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ABSTRACT

We use a semi-analytic model of galaxy formation to compare the predictions of two quenching scenarios: halo quenching and
black hole (BH) quenching. After calibrating both models so that they fit the mass function of galaxies, BH quenching is in better
agreement with the fraction of passive galaxies as a function of stellar mass M, and with the galaxy morphological distribution
on a star formation rate versus M, diagram. Besides this main finding, there are two other results from this research. First, a
successful BH-quenching model requires that minor mergers contribute to the growth of supermassive BHs. If galaxies that
reach high M, through repeated minor mergers are not quenched, there are too many blue galaxies at high masses. Second, the
growth of BHs in mergers must become less efficient at low masses in order to reproduce the Mpy—M, relation and the passive
fraction as a function of M., in agreement with the idea that supernovae prevent efficient BH growth in systems with low escape
speeds. Our findings are consistent with a quasar-feedback scenario in which BHs grow until they are massive enough to blow
away the cold gas in their host galaxies and to heat the hot circumgalactic medium to such high entropy that its cooling time

becomes long. They also support the notion that quenching and maintenance correspond to different feedback regimes.

Key words: galaxies: formation — galaxies: evolution — galaxies: structure.

1 INTRODUCTION

The star formation (SF) properties of galaxies are closely related to
their morphologies (Sandage 1986) and display a bimodal distribu-
tion (Kauffmann et al. 2003; Baldry et al. 2004). Four scenarios have
been proposed to explain these observations.

(1) Elliptical galaxies are passive because they converted all their
gas into stars very rapidly at high redshift (Sandage 1986). Coupled
to the hypothesis that elliptical galaxies formed through mergers
(Toomre & Toomre 1972) and to the observation that mergers can
drive starbursts (Sanders et al. 1988), this picture explains why
rapid depletion of gas is associated with elliptical morphologies. Its
main problem is that gas-rich mergers leave behind persistent blue
cores (Cattaneo et al. 2005; Springel & Hernquist 2005). Elliptical
galaxies with blue cores (E+A galaxies) are observed, but they are
exceedingly rare.

(ii) Central black holes (BHs) grow until they are massive enough
to heat and/or blow away all the gas in their host systems (BH
quenching; Silk & Rees 1998; Fabian 1999; King 2003; Chen et al.
2020). In a version of this scenario (Springel, Di Matteo & Hernquist
2005; Hopkins et al. 2006, 2008a), gas-rich mergers feed the growth
of supermassive BHs until quasar feedback blows away all the
leftover gas.

(iii) The transition from star-forming (blue) to passive (red)
galaxies is linked to the disruption of cold filamentary flows and the
appearance of shock-heated gas in massive systems (halo quenching;
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Dekel & Birnboim 2006). This picture explains the galaxy colour—
magnitude bimodality in quantitative detail (Cattaneo et al. 2006).
The link to morphology is less direct (the shutdown of gas accretion
prevents merger remnants from regrowing discs).

(iv) This scenario can be characterized as BH or halo quenching
followed by BH maintenance. All the above scenarios share a
common weakness: they do not explain what prevents the accretion
of gas from restarting after the initial shutdown of SF (the so-called
maintenance problem). Model (iv) is model (ii) or (iii) with the
addition of mechanical heating by radio galaxies, which solves the
maintenance problem by preventing the hot gas from cooling (Bower
et al. 2006; Cattaneo et al. 2006; Croton et al. 2006; Somerville et al.
2008). In this picture, BHs constitute the link between quenching and
morphology. Elliptical galaxies are passive because they are those
with the most massive BHs.

The problem is complicated because all the mechanisms above
play arole to some extent. The question is which ones dominate. An
observational approach to it is to ask which observable is the best
predictor of quiescence. Cheung et al. (2012), Fang et al. (2013),
and Barro et al. (2017) showed that the surface density in the central
kiloparsec, X, is the best predictor of quiescence in large surveys
(galaxies are quiescent above a critical X that depends on M.,.). Fang
etal. (2013) also mentioned a good correlation with the central stellar
velocity dispersion o and noted that this would follow naturally from
that with X since o and X, are closely related. Terrazas et al. (2016)
used observations of galaxies with direct measurements of the BH
mass Mgy and showed that, for a same M,, passive galaxies have
higher Mgy than star-forming galaxies. Bluck et al. (2020) used the
empirical Mpy—o . relation (Ferrarese & Merritt 2000; Gebhardt et al.
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2000; Saglia et al. 2016; Sahu, Graham & Davis 2019) to conclude
that quiescence correlates with Mgy more strongly that it does with
stellar mass, halo mass, or any other observable property. An equally
strong correlation with ¥; would not modify this conclusion to the
extent that 3, and o are both tracers of Mgy (see Sahu, Graham &
Davis 2022 for an observational analysis of the Mgy—X relation).

In this paper, we use a semi-analytic model (SAM) of galaxy
formation to shed some more light on this topic and compare the
observational implications of BH quenching versus halo quenching
for

a) the galaxy stellar mass function (GSMF);

b) the fraction of passive galaxies as a function of M,;
¢) the Mgy—M.,, relation;

d) galactic morphologies.

Point (d) is important to break potential degeneracies of the
SAM. A model with an overpropensity for early-type morphologies
could reproduce the GSMF and the passive fraction correctly if this
overpropensity were compensated by lower BH accretion rates, so
that the product Mpy/Mpyyige X Mpuige/M., stays the same (here Myyge
is the stellar mass of the bulge).

The paper starts by presenting the SAM used for this study
(Section 2), which we call GALICS 2.2, since it is an updated
version of GALICS 2.1 (Cattaneo et al. 2020). GALICS 2.2 contains
two options for the quenching model: halo quenching (model A)
and BH quenching (model B). It also includes two models for the
morphologies of merger remnants. In model 1 (also referred to as
the threshold model), there is a sharp separation between major and
minor mergers. Model 2 follows numerical simulations by Kannan
et al. (2015) and assumes a smoother transition. In Section 3, we
compare the results of the four combinations A1, A2, B1, and B2. In
Section 4, we summarize and discuss the conclusions of the paper.

2 THE MODEL

This section describes how GALICS 2.2 follows the hierarchical
growth of dark matter (DM) haloes (Section 2.1), the accretion
of gas on to haloes and galaxies (Section 2.2), SF (Section 2.3),
stellar feedback (Section 2.4), disc instabilities (Section 2.5), mergers
(Section 2.6), the growth of supermassive BHs (Section 2.7), quench-
ing (Section 2.8), and ram-pressure stripping (RPS; Section 2.9).
The presentation is more synthetic in Sections 2.1-2.4, where the
differences with GALICS 2.1 (Cattaneo et al. 2020) are small (or
inexistent, in Sections 2.1 and 2.2), and more detailed in Sections 2.5—
2.9, where the new developments are.

2.1 N-body simulation

GALICS 2.2 uses the same DM merger trees as GALICS 2.1.
They were extracted from a cosmological N-body simulation with
Qv = 0.308, Q4 = 0.692, 2, = 0.0481, and o3 = 0.807 (Planck
Collaboration XX 2014). The simulation has a volume of (100 Mpc)3
and contains 10243 particles, so that the halo mass functions are
reproduced down to M >~ 4 x 10° M. It has been evolved from
z = 16.7 to z = 0 storing 287 outputs equally spaced in the logarithm
of the expansion factor.

The virial mass M, the virial radius ry;, and the virial angular
momentum J i.are computed at each time-step for each halo con-
taining at least 100 particles, as in Cattaneo et al. (2017). The virial
masses, orbits, and merging times of ghost subhaloes, i.e. subhaloes
that fall below the resolution limit of the simulation, are computed
as in Cattaneo et al. (2020).
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2.2 Gas accretion

Gas accretion contains two separate aspects: the accretion of gas on
to haloes and its later accretion (or reaccretion) on to galaxies. Let
us start from the former. The gaseous mass that accretes on to a halo
at each time-step is computed by requiring that

My, = fbMvir’ (1)

where My, is the total baryonic mass that has accreted on to the halo
(inclusive of any ejected material) and fj, is the halo baryon fraction
(see below). If the left-hand side of equation (1) is smaller than the
right-hand side, then gas accretes on to the halo until the validity
of equation (1) is restored (see fig. 1 of Cattaneo et al. 2020 for the
details of how this accretion scheme is implemented).

In massive haloes, f;, should approach the universal baryon fraction
Q4,/Q2)1. Photoionization heating (e.g. Efstathiou 1992; Gnedin 2000)
and stellar feedback (e.g. Brook et al. 2012; Wang et al. 2017; Tollet
et al. 2019), however, suppress gas accretion on to low-mass haloes,
so that their baryon fraction is lower than the universal one. We
follow Cattaneo et al. (2020) and assume that

JT o

where vyi; = /GM,;; /1 is the virial velocity of the halo and o =
34kms~! is a parameter of the SAM that we fix in agreement with
the results of the Numerical Investigation of a Hundred Astrophysical
Objects (NIHAO) simulations (Tollet et al. 2019).

The gas that accretes on to a halo can stream on to the central
galaxy in free-fall (cold-mode accretion) or it may be shock heated
and become part of a hot atmosphere. The choice is based on a shock-
stability criterion that compares the compression time with the post-
shock cooling time on a halo-by-halo basis. This criterion, which
improves previous work by Dekel & Birnboim (2006), has been
discussed at length in Cattaneo et al. (2020) and Tollet et al. (2022),
who have performed a detailed comparison with cosmological zoom
simulations. Hence, there is no need for us to elaborate on it here. Our
SAM also considers the effects of the Kelvin—Helmholtz instability
in haloes where cold filamentary flows and a hot atmosphere coexist.
The Kelvin—Helmholtz instability contributes to the disruption of the
filaments in such situations (see Cattaneo et al. 2020 for details).

Shock-heated gas can accrete on to the central galaxy by cooling
(hot-mode accretion), which we compute with the standard method
of White & Frenk (1991). The cooling rate of the hot gas depends on
its density distribution p(r). As in Cattaneo et al. (2020), we assume
a density profile of the form

e o

2

Q vir 2 vir _(Lvir
fb(Uvir) = - |:erf(v ) Y )2 i
QM o

-3
pu(r) = Ph,o(l + L) : 3)
(e 2240]

where ry is the core radius of the DM halo, fitted with a Navarro—
Frenk—White (NFW; Navarro, Frenk & White 1997) profile, and
Ph, o is the central density of the hot gas, determined by the condition
that pn/ponew — Mpo/Myie for r — 00 (Myy is the mass of the
hot gas within the halo). We set o, = 0.59 in agreement with
adiabatic cosmological hydrodynamic simulations by Faltenbacher
et al. (2007).

The black squares in Fig. 1 show the electron-density distribution
ne = :—22—‘; predicted by equation (3) for a cluster halo, in which
the gas is approximately adiabatic (1, is the proton mass; the 14/16
coefficient is for a plasma that is three quarters hydrogen and one
quarter helium in mass). The blue and the red curves are observational
data for cool-core and non-cool-core clusters in the same range of
masses, respectively. Real clusters have central electron densities

MNRAS 516, 41944211 (2022)
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Figure 1. The hot-gas density profile of the biggest cluster in our compu-
tational volume (Msqy = 10'4° Mpg) as predicted by equation (3) (black
squares), overplotted in fig. 2 of Voit et al. (2019). The blue and red
curves show the density profiles of cool-core and non-cool-core clusters
in the Archive of Chandra Cluster Entropy Profile Tables (ACCEPT)
sample (Cavagnolo et al. 2009), respectively. The brown solid curve shows
the Navarro—Frenk—White (NFW) density profile rescaled by the universal
baryon fraction. The magenta dashed curve shows the precipitation limit. For
densities above this limit, the cooling time is shorter than 10 free-fall times and
the gas starts fragmenting into clouds (Voit et al. 2019). The grey shaded area
shows hybrid profiles obtained by Voit (2019) combining the cosmological
and precipitation limits (i.e. the constraints from the brown solid curve and
the magenta dashed curve, respectively). The comparison with Voit (2019)
is a minor point in relation to the goals of this paper. Interestingly, however,
there is a very good agreement between his model and ours at » < 0.05 rsqp.
At r < 0.05rs500, the grey shaded area is not only above the black squares
but also close to the upper boundary of the observationally permitted region.
Not all clusters are close to the precipitation limit, but most cool-core clusters
(blue curves) are.

10

log Mgy [M ]

3 10.0 105 11.0 11.5 12.0

IOgM* [MG)]

Figure 2. Local BH mass—stellar mass relation for star-forming [specific star
formation rate (sSFR) > 10~ yr~!; blue] and passive (sSFR < 10~ yr~!;
red) galaxies in model B2 (circles) and the observations (squares; Terrazas
et al. 2016). The black dashed line shows the quenching boundary between
the star-forming and the passive population (equation 12).

MNRAS 516, 4194-4211 (2022)

that span two orders of magnitude. Denser cores correspond to lower
central entropies. Cool-core clusters are those in which the hot X-ray
gas has cooled and condensed into the central region. The lowest
central densities occur where heating has prevailed over cooling, so
that the central entropy has gone up. In our model, neither cooling
nor any non-gravitational heating mechanism, such as feedback from
active galactic nuclei (AGN), has any effect on n.(r). Hence, it is
remarkable that our predictions (the black squares) lie right at the
boundary between the density profiles of cool-core and non-cool-
core clusters.

We model a galaxy as the sum of four components: a disc, a
bar/pseudo-bulge, a classical bulge, and a central cusp, composed
of the gas that falls to the centre and undergoes starbursts during
mergers (Cattaneo et al. 2017). We call it cusp because this material
is responsible for the central light excesses in the photometric profiles
of cuspy ellipticals, while the rest of the bulge is composed of the
pre-existing stellar population (Kormendy et al. 2009).

All the gas that accretes on to galaxies is added to the disc compo-
nent, the radius of which is computed assuming the conservation of
angular momentum (Mo, Mao & White 1998). This assumption may
be inaccurate (Jiang et al. 2019) but is highly standard (see Knebe
et al. 2015; Somerville & Davé 2015 for on overview of SAMs) and
gives mean disc sizes in good agreement with the observations, even
though the scatter around the mean is larger in the SAM than in the
observations because of the large intrinsic scatter in the halo spin
parameter (Cattaneo et al. 2017).

2.3 Star formation and chemical enrichment

Star formation (SF), stellar evolution, chemical evolution, and feed-
back are computed separately for each component. In GALICS, there
are two modes of SF: a quiescent mode, associated with the disc, and
a starburst mode, associated with cusps (Hatton et al. 2003; Cattaneo
et al. 2006, 2017). There is no SF in bulges, where stellar mass loss
is the only source of gas. Bars are the most difficult component to
fit in this schematic picture. We make the simplifying assumption of
treating their SF as quiescent.

We define the SF time-scale of a component as the time in which
it would consume its whole gas reservoir, were its star formation rate
(SFR) constant. Many authors call this quantity the gas-depletion
time-scale. We do not follow this convention here because SF is not
the only process that depletes galaxies of gas. Feedback, too, plays a
role.

Bigiel et al. (2008, 2011) advocated a constant SF time-scale
of ~2 Gyr in disc galaxies. Their study suggests that a similar
conclusion applies to starbursts with a time-scale ~10 times shorter.
More complex models have been proposed based on both observa-
tions (Kennicutt 1998; Kennicutt & Evans 2012; Kennicutt & De
Los Reyes 2021) and theory (Krumholz, Dekel & McKee 2012;
Somerville, Popping & Trager 2015). We ourselves had considered
a SF time-scale proportional to the dynamical time in our previous
work (Hatton et al. 2003; Cattaneo et al. 2006, 2017). However,
assuming a constant SF time-scale has the practical advantage that
our SFRs do not depend on the sizes of discs. This prevents the
possibility of artificial starbursts in a tail of discs with abnormally
small exponential scale lengths (see Section 2.2, final paragraph).

In this paper, we have treated the SF time-scales for discs and
starbursts as free parameters of the SAM. We have found good fits to
the observations using 1 Gyr for the disc SF time-scale and 0.2 Gyr
for the cusp SF time-scale. The time-scale for discs is shorter than
the one found by Bigiel et al. (2011) but in agreement with Combes
et al. (2013).
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Chemical evolution is modelled as in Koutsouridou & Cattaneo
(2019). The only novelty is that we no longer assume primordial
metallicity for the intergalactic medium. The enrichment of the
intergalactic medium is computed self-consistently as in Cattaneo
et al. (2020).

2.4 Stellar feedback

In Cattaneo et al. (2020), we introduced a new model for stellar
feedback that takes into account the multiphase structure of galactic
winds by separating them into a cold component with mass-loading
factor 1, and a hot component with mass-loading factor ny, so that

Mout €SN, €SNy
= =N+ n=2 < 4+ EsnWsN. 4
N=gpr =Tt 2 2 snWsn 4)

Here M., is the total mass outflow rate; Wgy = 1/140 is the number
of supernovae per unit stellar mass formed for a Chabrier (2003)
initial mass function; Egy = 10! erg is the energy released by one
supernova; e€sy, and egy, are the fractions of this energy used to
power the cold and the hot component of supernova-driven winds,
respectively; vy, and vy, are the respective speeds.

Cattaneo et al. (2020) modelled the fraction of the total energy from
supernovae deposited into the hot component with the functional
form

€sn, = min [( ”V“) 40, 1} 5)

USN

based on the results of cosmological hydrodynamic zoom simulations
(NIHAO; Tollet et al. 2019), where «,, «,, and vsy are free
parameters of the SAM; vgy is the virial velocity for which egn, = 1
at z = 0. The same model applies here with o, = —3.6, ¢, = 2.5, and
vy = 55kms~! (see table 1 of Cattaneo et al. 2020 for the values
of the same parameters in GALICS 2.1). The hot wind is assumed to
flow out at the escape speed (vy, = Vesc)-

The assumptions in the paragraph above are used to compute np;
1 is determined by the fountain fraction

Me

, 6
Ne + N ©

€fount =
since it is the cold wind that falls back and forms the galactic fountain.
In GALICS 2.1, €fount Was a free parameter of the SAM and its value
was the same for all galaxies (€, = 0.7). However, cosmological
hydrodynamic simulations show that €., decreases with increasing
vyir (fig. 10 of Christensen et al. 2016 and fig. 12 Tollet et al. 2019).
Here we assume

Ubreak ’ 1:| ’ (7)

€fount = 0.7 min {

where vyeea i the virial velocity below which esy, =1 in equa-
tion (5).

Our model for what happens to the ejected gas is the same as in
GALICS 2.1. The reaccretion time-scale for the cold gas in the galac-
tic fountain is computed with equation (35) of Cattaneo et al. (2020).
The fountain has a shorter thermal-evaporation time-scale when the
virial temperature is higher (Cattaneo et al. 2020, equation 36). Hot
winds escape from the halo entraining the hot circumgalactic medium
with them if their momentum is M"'ve. > Myogh, where M is
the outflow rate of the hot component, My, is the mass of the hot
circumgalactic medium (i.e. the hot gas within the halo), and gy, is
the gravitational acceleration at the centre of the DM halo. They mix
with the hot circumgalactic medium if this condition is not satisfied.
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2.5 Disc instabilities

Since Mo et al. (1998) and van den Bosch (1998), all SAMs of disc
instabilities have been based on the Efstathiou-Lake—Negroponte
(ELN; Efstathiou, Lake & Negroponte 1982) criterion (GALACTICUS:
Benson 2012; MORGANA: Lo Faro et al. 2009; SAG: Gargiulo et al.
2015; YSAM: Lee & Yi 2013; GALFORM: Gonzalez-Perez et al. 2014;
SANTACRUZ: Porter et al. 2014; LGALAXIES: Henriques et al. 2015;
SAGE: Croton et al. 2016; SHARK: Lagos et al. 2018).

The problem is that, while the ELN criterion determines not very
accurately (Athanassoula 2008) but reasonably well whether a disc
is stable or not, it does not by itself predict the mass of the bar or
pseudo-bulge that forms in an unstable disc. Additional assumptions
are needed.

Some SAMs make the extreme assumption that discs evolve into
bulges when the ELN criterion is satisfied (e.g. Gonzalez-Perez
et al. 2014; Gargiulo et al. 2015). Others adopt a more conservative
approach and transfer to the bulge or pseudo-bulge just enough matter
to make the disc stable again (e.g. Henriques et al. 2015; Cattaneo
et al. 2017). Here, we adopt a new approach based on computer
simulations.

Devergne et al. (2020) studied the growth of pseudo-bulges in
isolated thin exponential stellar discs embedded in static spherical
haloes. The novelty of their work was the size of the explored
parameter space. They found that the final bulge-to-total stellar mass
ratio (B/T) could be fitted to an accuracy of 30 per cent by the formula

? =0.5£,83.2ry), 8)

where f; = v2/v? is the contribution of the disc to the total gravi-
tational acceleration (v, is the circular velocity at the optical radius
r = 3.2rq, where rq is the exponential scale length; vgq is the circular
velocity considering only the disc’s gravity).

We use equation (8) to compute the mass My, = (B/T)Mgis. of
the bar developed by a thin exponential disc of mass Mg, when
it is embedded in a spherical mass distribution such that v, is the
total circular velocity at r = 3.2r4. The gravitational potential of the
spherical mass distribution is the sum of the contributions from the
DM halo, the bulge, and the central cusp. If there is no bar, a bar of
mass My, is created from stars and gas from the disc. Stars and gas
are transferred from the disc to the bar in a proportion that reflects
their contributions to the total disc mass.

The case with a pre-existing bar is more complicated because
our guidance, equation (8), is based on simulations that did not
contemplate that possibility. We compute vq4(3.2r4) as if the bar were
part of the disc, which is not unreasonable, since the formation of
a bar should have no substantial impact on the rotation curve at the
optical radius. If the My, computed with equation (8) is larger than
the mass My, o of the pre-existing bar, we transfer a mass My, —
My, o from the disc to the bulge.

2.6 Mergers

Decades of computer simulations have shown that nearly equal-
mass (major) mergers result in the formation of elliptical galaxies
and drive gas into the central region, where it fuels starbursts and
can feed the growth of supermassive BHs (Toomre & Toomre 1972;
Barnes 1988; Barnes & Hernquist 1996; Hopkins et al. 2006). The
structure of merger remnants depends not only on the mass ratio
of the merging galaxies but also on the initial conditions of the
encounters (Negroponte & White 1983; Martin et al. 2018) and the
gas content of the merging galaxies (discs can survive even equal-

MNRAS 516, 4194-4211 (2022)

€20z Iudy g1 uo Jesn NSNI SUND-LSINI A9 0G65999/76 L #/€/9 1. G/2I01HE/SEIUW/WOD"dNO"DIWSPEdE//:SA)Y WO} PEPEOJUMO(Q



4198 1. Koutsouridou and A. Cattaneo

mass mergers if the gas fraction is large enough; Hopkins et al.
2009). Minor mergers, in which a small satellite plunges into a much
larger galaxy, heat the disc of the larger galaxy and can form a thick-
disc component (Statler 1988; Quinn, Hernquist & Fullagar 1993).
However, the heating efficiency scales as the square of the mass ratio.
Hence, a Milky Way galaxy may experience ~5-10 mergers with a
mass ratio of 1:10 and still retain a spiral morphology (Hopkins et al.
2008b).

The challenge for SAMs is to find a simple analytic model that
captures the essence of these complex dynamical transformations.
Here, we consider two models for the morphologies of the merger
remnants. The first is the same as in GALICS 2.0 (Cattaneo et al.
2017) and GALICS 2.1 (Cattaneo et al. 2020). It is the standard
assumption in SAMs of galaxy formation. The second is a novelty
of GALICS 2.2.

2.6.1 Model 1

In the so-called threshold model, a sharp threshold i, in the mass
ratio © = M,/ M, of the merging galaxies (with M, < M) dis-
tinguishes major and minor mergers. Bulges form in major mergers
only and major mergers destroy discs completely. Variations of the
threshold model remain the standard description of mergers in most
SAMs to date (GALACTICUS: Benson 2012; MORGANA: Lo Faro et al.
2009; sAG: Gargiulo et al. 2015; YSAM: Lee & Yi 2013; GALFORM:
Gonzalez-Perez et al. 2014; LGALAXIES: Henriques et al. 2015; SAGE:
Croton et al. 2016; SHARK: Lagos et al. 2018). We now explain our
implementation.

In our SAM, M, and M, are the total (baryonic plus DM) masses
within the baryonic half-mass radii of the merging galaxies. In major
mergers (4 > (), all the stars form a large bulge; all the cold galactic
gas is transferred to the central cusp, where it fuels a starburst. In
minor mergers (14 < iin), the gas and the stars in the disc, the bar, the
bulge, and the cusp of the smaller (secondary) galaxy are added to the
disc, the bar, the bulge, and the cusp of the larger (primary) galaxy,
respectively, without any changes in the structural properties of the
latter (the sizes and characteristic speeds for the four components
remain the same). We assume a threshold ratio of wu,, = 0.25 as in
Cattaneo et al. (2017, 2020).

2.6.2 Model 2

Our second model is based on the results of Kannan et al. (2015),
who used high-resolution hydrodynamical simulations to study the
formation of classical bulges and the triggering of starbursts in
mergers. Let f, dgisc be the gas fraction in the disc of the primary
galaxy. We assume that during a merger:

(i) a fraction p of the stars in the disc of the primary galaxy is
transferred to the central bulge;

(ii) another fraction 0.2u of the same stars is scattered into the
halo, which acquires in this way a stellar component in our SAM;
the same applies to the stars of the secondary galaxy that accrete on
to the disc of the merger remnant;

(iii) a fraction p(1 — fous, disc) Of the gas in the disc of the primary
galaxy is transferred to the central cusp (gas falls to the centre less
easily than stars if fg, gisc 1 significant);

(iv) even the gas that remains in the disc undergoes a starburst in
the case of a major merger (u > 0.25); we assume that this gas has
the same SF time-scale as that in the central cusp;
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(v) the stars and the gas in the bar of the primary galaxy are
transferred to the bulge and the cusp of the merger remnant,
respectively;

(vi) a fraction u of all the stars of the secondary galaxy ends up
in the bulge of the merger remnant; the rest is added to the disc;

(vii) all the gas of the secondary galaxy ends up in the central
cusp.

Assumptions (i), (ii), (iii), and (vi) are based on the quantitative
results of Kannan et al. (2015).! Assumption (iv) is in agreement with
observations (Pan et al. 2019) and simulations (Powell et al. 2013;
Kannan et al. 2015): most major mergers (including the Antennae;
Wang et al. 2004) exhibit extended SF in their early stages, which
then concentrates to the nuclear region as the galaxies approach
coalescence. Our assumption that all the gas is exhausted during
major mergers, whether it is transferred to the central cusp or remains
in the disc, may be too strong. On the other hand, minor mergers
(Kannan et al. 2015) and fly-by events (e.g. Lamastra et al. 2013)
can induce starbursts, too, and we do not consider these effects in
our SAM.

Kannan et al. (2015) did not consider the presence of bars and thus
could not comment on their evolution (assumption v). Bournaud &
Combes (2002) and Berentzen et al. (2007) found that the formation
of a bulge and dynamical heating can prevent even gas-rich systems
from retaining a bar after a major merger. The transfer of stars from
the bar to the bulge during mergers is an assumption that has no
effect on our results because it changes neither the total stellar
masses nor the SFRs of galaxies, but what happens to the gas in
the bar is important. Our assumption that it moves to the cusp is
based on an observationally motivated consideration: bars funnel
gas into the central region, where it settles into a nuclear minispiral,
which the interaction with a companion can easily destabilize
(see e.g. NGC 1097; Prieto et al. 2019). The latter assumption
is crucial for BH growth and quenching in our model, since our
SAM does not currently include a model for BH accretion via disc
instabilities.

Kannan et al. (2015) did not comment on the fate of the gas in
the secondary galaxy either (assumption vii), but we have tested
different models, and we have found, in agreement with Hopkins
et al. (2009), that out treatment of the gas in the secondary galaxy
has no statistically significant effect on the evolution of galaxies.

2.7 Supermassive black hole growth

We assume that BHs are fed by the cold gas that accumulates in
the central cusp during mergers. The formation of a BH is triggered
when the mass of this gas exceeds our minimum BH mass Me.q =
102 M, (consistent with stellar mass BHs formed from the collapse
of massive Population III stars; e.g. Latif & Ferrara 2016; Haemmerlé
et al. 2020). If both galaxies have pre-existing BHs, we assume that
they instantaneously coalesce, so that any accretion occurs on to the
remnant.
The BH growth rate is given by

MBH = (1 — €raq) min(EBHSFRcuspa MEdd)7 )

I'Kannan et al. (2015) find fy, = 0.3u—0.4/1, where fy, is the fraction of the
primary’s stellar disc that ends up in the bulge of the merger remnant. Using
high-resolution hydrodynamic simulations, Hopkins et al. (2009) find fq, =
1L, instead. We adopt the latter value here (assumption i), as we find it to be
in better agreement with the observed B/T.
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Probing the link between quenching and morphology

where €., = 0.1 is the radiative efficiency of BH accretion, egy
is a parameter of the SAM that sets the efficiency of BH accretion
relative to that of SF in the cusp component, SFR, is the SFR in
the central cusp, and Mpggq = Mgy ¢? /ts is the Eddington rate, where
c is the speed of light and g is the Salpeter (1964) time-scale.

In the previous versions of our SAM, egy was a constant (Cattaneo
et al. 2017 used egy = 0.01). However, the observations show that
Mgy /SER depends on M, (e.g. Delvecchio et al. 2015; Rodighiero
et al. 2015). Hydrodynamic simulations reproduce this behaviour
and show that it can be explained as a consequence of supernova
feedback. Supernovae blow the gas out and thus prevent its accretion
on to BHs in systems with low escape speeds (Dubois et al. 2015;
Anglés-Alcazar et al. 2017; Bower et al. 2017; Habouzit, Volonteri &
Dubois 2017; Davies et al. 2019b; Dekel, Lapiner & Dubois 2019;
Oppenheimer et al. 2020).

Here, we follow Kauffmann & Haehnelt (2000) and assume that

_ EBH,max
1+ (UBH/Uvir)2 '

where €pp. max and vy are free parameters that control the maximum
BH accretion efficiency and the virial velocity at which the efficiency
saturates, respectively. This choice prevents the formation of overly
massive BHs in low-mass, gas-rich galaxies.

Kauffmann & Haehnelt (2000) and Croton et al. (2006) fitted
the observations with €y max = 0.03 and vy = 280 km s~'. We
adopt the same vpy as theirs, but a higher ey, max = 0.05, since our
efficiency is relative to SFR, and not to the total SFR.2 The case for
€pn, max = 0.05 can be justified a posteriori, with the argument that
it fits the Mpy—M., relation at z = 0, but it can also be made a priori
(directly from observations, without running the SAM). Harris et al.
(2016) have shown that bright quasars with bolometric luminosities

23 x 10 L (and thus accretion rates Z20Mgyr~at2 < z <
3 live in galaxies with SFRs of 400-500 M yr~!. It is reasonable
to presume that, in such systems, most of the SF comes from the
starburst mode (e.g. fig. 3 of Cattaneo et al. 2013). That gives a BH
accretion rate-to-SFR ratio of egy ~ 20/400 = 0.05, in agreement
with our best-fitting value for €py, max-

In GALICS 2.2, mergers are the only channel for BH growth. We
do not consider accretion via disc instabilities or direct accretion
of gas from the hot halo. However, the role of disc instabilities is
indirectly accounted for through the assumption (v) of model 2 in
Section 2.6. The accretion of hot gas is important to explain the
population of weak radio galaxies, i.e. Fanaroff-Riley Class I radio
sources (Fanaroff & Riley 1974), but it makes a small contribution
to BH masses (e.g. Cattaneo & Best 2009).

€BH (10)

2.8 Quenching

Observationally, the probability that a central galaxy is passive
correlates strongly with both M,;, and Mgy (e.g. Bluck et al. 2020).
We thus consider two different models for the quenching of galaxies.

2In Kauffmann & Haehnelt (2000), all the cold gas present after a merger was
available for BH growth. In Croton et al. (2006), the mass of the available
gas was reduced by a factor equal to the merger ratio y, as in our model, but
there was no additional factor 1 — foas, disc (assumption iii)). Our BHs have
a smaller accretion reservoir. They need to accrete more efficiently to reach
the same final masses.
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2.8.1 Model A

The notion of halo quenching has its origin in the work of Dekel &
Birnboim (2006) and Cattaneo et al. (2006). In our current imple-
mentation (model A), cold-mode accretion, hot-mode accretion, and
reaccretion from the galactic fountain are shut down when M,;, >
M., the latter being a free parameter of the SAM. Dekel & Birnboim
(2006) identified M. with the critical halo mass above which a
stable shock heats the infalling cold intergalactic gas, giving rise to a
hot quasi-hydrostatic atmosphere. However, shock heating does not
necessarily cause quenching if it is not accompanied by a mechanism
that prevents the shock-heated gas from cooling down again (e.g.
Cattaneo et al. 2020).

Cattaneo et al. (2006) proposed that BHs couple to the hot gas
and that this coupling provides this mechanism. As soon as a hot
atmosphere appears, the growth of BHs becomes self-regulated. In
the self-regulated regime, BHs accrete slowly and release most of
their power mechanically, via radio jets. The power released is just
enough to compensate the radiative losses to X-rays, so that the
hot gas is kept in thermodynamic equilibrium (Cattaneo & Teyssier
2007; Cattaneo et al. 2009, and references therein).

Halo quenching can thus act as an implicit model for radio-
mode AGN feedback. Cattaneo et al. (2006) reproduced the colour—
magnitude distributions of galaxies in the Sloan Digital Sky Survey
(SDSS) in quantitative detail with a shutdown of cooling above
M =2 x 1022 Mg,

2.8.2 Model B

Silk & Rees (1998) proposed a model in which BHs grow until
the energy deposited in the surrounding gas is larger than the one
required to unbind the entire baryonic content of their host haloes.
Energy injection is not the only mechanism through which AGN can
drive winds and blow away the gas in their host galaxies (momentum
can drive them, too; Fabian 1999; King 2003). Energy driving is,
however, the most common assumption (Ostriker, Bode & Babul
2005; Booth & Schaye 2010, 2011; Bower et al. 2017; Oppenheimer
2018; Davies et al. 2019a, 2020; Oppenheimer et al. 2020) and
appears in better agreement with recent observational developments
(see below).

Chen et al. (2020) derived a similar model, which they called the
binding-energy model, from an observational rather than theoretical
perspective. Using a simple analytic model, they found that they
could reproduce several scaling relations for star-forming and passive
galaxies if galaxies cross into the green valley when the time-
integrated energy output of their central BHs exceeds a multiple
foina Of the gravitational binding energy of the baryons within the
halo, i.e. when

1
s Mpu > > foind Ebind = foind X EfbMvirv\%irv (11)

where gy, is the efficiency for converting BH accretion into the
useful feedback energy and c is the speed of light. The important
point here is that although egy g, and fying are considerably uncertain,
only their ratio €. = €pp/ foina Matters to determine the critical
BH mass,

Mcm _ fb M Uyir : (12)
BH — 2€cff vir c s

above which a galaxy is quenched. Equation (12) translates into a
relation between Mg}y and M, because of the tight M,—M.;, relation
at a given z. We treat its normalization €.i as a free parameter of
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log M, [M)]

log Mgy [Mg)]

log (Mgu/M.)

log SFR [Mg, /yr]

Figure 3. Evolutionary tracks of five galaxies in the four different models considered in this work (from left to right: A1, A2, BI, and B2), on the M,—z,
Mpy—z, My/M,—z, and SFR—z plane. Dashed lines indicate periods when galaxies are satellites, while solid lines indicate periods when galaxies are centrals
(a galaxy that was a satellite at some point in the past and is central at z = 0 is a backsplash galaxy, i.e. a galaxy that has passed through a group or a cluster and
come out to the other side). Points in the second row indicate major mergers, which correspond to the strongest bursts of SF visible in the fourth row. Minor
mergers are not noted due to their high frequency. Coloured triangles in the fourth row show the point when each galaxy is quenched in the halo quenching
model A, i.e. when My, > 2 x 1012 Mg, while X marks show when a galaxy is quenched in model B1 (third panel) and B2 (fourth panel), i.e. when it satisfies

the BH-quenching criterion (12).

the SAM and set it to €. = 0.00115 to reproduce the quenching
boundary Mgi{(M.,) that separates passive and star-forming galaxies
on the Mgy—M, diagram at z = O (Fig. 2; the dashed curve has the
same normalization as in fig. 2c of Chen et al. 2020).

As soon as the condition in equation (12) is satisfied, all the
gas within the central components of the galaxy (the central cusp,
the bulge, and the bar, but not the disc) is reheated and transferred
instantaneously to the hot atmosphere. So is the gas within the cold
filaments and the galactic fountain, after which the cooling of hot gas
is permanently shut down. The subsequent evolution of the galaxy
is characterized by a decreasing SFR as the cold gas left over in
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the disc is depleted, unless gas-rich mergers reactivate SF and BH
growth (Fig. 3).

Our assumption that the cold gas heated by quasar feedback mixes
with the hot atmosphere was made to conserve mass (we had to put
it somewhere, be it within the halo or in the intergalactic medium)
but has no bearing on the properties of galaxies, since we do not let it
reaccrete. It would matter, however, if we extended the scope of our
analysis from galaxies to the circumgalactic medium by comparing
to X-ray observations of the hot gas in early-type galaxies or if we
addressed the maintenance problem instead of just assuming that,
after the initial quenching, accretion is permanently shut down.
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Probing the link between quenching and morphology

Physically, it is reasonable to suppose that the effects of quasar
feedback should depend on the depth of the gravitational potential
well. In alow-mass galaxy, quasar feedback may empty the halo of its
entire gaseous content if the condition in equation (12) is satisfied.
In a group, that is a more difficult proposition. In a cluster, it is
downright impossible (we see the gas in X-rays).

Observationally, a recent study (Hou et al. 2021) has analysed
archival Chandra X-ray data for 57 field early-type galaxies in the
mass range 10° < M, < 10'' Mg. Only in seven of those (all at
M, > 10" M), there is a firm detection of extended X-ray emission
and only one (NGC 3193) has an X-ray halo that extends beyond the
starlight distribution. Retrospectively and without consequences for
the conclusions of this paper, it thus seems that a complete expulsion
of all the gas in the halo would have been a more realistic assumption,
at least for M, < 10" Mg,

To facilitate a better understanding of the models considered in
this work, Fig. 3 compares the evolution of five galaxies (two giants,
two with masses comparable to that of the Milky Way, and one
of low mass) in models Al, A2, B1, and B2. For halo quenching
(A), the merger model has little impact on the evolution of M,. For
BH quenching (B), quenched galaxies end up with higher masses in
merger model 1 than in merger model 2 (in model B1, quenching
occurs later because one has to wait for a major merger). The final
stellar masses in model B2 are similar to those in models A1 and A2
for giant galaxies but slightly lower at intermediate masses.

The merger model affects Mpy more than the quenching mecha-
nism does. In model 1, BHs form and grow in major mergers only
(circles), although a galaxy can also inherit a BH from a smaller
companion in a minor merger (magenta curve in models Al and
B1). In model 2, minor mergers, too, play a role; BHs grow faster;
galaxies are quenched earlier and there is less SF at z = 0.

In giant galaxies (red and orange curves), halo quenching usually
occurs earlier than BH quenching. At intermediate masses (cyan and
blue curves), the opposite is true. The galaxy corresponding to the
blue curve is never quenched in model A. At lower masses (M, ~
10'° M), galaxies are commonly not quenched in any model (see
also Fig. 10). Even in that case, however, the SFR can decline at
low z if the accretion rate on to the halo declines (magenta curve).
In the same way that the SFR can decline without quenching, the
opposite is also possible. Quenching does not always mark the end
of SF, which can be reactivated by gas-rich mergers.

2.9 Environmental effects: ram-pressure stripping

Stripping is the removal of matter from satellite galaxies or their
circumgalactic media through environmental effects, i.e. tides and
ram pressure. Tides can take place due to interactions with the
gravitational potential of the host halo (tidal stripping; Merritt 1984;
Byrd & Valtonen 1990; Mayer et al. 2006) or to smaller scale galaxy—
galaxy interactions (harassment; Farouki & Shapiro 1981; Moore
et al. 1996; Duc & Bournaud 2008). Tidal stripping affects not only
gas but also DM and stars, but ram pressure strips the gas more
effectively than tides do (e.g. Simpson et al. 2018).

Independently of its physical mechanism (tides or ram pressure),
stripping manifests differently depending on its intensity. Weak
stripping deprives satellite galaxies of their circumgalactic media.
Without an accretion reservoir, their SFR declines gradually until
all the cold gas is exhausted. Proposed by Larson, Tinsley &
Caldwell (1980) to explain the high ratio of SO to spiral galaxies
in clusters, this evolutionary picture has often been referred to as
‘strangulation” (Balogh, Navarro & Morris 2000) or ‘starvation’
(Bekki, Couch & Shioya 2002). Strong stripping removes matter
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from within galaxies, starting from their outer parts (Gunn & Gott
1972; Abadi, Moore & Bower 1999). The jellyfish galaxies (Ebeling,
Stephenson & Edge 2014) are the most extreme observational
evidence of this phenomenon.

In early SAMs, there was no accretion on to satellite galaxies. This
assumption is equivalent to an extreme form of strangulation and
leads to predicting that nearly all satellites are passive, at odds with
observations (Baldry et al. 2006; Weinmann et al. 2006; Kang & van
den Bosch 2008; Kimm et al. 2009) and cosmological simulations
(Cattaneo et al. 2007). Font et al. (2008) and Guo et al. (2011, 2013)
improved the agreement with the observations by considering that
the circumgalactic media of satellite galaxies are stripped gradually.
Henriques et al. (2015) found that the ram-pressure stripping (RPS)
model of Guo et al. (2013) worked well for clusters of galaxies but
was too efficient and thus produced too many quiescent satellites in
groups.

In the standard versions of GALICS 2.0 (Cattaneo et al. 2017) and
GALICS 2.1 (Cattaneo et al. 2020), there was no explicit model
for tides or RPS, but tidal stripping was partially accounted for
through its effects on the DM (haloes stop growing and accreting
baryons once they become subhaloes; e.g. Tollet et al. 2017). In
GALICS 2.0, this tidally induced starvation was more than sufficient
to shut down gas accretion on to satellites because galaxies grew
through cold accretion only and cold filaments disappear quickly
(on a free-fall time) if they are not replenished by accretion from
the intergalactic medium. Too many satellites were passive. Adding
stripping (as we did in one of the versions of GALICS 2.0 considered
in Koutsouridou & Cattaneo 2019) would only make the problem
worse. In GALICS 2.1, satellite galaxies can accrete through cooling.
Hence, RPS is important to avoid that mergers with gas-rich satellites
reactivate SF in massive central galaxies. In contrast, the effects of
tidal stripping on the gas content of satellites are negligible compared
to those of RPS (e.g. Simpson et al. 2018).

Our model for RPS is the same as the one described in Koutsouri-
dou & Cattaneo (2019) and very similar to that by Cora et al. (2018).
It is based on the notion that stripping is a two-stage process. The
hot gas is stripped first. The removal of cold galactic gas does not
begin until the hot atmosphere has been stripped down to the size of
the galaxy (Bekki 2009).

The RPS of hot gas is computed following McCarthy et al.
(2008), who showed that a simple analytic model for a spherical
gas distribution reproduces remarkably well the stripping measured
in hydrodynamic simulations. The RPS radius R; j, for the hot gas is
determined by requiring that the ram pressure exerted by the hot gas
of the host on the satellite should balance the subhalo’s gravitational
restoring force:

E GMsat(Rs.h)psal(Rs,h)
2 Rgn '

Pram(r) = phost(")vsa[(r) = (13)
Here r is the distance of the satellite from the centre of the host
system, phost(7) 1S the density of the hot atmosphere of the host at
the satellite’s location, vy, (r) is the orbital speed of the satellite in
the host’s reference frame, G is the gravitational constant, pg(Rs 1)
is the density of the hot atmosphere of the satellite at the stripping
radius, and M, (Rs 1) is the mass of the subhalo within that radius;
Prost and pgy are obtained by applying equation (3) to the host halo
and the subhalo, respectively.

The hot gas retained by the satellite is that within R . Its mass is
given by the volume integral of pg, within a sphere of radius Ry p.
If this integral returns a value lower than the mass of the hot gas
within the subhalo, the difference is stripped from the subhalo and
transferred to the host. If R, is smaller than the optical radius of
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the satellite (i.e. the radius that contains 83 per cent of the baryonic
mass of the galaxy), we assume that the whole gaseous halo of the
satellite is stripped. In our SAM, this is also a necessary condition
for the stripping of cold galactic gas.

Our model for RPS of cold gas in the discs of satellite galaxies is
based on Gunn & Gott (1972). The equation for the stripping radius
R;, . of the cold gaseous disc is

Pram = ,Oh(r)vszal(r)COSQ = 27TGEdisc(RSA,c)Egas(Rs,c)- (14)

Equation (14) is analogous to equation (13) with two differences.
First, the left-hand side depends on the angle 6 between the disc’s
rotation axis and the orbital velocity of the satellite galaxy (i.e. the
direction of the hot wind that blows the cold gas away if we examine
the problem in the reference frame of the satellite). Second, the
restoring force at the right-hand side is now assumed to be due to
the disc’s rather than the halo’s gravity. 4. and X, are the total
surface density (stars plus gas) and the surface density of the gaseous
disc, respectively (we assume that they have the same exponential
scale length). Once we have determined the RPS radius R; . for the
cold mass, the calculation of the cold gas stripped from the satellite
proceeds in the same manner as we did for the hot gas. We compute
the mass of the cold gaseous disc within R; . If this mass is lower
than the gas mass of the disc, the difference is removed from the disc
and transferred to the hot atmosphere of the host halo.

Several studies have shown that the stripping radii from equa-
tion (14) are similar to those found in hydrodynamical simulations,
albeit somewhat smaller (e.g. Roediger & Briiggen 2007; Tonnesen &
Bryan 2009; Steinhauser, Schindler & Springel 2016). This small
discrepancy is understandable because the inner halo should make
some contribution to the disc’s restoring force and also because of
the clumpiness of the cold gas, which makes it more resilient to RPS.

3 RESULTS

In this section, we compare the predictions of our two quenching
models (the halo-quenching model A and the BH/binding-energy-
quenching model B) when combined with the merger models 1 and
2 described in Section 2.6. That makes four models in total: A1, A2,
B1, and B2.

Fig. 4 focuses on the GSMF at 0 < z < 2.5. With halo quenching,
the GSMF does not depend on the assumed merger model. Models
Al and A2 are almost indistinguishable. For M = 2 x 10> Mg,
they are both in good agreement with the observations (data points
with error bars) at all redshifts. The only discrepancy is at the knee of
the GSMFs, where halo quenching predicts a sharp decrease in the
number of massive galaxies in contrast to the smoother downturn seen
in observations. This feature arises from the abrupt shutdown of all
accretion modes at M;;;. We have run tests and we have verified that
we could improve the agreement with the observations by using three
different critical masses for the shutdown of cooling, cold accretion,
and reaccretion from the galactic fountain, but here we have tried to
keep the model as simple as possible to make our point clearer.

With BH/binding-energy quenching, the merger model has a sig-
nificant impact on the GSMFE. Model B2 clearly fits the observations
much better than model B1. Its only problem is a slight excess in the
number densities of very massive galaxies but this could be attributed
to the lack of tidal stripping in our SAM (compare the green curve
with tidal stripping and the blue curve without it in Tollet et al. 2017,
fig. 10, right-hand panel).

The fraction of passive galaxies as a function of M, (Fig. 5)
display a similar behaviour. Models Al and A2 are, once again,
almost indistinguishable. They both fail to reproduce the observed
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passive fractions of central galaxies at all but the highest masses,
ie. at log(M,/Mg) < 11.5. Model B1 is even more catastrophic.
Model B2 is the only one in reasonable agreement with the passive
fractions of both central and satellite galaxies, if we exclude its
difficulty at explaining the existence of a small population of passive
central dwarf galaxies. Notice that all models reproduce the fraction
of passive satellites below ~10'" My, stressing the environmental
origin of their quenching mechanisms (i.e. strangulation/RPS). Fig. 6
(BH masses) and Figs 8 and 9 (morphologies) explain why model
B2 works much better than model B1.

The red, green, and blue curves in Fig. 6 show the median Mgy—M,
relation for galaxies of different B/T ratios (B/T > 0.7, 0.3 < B/T <
0.7, and B/T < 0.3, respectively). In all models, Mgy/M, grows with
B/T but the trend is far more pronounced in models Al and B1 than
itis in models A2 and B2. The reason is as follows. Merger model 1
assumes that, in minor mergers, the gas in the disc and the bar of
the secondary galaxy is moved to the disc and the bar of the merger
remnant, respectively, and there it stays unless the minor merger is
followed by a major one. So does the gas in the disc and the bar of the
primary galaxy. In merger model 2, even minor mergers can transfer
gas to the central cusp (Section 2.6) and contribute to the growth of
the central BH. Hence, the quenching condition in equation (12) is
more easily satisfied.

Furthermore, if spheroids form through major mergers only, as
model 1 assumes, then repeated minor mergers create a route for the
formation of giant spirals. The fraction of massive galaxies (M, ~
10" Mg,) with B/T < 0.1 is almost 20 per cent in model A1 and more
than 20 per cent in model B1, but only a few per cent in models
A2 and B2, in much better agreement with the observations (Fig. 9;
Mendel et al. 2014). Model Al has fewer massive galaxies with
BIT < 0.1 than model B1 because halo quenching prevents merger
remnants from reaccreting a disc at My;; > M. In model B1, it is
Mgy that counts. Hence, the low BH-to-stellar mass ratios of giant
spirals result in too much SF at high masses (Fig. 5) and too many
massive galaxies in general (Fig. 4).

Having analysed and understood how the four models behave, we
now we wish to look at the comparison with the observational data
in closer detail and especially at the BH masses, which are crucial
for model B. The observational data (Davis et al. 2018; Sahu et al.
2019) show that, for a same stellar mass, galaxies with higher B/T
host BHs that are systematically more massive (Fig. 6). This finding
is in qualitative agreement with our theoretical predictions.

The quantitative difference between the Mgy of different mor-
phological types in the observations is smaller than our predictions
for models Al and B1 but larger than our predictions for models
A2 and B2. This finding suggests that the role of minor mergers
and disc instabilities in the growth of supermassive BHs is under-
estimated in merger model 1 and overestimated in merger model 2.
GALICS 2.2 does not contain any explicit model for the growth
of BHs via disc instabilities but disc instabilities form bars. The
assumption (v) of merger model 2 that the gas in the bar of the
primary galaxy falls to the centre during mergers is the back door
through which disc instabilities affect the growth of BHs in our
SAM. Assuming that all this gas falls to the centre even in very
minor mergers is too extreme. Replacing this assumption with a
more realistic model for BH growth via disc instabilities is likely
to widen the gap between the Mpy—M., relations for spiral and
elliptical galaxies and thus improve the agreement with the data
points.

Despite the above remark, models A2 and B2 fit the data much
better than models Al and B1, especially for late-type galaxies. In
merger model 2, the Mgy—M,, relation for galaxies with B/T < 0.3
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Figure 4. Galaxy stellar mass functions (GSMFs) at 0 < z < 2.5 for models Al and A2 (above; cyan dotted and solid curves, respectively) and models B1 and
B2 (below; red dotted and solid curves, respectively). The data points show the observations from Ilbert et al. (2013; yellow), Muzzin et al. (2013; magenta),
Tomczak et al. (2014; cyan), Yang et al. (2009; red), Baldry et al. (2012; green), Bernardi et al. (2013; blue), and Moustakas et al. (2013; orange).

overlaps with the observations of Davis et al. (2018, blue circles),

while merger model 1 is completely off.

For B/T > 0.3 (red and green curves), model A2 fits the data points
(circles in the colour range from red to green; Sahu et al. 2019) better
than model B2 because, in model A2, BHs keep growing until SF

depletes the accretion reservoir even if the quenching criterion is
satisfied. In model B2, the gas in the central cusp is instantaneously
ejected once the quenching criterion is satisfied (some BH accretion
is nevertheless possible after quenching if mergers with gas-rich
satellites replenish the cusp; Fig. 3).
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We could bring model B2 in better agreement with the BH masses
of early-type galaxies by increasing the normalization €y, may Of the
efficiency of BH accretion while lowering the efficiency €. of BH
feedback, so that the fraction of passive galaxies and the GSMF stay
the same. However, that would have two drawbacks. First, the dashed
line in Fig. 2 would no longer be at the boundary that separates the
red and the blue squares. Second, the change would bring model B2
in conflict with direct measurements of the BH accretion rate-to-SFR
ratio.

Delvecchio et al. (2015) have studied ~8600 star-forming galaxies
selected from surveys in the far-infrared with Herschel and measured
their BH accretion rates from stacked X-ray data (Chandra). The
data points with error bars in Fig. 7 show their findings. The
BH accretion rate-to-SFR ratio increases with M,. GALICS 2.2
(model B2, coloured curves) reproduces this trend. In both the
model and the observations, the highest stellar masses drop out
of the lowest redshift panels because the galaxies with the highest
masses are the first to become passive (downsizing). Quantitatively,
the BH accretion rates for galaxies with 10'%° < M, < 10'' Mg
are in reasonable agreement with the observations at all z. At
10" < M, < 10'1? Mg, the model and the observations are in
reasonably good agreement at z > 0.65. At z < 0.35, however,
BH accretion rates are overpredicted both at M, > 10'' M, (red,
orange curves) and at 10'® < M, < 10'%3 Mg, (cyan curves). That is
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the opposite of what one expects if the efficiency of BH accretion is
underestimated.

A bias in the observed BH masses may explain the tension between
Figs 2 and 7. Dynamical mass estimates, such as those used by Sahu
et al. (2019), require that the gravitational sphere of influence of
the BH should be resolved. Shankar et al. (2016) argued that this
requirement introduces a bias in favour of galaxies with higher BH
masses. Model B2 is in reasonably good agreement with Shankar
etal. (2016)’s debiased Mpy—M, relation (Fig. 6, black dashed curve).
Alternatively, the mean BH accretion rate may be underestimated
because of the relatively small size of Delvecchio et al. (2015)’s
sample compared to the rarity of the quasar phenomenon (in the
local Universe, there is one quasar every ~10* early-type galaxies;
Wisotzki, Kuhlbrodt & Jahnke 2001).

Another factor that can alter Mgy and thus the final galaxy stellar
masses is the assumed initial BH mass Mgy, seea (models in which
AGN quenching depends on Mgy rather than Mgy are less sensitive
on Mgy seed; ©.2. Somerville et al. 2008). BHs with Mgy seed =
100 Mg are expected to have formed at high redshift (z ~ 15-30) from
the collapse of massive Population III stars (stellar mass BHs; Latif &
Ferrara 2016; Haemmerlé et al. 2020). Observations of extremely
bright quasars at z ~ 6—7.5 hosting supermassive BHs with Mgy ~
108-10'° M, (e.g. Fan 2006; Wu et al. 2015; Bafiados et al. 2018) are,
however, in tension with this BH formation scenario if subsequent
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Figure 6. Median central BH mass as a function of stellar mass, as predicted by the halo-quenching models Al and A2 (top and bottom left-hand panels) and
the binding-energy quenching models B1 (top right-hand panel) and B2 (bottom right-hand panel). The shaded areas indicate the 16th and 84th percentiles of the
predicted distributions. Red, green, and blue colour refer to elliptical galaxies [bulge-to-total stellar mass ratios (B/T) > 0.7], early-type spirals (0.3 <B/T < 0.7),
and late-type spirals (B/T < 0.3), respectively. Observations of individual galaxies from Davis, Graham & Cameron (2018) and Sahu et al. (2019) are shown
with points, colour coded according to the galaxies’ B/T. The black dashed line shows the Mgy—M.,, relation for early-type galaxies (ellipticals and lenticulars)

corrected for selection biases from Shankar et al. (2016).

BH growth is dominated by Eddington-limited accretion. Models
aiming at resolving this issue invoke super-Eddington accretion or
the formation of massive BH seeds (~10°-10° My,) either via direct
collapse of metal-poor gas in protogalaxies (Woods et al. 2019;
Inayoshi, Visbal & Haiman 2020) or during major mergers of disc-
dominated galaxies (Mayer et al. 2010).

Adopting a higher Mgy, seeq for all galaxies in our SAM results
in a dearth of galaxies with M, < 10'° M. However, if massive
seed BHs dominate mostly the massive end of the mass function
(as proposed by e.g. Bonoli, Mayer & Callegari 2014), then our
adopted BH/binding-energy quenching model would be in even
better agreement with the observed GSMF, as that would solve the
problem at the high-mass end.

Galactic morphologies are important both as a test of the merger
model (model 1 versus model 2) and because of the M,—morphology
relation. In Fig. 9, we compare the results of our four models to
the observations of Mendel et al. (2014; circles) and Dimauro et al.
(2018; stars) for the B/T ratios and the morphological breakdown

of the galaxy population. In this figure, but not in the rest of the
article, we classify galaxies using B/T ratios that consider only the
classical bulge. The reason is that Mendel et al. (2014) fit bulges with
a de Vaucouleurs (1948) model, which is a poor fit to pseudobulges,
and assign B/T = 0 to discs hosting pseudobulges where ’no de
Vaucouleurs component is a fit’. Once again, the agreement is best
for merger model 2. Since merger model 1 does not allow for any
bulge growth during minor mergers, models Al and B1 predict too
many late-type spirals with B/T < 0.1 (Fig. 9) and average B/T ratios
that are too low (Fig. 8, blue curves).

In contrast to halo quenching, BH quenching also affects galaxies
at intermediate masses (10'° < M, < 10'"' M) by preventing gas
accretion on to the disc component. This is why, in this mass range,
the median B/T is higher in model B2 than in model A2 (Fig. 8,
black curves). In Fig. 9, the fraction of galaxies with 0.1 < B/T < 0.7
(green curve) are lower in model B2 than in model A2 at intermediate
masses, while the fraction of galaxies with B/T > 0.7 (red curve) are
larger, because BH quenching has prevented merger remnants from
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far-infrared and measured BH accretion rates from stacked X-ray data.

regrowing a disc. In both cases, model B2 is in better agreement with
the observations than model A2. These considerations do not apply
when comparing models Al and B1 because in model B1 there are
not enough passive galaxies at M, < 10'' M, for them to affect the
statistical properties of the galaxy population (Fig. 5).

Fig. 10 uses the morphological distribution of galaxies on the
SFR-M, plane to compare the evolution in the halo-quenching and
BH-quenching scenarios. Triangles and circles represent unquenched
and quenched galaxies, respectively. Quenched galaxies are those
that satisfy or have satisfied our quenching criterion, which is M.,
> 2 x 10'2 Mg, for models A1 and A2 and equation (12) for models
B1 and B2. We note that a galaxy may be quenched but still star
forming if it has not consumed all its gas yet (there are circles on the
main sequence of star-forming galaxies). It is also possible that an
unquenched galaxy may be passive (there are a few triangles below
the main sequence of star-forming galaxies). This rare phenomenon
occurs when a galaxy ceases to accrete and runs out of gas because
its halo has stopped growing.

Models A1 and B1 are once again the most catastrophic, showing
too few late-type spirals and a red sequence populated almost
completely by galaxies with B/T ~ 1. Furthermore, in model B1 the
main sequence of star-forming galaxies extends too far at high masses

MNRAS 516, 4194-4211 (2022)

because, in merger model 1, there are too many massive spirals with
BH masses that are not large enough to induce quenching.

In model A2, disc instabilities and mergers cause B/T to increase
gradually towards high masses along the main sequence of star-
forming galaxies until galaxies reach the stellar mass-scale at which
My = My =2 x 1012 Mg. Above M, = o Mg, nearly all
galaxies are quenched and most of them are passive (there is a time
lag between quenching and the actual end of SF). In model B2,
B/T increases not only towards higher masses on the main sequence
but also towards lower SFRs at fixed M,. The green valley is not
only a region of intermediate SFRs but also a region of intermediate
morphologies. Model B2 is in better agreement with the observations
(e.g. Wuyts et al. 2011; Whitaker et al. 2015; Morselli et al. 2017;
Dimauro et al. 2022).

There are two reasons why model A2 fails on this point and model
B2 is successful. First, to have a transition from spiral to elliptical
galaxies along a vertical line of fixed M,, there has to be a spiral
population in the main sequence of star-forming galaxies at that
M,. In model A2, quenching starts at M, ~ 10'' My, where the
main sequence is dominated by lenticular (B/T ~ 0.5) rather than
spiral morphologies. In model B2, galaxies with M, > 3 x 10'° Mg
often contain BHs that are massive enough for the BH-quenching
criterion (equation 12) to be satisfied. Hence, the green valley starts at
lower masses, where there is a significant spiral population. Lowering
Mt in model A2 would result in a more extended green valley,
in better agreement with the observations, but would also give too
few massive galaxies at all redshifts. However, the extent of the
green valley is not the only problem and here comes the second
point. In model A2 there is no causal connection between quenching
and morphology. The only connection is that they are both related
to mass. Hence, no correlation should be expected between SFR
and B/T at constant M, beyond the one introduced by mergers,
which may considerably accelerate the depletion of gas in an already
quenched galaxy (this mechanism explains why, at a fixed M., the
blue circles are statistically above the red circles in all models).
In model B2, quenching is linked to BH mass. For a same M,,
galaxies with larger B/T have higher BH masses (Fig. 6). Therefore,
it is natural that higher B/T should carry a higher quenching
probability.

4 DISCUSSION AND CONCLUSION

We have investigated the mechanisms that quench SF in galaxies
by comparing the results of two competing scenarios: (A) halo
quenching and (B) BH/binding-energy quenching. In model A,
quenching occurs when M,; grows above the critical halo mass
MM, a free parameter whose order of magnitude is determined
by Dekel & Birnboim (2006)’s critical mass for shock heating. In
model B, quenching occurs when Mgy grows above the critical BH
mass Mﬁ“}l‘(vvir) determined by Chen et al. (2020)’s binding-energy
criterion.

Model B is more complicated than model A because BH masses,
unlike halo masses, depend on the assumptions of the galaxy-
evolution model, notably those for morphological evolution, since
the growth of supermassive BHs is related to the formation of
bulges. Some of these assumptions are degenerate: a same galaxy
can have the same BH mass with a lower B/T and a higher
BH-to-bulge mass ratio. Hydrodynamic simulations can assist us
to make reasonable assumptions, but, even if one doubted their
guidance, there are enough observational constraints to break the
aforementioned degeneracy.
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We have considered two versions of models A and B: one in which
only major mergers lead to the growth of BHs and bulges (models
Al and B1), the other in which the effects of major and minor
mergers are modelled following the numerical results of Kannan
et al. (2015, models A2 and B2). Model B2 is in better agreement
with the observations than the other three. For BH accretion rates
equal to ~5 per cent of the SFR in the central starburst, model B2
reproduces the observed BH masses, GSMFs, quiescent fractions,
and morphological properties of galaxies.

Three conclusions follow from these findings.

(i) Inagreement with Terrazas et al. (2016) and Bluck et al. (2020),
quenching is more closely related to the growth of Mgy than it is
to that of M,;. Halo quenching fails to produce enough passive
galaxies at M, < 10''" Mg, (Fig. 5, panels Al and A2). Lowering
Mt alleviates the problem but destroys the agreement with the
GSMF at high masses. BH-quenching model B2 does not present this
problem because, even at M, < 10''> M, there are some galaxies
with Mgy > ME. Halo quenching also fails to reproduce the SFR—
morphology relation. With halo quenching, the transition to higher
BIT occurs along the main sequence of star-forming galaxies; the
green valley is composed of early-type galaxies. With BH quenching,
the transition on the SFR—M, diagram is much more vertical; at
constant M, B/T increases in the direction of lower SFRs.

(i) Morphological evolution leads to quenching because mergers
transform discs into bulges while feeding the growth of supermassive
BHs. Restricting the formation of bulges and supermassive BHs to
major mergers is incompatible with the fraction of passive galaxies
at high masses. There are always galaxies that reach high masses
through a series of minor mergers. If these galaxies are not quenched,
there are too many star-forming galaxies at high masses.

(iii) If the gas fraction fed to the central BHs in mergers is the same
for massive and low-mass systems, then we have too many passive
galaxies at low masses. The efficiency with which gas is fed to the
central BH must be lower at lower vy;.. This finding is consistent with
the proposal that supernova feedback prevents the efficient growth of
supermassive BHs in systems with low escape speeds (Dubois et al.
2015; Anglés-Alcdzar et al. 2017; Bower et al. 2017; Habouzit et al.
2017; Davies et al. 2019b; Dekel et al. 2019; Oppenheimer et al.
2020).

We end with a couple of comments on how these findings fit into
our broader understanding of BH feedback. The first is that our BH-
quenching criterion (model B) is a criterion for Mgy, while previous
SAMs (Croton et al. 2006; Somerville et al. 2008; Henriques et al.
2015) had assumed that Mgy is the relevant quantity to determine
whether gas accretion is shut down or not. This assumption is largely
based on the insight from cool-core clusters. In these systems, the
intracluster medium has a short cooling time but is not able to cool
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Figure 9. Fraction of elliptical galaxies (B/T > 0.7; red lines), earlier-type spirals (0, 1 < B/T < 0.7; green lines), and late-type spirals (B/T < 0.1; blue lines) as
a function of stellar mass, for the two halo-quenching models (left-hand panels) and the two binding-energy quenching models (right-hand panels), at z ~ 0.1.
The coloured points show the observations by Mendel et al. (2014; circles) and Dimauro et al. (2018; stars).

and flow efficiently on to the central galaxy because mechanical
heating by radio jets from AGN compensates the radiative losses to
X-rays (Peterson & Fabian 2006; McNamara & Nulsen 2007, 2012;
Cattaneo et al. 2009; Hlavacek-Larrondo, Li & Churazov 2022).
The requirement that the jet power should compensate the X-ray
luminosity Lx translates into a criterion for the BH accretion rate
required to shut down cooling: GjelMBHCZ ~ Lx, where €j is the
efficiency with which the rest-mass energy of the gas that accretes
on to the BH is converted into jet kinetic energy.

As a good theory should explain as many observations as possible
with the fewest possible assumptions, it is logical that SAMs should
try and extend the lesson from cool-core clusters to lower masses. In
this case, however, Occam’s razor does not cut it. Chen et al. (2020)
and we have shown that we need a different criterion to explain the
quenching of SF in galaxies. We have not modelled the processes
through which BHs quench SF. Hence, we cannot comment on the
physics of BH feedback. We remark, however, that the criterion
required for the initial quenching of SF is different from the one
required to maintain it shut down afterwards. We can, therefore,
make the argument that quenching and maintenance correspond
to different feedback regimes. In fact, a criterion for Mgy arises
naturally in models where BHs accrete at the Eddington limit, so
that the accretion power grows with Mgy until it is large enough to
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blow away all the gas in the host system (Silk & Rees 1998; Fabian
1999; King 2003).

The second comment is on the entropy excesses on group scales
(the X-ray-emitting gas has higher entropies in groups than in
clusters when all entropies are rescaled to the virial one; Edge &
Stewart 1991; Evrard & Henry 1991; Kaiser 1991; Ponman et al.
1996; Valageas & Silk 1999; Lloyd-Davies, Ponman & Cannon
2000). Already Evrard & Henry (1991) made an explicit argument
that these excesses have no reason to be present if shock heating
from gravitational collapse is the dominant mechanism driving the
evolution of the hot gas, while quasar feedback provides a possible
explanation for their existence. Hence, their observation disfavours
model A, in which gravitational shock heating quenches SF. It also
disfavours any model in which the only BH feedback is maintenance
feedback: if BHs provided just enough heat to maintain the X-ray-
emitting gas in thermal equilibrium, then BHs would prevent the hot
gas from dropping below the entropy at which it was shock heated but
would not raise its entropy above it either. The entropy excesses on
group scales are evidence of a past epoch during which the gas was
heated violently. Violent heating implies rapid BH growth. Hence,
it is reasonable to associate it with the quasar-mode feedback that
quenched SF.
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Figure 10. Star formation rate (SFR) as a function of stellar mass for individual central galaxies in the four models considered, colour coded according to the
galaxies’ B/T at z ~ 0.1. Circles denote galaxies that have already been quenched, i.e. have satisfied the My, > 2 x 10'2 M, criterion for models Al and A2
and the binding-energy criterion (equation 12) for models B1 and B2. Triangles denote galaxies that have not been quenched yet.

In conclusion, our findings fit naturally in a scenario in which BH
feedback is bimodal. In star-forming galaxies, BHs grow rapidly
(quasar mode) until they are massive enough to blow away all
the gas (most early-type galaxies with 10° < M, < 10'"' My, lack
extended X-ray emission; Hou et al. 2021) or heat it to high
entropy. In this second regime, the accretion is self-regulated.
BHs grow just enough to maintain the hot gas in thermal
equilibrium.
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