched (e.g., Zhang et al. 2019; Zhou et al. 2021b; Xu
et al. 2021; Zhang et al. 2021). Most current work has focused
on their observational properties and little attention has been
paid to their origins. In this work, we used the Illu-
strisSTNG300-1 simulation to study the formation and quench-
ing of massive (M, > 10'"> M) disk galaxies in detail.

We selected massive (M, > 10'%° M) central galaxies at
z=0 from TNG. By comparing a quenched sample
(sSFR < 107" yr™! andS/T<0.25) and a star-forming
sample (sSFR >10"'" yr~! and S/T < 0.25), we found that
the quenched sample has less total gas and lower hydrogen
density but they posses a more massive black hole than the star-
forming sample.

We then investigated the evolution history of those massive
disk galaxies. We found that for those quenched galaxies, their
halo gas mass and sSFR began to decrease when the mass of
SMBH reached the threshold (~10® M) where the feedback
mode of the SMBH will be changed from thermal to kinetic
mode, which is more efficient to expel gas from the galaxy.

We further investigated the accretion history of black hole
and found that the black hole accretion rate of quenched
samples is higher than star-forming counterparts during the
period between f.; and #,,,. This period of high accretion rate
corresponds to the nonlinear black hole growth phase. From the
evolution of morphology and merger event, we found the
quenched galaxies formed their disk when Age(cosmic) < fpax
and were able to keep the disk morphology for a long time.
Both quenched and star-forming samples lack major mergers.
Compared to the star-forming galaxies, the frequent mini-
merger (pu < %) in quenched galaxies during the time interval
(ferit < Age(cosmic) < tna) led to the rapid growth of the
black hole while preserving their disk morphology.

We can conclude that in the IlustrisSTNG simulation, the
frequent mini-mergers could make the SMBHs grow rapidly,
and the kinetic feedback of black hole produced low cold gas
density and finally quenched the massive disk central galaxies.

Under this quenching scenario, we should expect that the
massive quenched disk central galaxies will hold a massive

: Mgas
black hole and own a low gas fraction(fgy = ;,—)- However,
200

the gas fraction fcgym is not a direct observable. To test our
result, we need to find a direct observable accessible with
current technologies and telescopes to estimate f-gym. Recently,
using EAGLE simulations, Oppenheimer et al. (2020) argued
that, for L* mass (M, = 10'%2 — 10'07 M) central galaxies,
the covering fraction, Cc,,>135,100kpe; Of absorbers Cpy with
column density N¢,, > 10'*° cm~2 within an impact parameter
100 kpc is a well observational proxy for fcgm. They found that
Cc>135,100kpc  correlates  strongly and  positively  with
Jfeom (FigureD 3 of their paper). More importantly, the Cpy
1548, 1551 A doublet is obtainable via the Cosmic Origins
Spectrograph on the Hubble Space Telescope in the local
universe. Thus, for local galaxies, the Cc>135100Kpc are
available and their SMBHs mass are also accessible. We hope
that massive and quenched disk galaxies owning low covering
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Figure 13. We compare the cumulative merger numbers of each quenched sample and star-forming sample on each column. From top to bottom, we consider three

kinds of mergers: major merger(u > %), minor merger(% >p = %) and mini—merger(% > ,u). The meaning of the colored arrows is the same as those in Figure 10.

All samples have almost one major merger that occurred at very early time. While quenched samples experienced more frequent mini-mergers. As for the minor
merger, there is no distinction between the star-forming group and the quenched group.

factor Cc,>13.5,100 kpe and giant SMBH could be used to test our
conclusions.
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