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A B S T R A C T 

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 M BH 

–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. 
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 I N T RO D U C T I O N  

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

(i) Elliptical galaxies are passive because they converted all their
as into stars very rapidly at high redshift (Sandage 1986 ). Coupled
o the hypothesis that elliptical galaxies formed through mergers
T oomre & T oomre 1972 ) and to the observation that mergers can
rive starbursts (Sanders et al. 1988 ), this picture explains why
apid depletion of gas is associated with elliptical morphologies. Its
ain problem is that gas-rich mergers leave behind persistent blue

ores (Cattaneo et al. 2005 ; Springel & Hernquist 2005 ). Elliptical
alaxies with blue cores (E + A galaxies) are observed, but they are
xceedingly rare. 

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

(iii) The transition from star-forming (blue) to passive (red)
alaxies is linked to the disruption of cold filamentary flows and the
ppearance of shock-heated gas in massive systems (halo quenching;
 E-mail: ioanna.koutsouridou@unifi.it (IK); andrea.cattaneo@obspm.fr 
AC) 

u  

m  

h  

e  

Pub
ekel & Birnboim 2006 ). This picture explains the galaxy colour–
agnitude bimodality in quantitative detail (Cattaneo et al. 2006 ).
he link to morphology is less direct (the shutdown of gas accretion
revents merger remnants from regrowing discs). 
(iv) This scenario can be characterized as BH or halo quenching

ollowed by BH maintenance. All the abo v e scenarios share a
ommon weakness: they do not explain what prevents the accretion
f gas from restarting after the initial shutdown of SF (the so-called
aintenance problem). Model (iv) is model (ii) or (iii) with the

ddition of mechanical heating by radio galaxies, which solves the
aintenance problem by preventing the hot gas from cooling (Bower

t al. 2006 ; Cattaneo et al. 2006 ; Croton et al. 2006 ; Somerville et al.
008 ). In this picture, BHs constitute the link between quenching and
orphology. Elliptical galaxies are passive because they are those
ith the most massive BHs. 

The problem is complicated because all the mechanisms abo v e
lay a role to some extent. The question is which ones dominate. An
bservational approach to it is to ask which observable is the best
redictor of quiescence. Cheung et al. ( 2012 ), Fang et al. ( 2013 ),
nd Barro et al. ( 2017 ) showed that the surface density in the central
iloparsec, � 1 , is the best predictor of quiescence in large surv e ys
galaxies are quiescent abo v e a critical � 1 that depends on M ∗). Fang
t al. ( 2013 ) also mentioned a good correlation with the central stellar
elocity dispersion σ c and noted that this would follow naturally from
hat with � 1 since σ c and � 1 are closely related. Terrazas et al. ( 2016 )
sed observations of galaxies with direct measurements of the BH
ass M BH and showed that, for a same M ∗, passive galaxies have

igher M BH than star-forming galaxies. Bluck et al. ( 2020 ) used the
mpirical M BH –σ c relation (Ferrarese & Merritt 2000 ; Gebhardt et al.
© 2022 The Author(s) 
lished by Oxford University Press on behalf of Royal Astronomical Society 
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000 ; Saglia et al. 2016 ; Sahu, Graham & Davis 2019 ) to conclude
hat quiescence correlates with M BH more strongly that it does with 
tellar mass, halo mass, or any other observable property. An equally 
trong correlation with � 1 would not modify this conclusion to the 
xtent that � 1 and σ c are both tracers of M BH (see Sahu, Graham &
avis 2022 for an observational analysis of the M BH –� 1 relation). 
In this paper, we use a semi-analytic model (SAM) of galaxy 

ormation to shed some more light on this topic and compare the
bservational implications of BH quenching versus halo quenching 
or 

a) the galaxy stellar mass function (GSMF); 
b) the fraction of passive galaxies as a function of M ∗; 
c) the M BH –M ∗ relation; 
d) galactic morphologies. 

Point (d) is important to break potential degeneracies of the 
AM. A model with an o v erpropensity for early-type morphologies 
ould reproduce the GSMF and the passive fraction correctly if this
 v erpropensity were compensated by lower BH accretion rates, so
hat the product M BH / M bulge × M bulge / M ∗ stays the same (here M bulge 

s 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
ersion of GALICS 2.1 (Cattaneo et al. 2020 ). GALICS 2.2 contains
wo options for the quenching model: halo quenching (model A) 
nd BH quenching (model B). It also includes two models for the
orphologies of merger remnants. In model 1 (also referred to as

he threshold model), there is a sharp separation between major and 
inor mergers. Model 2 follows numerical simulations by Kannan 

t al. ( 2015 ) and assumes a smoother transition. In Section 3 , we
ompare the results of the four combinations A1, A2, B1, and B2. In
ection 4 , we summarize and discuss the conclusions of the paper. 

 T H E  M O D E L  

his section describes how GALICS 2.2 follows the hierarchical 
rowth of dark matter (DM) haloes (Section 2.1 ), the accretion 
f gas on to haloes and galaxies (Section 2.2 ), SF (Section 2.3 ),
tellar feedback (Section 2.4 ), disc instabilities (Section 2.5 ), mergers 
Section 2.6 ), the growth of supermassive BHs (Section 2.7 ), quench-
ng (Section 2.8 ), and ram-pressure stripping (RPS; Section 2.9 ). 
he presentation is more synthetic in Sections 2.1 –2.4 , where the
ifferences with GALICS 2.1 (Cattaneo et al. 2020 ) are small (or
nexistent, in Sections 2.1 and 2.2 ), and more detailed in Sections 2.5 –
.9 , where the new developments are. 

.1 N -body simulation 

ALICS 2.2 uses the same DM merger trees as GALICS 2.1. 
hey were extracted from a cosmological N -body simulation with 
M 

= 0.308, �� 

= 0.692, �b = 0.0481, and σ 8 = 0.807 (Planck 
ollaboration XX 2014 ). The simulation has a volume of (100 Mpc ) 3 

nd contains 1024 3 particles, so that the halo mass functions are 
eproduced down to M vir � 4 × 10 9 M �. It has been evolved from
 = 16.7 to z = 0 storing 287 outputs equally spaced in the logarithm
f the expansion factor. 
The virial mass M vir , the virial radius r vir , and the virial angular
omentum J vir are computed at each time-step for each halo con- 

aining at least 100 particles, as in Cattaneo et al. ( 2017 ). The virial
asses, orbits, and merging times of ghost subhaloes, i.e. subhaloes 

hat fall below the resolution limit of the simulation, are computed 
s in Cattaneo et al. ( 2020 ). 
.2 Gas accretion 

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

 bar = f b M vir , (1) 

here M bar is the total baryonic mass that has accreted on to the halo
inclusive of any ejected material) and f b is the halo baryon fraction
see below). If the left-hand side of equation ( 1 ) is smaller than the
ight-hand side, then gas accretes on to the halo until the validity
f equation ( 1 ) is restored (see fig. 1 of Cattaneo et al. 2020 for the
etails of how this accretion scheme is implemented). 
In massive haloes, f b should approach the universal baryon fraction 

b / �M 

. Photoionization heating (e.g. Efstathiou 1992 ; Gnedin 2000 )
nd stellar feedback (e.g. Brook et al. 2012 ; Wang et al. 2017 ; Tollet
t al. 2019 ), ho we ver, suppress gas accretion on to lo w-mass haloes,
o that their baryon fraction is lower than the universal one. We
ollow Cattaneo et al. ( 2020 ) and assume that 

 b ( υvir ) = 

�b 

�M 

[
erf 

(υvir 

σ

)
− 2 √ 

π

υvir 

σ
e −( υvir 

σ ) 2 
]
, (2) 

here v vir = 

√ 

G M vir /r vir is the virial velocity of the halo and σ =
4 km s −1 is a parameter of the SAM that we fix in agreement with
he results of the Numerical Investigation of a Hundred Astrophysical 
bjects (NIHAO ) simulations (Tollet et al. 2019 ). 
The gas that accretes on to a halo can stream on to the central

alaxy in free-fall (cold-mode accretion) or it may be shock heated
nd become part of a hot atmosphere. The choice is based on a shock-
tability criterion that compares the compression time with the post- 
hock cooling time on a halo-by-halo basis. This criterion, which 
mpro v es previous work by Dekel & Birnboim ( 2006 ), has been
iscussed at length in Cattaneo et al. ( 2020 ) and Tollet et al. ( 2022 ),
ho have performed a detailed comparison with cosmological zoom 

imulations. Hence, there is no need for us to elaborate on it here. Our
AM also considers the effects of the Kelvin–Helmholtz instability 

n haloes where cold filamentary flows and a hot atmosphere coexist.
he Kelvin–Helmholtz instability contributes to the disruption of the 
laments 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 
f White & Frenk ( 1991 ). The cooling rate of the hot gas depends on
ts density distribution ρh ( r ). As in Cattaneo et al. ( 2020 ), we assume
 density profile of the form 

h ( r) = ρh , 0 

(
1 + 

r 

αg r 0 

)−3 

, (3) 

here r 0 is the core radius of the DM halo, fitted with a Navarro–
renk–White (NFW; Navarro, Frenk & White 1997 ) profile, and 
h, 0 is the central density of the hot gas, determined by the condition

hat ρh / ρNFW 

→ M hot / M vir for r → ∞ ( M hot is the mass of the
ot gas within the halo). We set αg = 0.59 in agreement with
diabatic cosmological hydrodynamic simulations by Faltenbacher 
t al. ( 2007 ). 

The black squares in Fig. 1 show the electron-density distribution 
 e = 

14 
16 

ρh 
m p 

predicted by equation ( 3 ) for a cluster halo, in which
he gas is approximately adiabatic ( m p is the proton mass; the 14/16
oefficient is for a plasma that is three quarters hydrogen and one
uarter helium in mass). The blue and the red curves are observational
ata for cool-core and non-cool-core clusters in the same range of
asses, respectively. Real clusters have central electron densities 
MNRAS 516, 4194–4211 (2022) 
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Figure 1. The hot-gas density profile of the biggest cluster in our compu- 
tational volume ( M 500 = 10 14.6 M �) as predicted by equation ( 3 ) (black 
squares), o v erplotted 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 abo v e 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 curv e, respectiv ely). The comparison with Voit ( 2019 ) 
is a minor point in relation to the goals of this paper. Interestingly, ho we ver, 
there is a very good agreement between his model and ours at r > ∼ 0 . 05 r 500 . 
At r < 0 . 05 r 500 , 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. 

Figure 2. Local BH mass–stellar mass relation for star-forming [specific star 
formation rate (sSFR) > 10 −11 yr −1 ; blue] and passive (sSFR < 10 −11 yr −1 ; 
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 ). 
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hat span two orders of magnitude. Denser cores correspond to lower
entral entropies. Cool-core clusters are those in which the hot X-ray
as has cooled and condensed into the central region. The lowest
entral densities occur where heating has pre v ailed o v er cooling, so
hat the central entropy has gone up. In our model, neither cooling
or any non-gravitational heating mechanism, such as feedback from
ctive galactic nuclei (AGN), has any effect on n e ( r ). Hence, it is
emarkable that our predictions (the black squares) lie right at the
oundary between the density profiles of cool-core and non-cool-
ore clusters. 

We model a galaxy as the sum of four components: a disc, a
ar/pseudo-bulge, a classical bulge, and a central cusp, composed
f the gas that falls to the centre and undergoes starbursts during
ergers (Cattaneo et al. 2017 ). We call it cusp because this material

s responsible for the central light excesses in the photometric profiles
f cuspy ellipticals, while the rest of the bulge is composed of the
re-existing stellar population (Kormendy et al. 2009 ). 
All the gas that accretes on to galaxies is added to the disc compo-

ent, the radius of which is computed assuming the conservation of
ngular momentum (Mo, Mao & White 1998 ). This assumption may
e inaccurate (Jiang et al. 2019 ) but is highly standard (see Knebe
t al. 2015 ; Somerville & Dav ́e 2015 for on o v erview of SAMs) and
ives mean disc sizes in good agreement with the observations, even
hough the scatter around the mean is larger in the SAM than in the
bservations because of the large intrinsic scatter in the halo spin
arameter (Cattaneo et al. 2017 ). 

.3 Star formation and chemical enrichment 

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

reating their SF as quiescent. 
We define the SF time-scale of a component as the time in which

t would consume its whole gas reservoir, were its star formation rate
SFR) constant. Many authors call this quantity the gas-depletion
ime-scale. We do not follow this convention here because SF is not
he only process that depletes galaxies of gas. Feedback, too, plays a
ole. 

Bigiel et al. ( 2008 , 2011 ) advocated a constant SF time-scale
f ∼2 Gyr in disc galaxies. Their study suggests that a similar
onclusion applies to starbursts with a time-scale ∼10 times shorter.
ore complex models have been proposed based on both observa-

ions (Kennicutt 1998 ; Kennicutt & Evans 2012 ; Kennicutt & De
os Reyes 2021 ) and theory (Krumholz, Dekel & McKee 2012 ;
omerville, Popping & Trager 2015 ). We ourselves had considered
 SF time-scale proportional to the dynamical time in our previous
ork (Hatton et al. 2003 ; Cattaneo et al. 2006 , 2017 ). Ho we ver,

ssuming a constant SF time-scale has the practical advantage that
ur SFRs do not depend on the sizes of discs. This prevents the
ossibility of artificial starbursts in a tail of discs with abnormally
mall exponential scale lengths (see Section 2.2 , final paragraph). 

In this paper, we have treated the SF time-scales for discs and
tarbursts as free parameters of the SAM. We have found good fits to
he observations using 1 Gyr for the disc SF time-scale and 0 . 2 Gyr
or the cusp SF time-scale. The time-scale for discs is shorter than
he one found by Bigiel et al. ( 2011 ) but in agreement with Combes
t al. ( 2013 ). 

art/stac2240_f1.eps
art/stac2240_f2.eps
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Chemical evolution is modelled as in Koutsouridou & Cattaneo 
 2019 ). The only no v elty is that we no longer assume primordial
etallicity for the intergalactic medium. The enrichment of the 

ntergalactic medium is computed self-consistently as in Cattaneo 
t al. ( 2020 ). 

.4 Stellar feedback 

n Cattaneo et al. ( 2020 ), we introduced a new model for stellar
eedback that takes into account the multiphase structure of galactic 
inds by separating them into a cold component with mass-loading 

actor ηc and a hot component with mass-loading factor ηh , so that 

≡ Ṁ out 

SFR 

= ηc + ηh = 2 

(
εSN c 

v 2 w c 

+ 

εSN h 

v 2 w h 

)
E SN � SN . (4) 

ere Ṁ out is the total mass outflow rate; � SN = 1/140 is the number
f supernovae per unit stellar mass formed for a Chabrier ( 2003 )
nitial mass function; E SN = 10 51 erg is the energy released by one
upernova; εSN c and εSN h are the fractions of this energy used to 
ower the cold and the hot component of supernov a-dri ven winds,
espectively; v w c and v w h are the respective speeds. 

Cattaneo et al. ( 2020 ) modelled the fraction of the total energy from 

upernovae deposited into the hot component with the functional 
orm 

SN h = min 

[(
v vir 

v SN 

)αv 

(1 + z) αz , 1 

]
(5) 

ased on the results of cosmological hydrodynamic zoom simulations 
NIHAO; Tollet et al. 2019 ), where αv , αz , and v SN are free
arameters of the SAM; v SN is the virial velocity for which εSN h = 1
t z = 0. The same model applies here with αv = −3.6, αz = 2.5, and
 SN = 55 km s −1 (see table 1 of Cattaneo et al. 2020 for the values
f the same parameters in GALICS 2.1). The hot wind is assumed to
ow out at the escape speed ( v w h = v esc ). 
The assumptions in the paragraph abo v e are used to compute ηh ;

c is determined by the fountain fraction 

fount ≡ ηc 

ηc + ηh 
, (6) 

ince it is the cold wind that falls back and forms the galactic fountain.
n GALICS 2.1, εfount was a free parameter of the SAM and its value
as the same for all galaxies ( εfount = 0.7). Ho we ver, cosmological
ydrodynamic simulations show that εfount decreases with increasing 
 vir (fig. 10 of Christensen et al. 2016 and fig. 12 Tollet et al. 2019 ).
ere we assume 

fount = 0 . 7 min 

[
υbreak 

υvir 
, 1 

]
, (7) 

here v break is the virial velocity below which εSN h = 1 in equa-
ion ( 5 ). 

Our model for what happens to the ejected gas is the same as in
ALICS 2.1. The reaccretion time-scale for the cold gas in the galac-

ic fountain is computed with equation (35) of Cattaneo et al. ( 2020 ).
he fountain has a shorter thermal-e v aporation time-scale when the 
irial temperature is higher (Cattaneo et al. 2020 , equation 36). Hot
inds escape from the halo entraining the hot circumgalactic medium 

ith them if their momentum is Ṁ 

hot 
out v esc > M hot g h , where Ṁ 

hot 
out is

he outflow rate of the hot component, M hot is the mass of the hot
ircumgalactic medium (i.e. the hot gas within the halo), and g h is
he gravitational acceleration at the centre of the DM halo. They mix
ith the hot circumgalactic medium if this condition is not satisfied.
.5 Disc instabilities 

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

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

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

Devergne et al. ( 2020 ) studied the growth of pseudo-bulges in
solated thin exponential stellar discs embedded in static spherical 
aloes. The no v elty of their w ork w as the size of the explored
arameter space. They found that the final bulge-to-total stellar mass 
atio ( B / T ) could be fitted to an accuracy of 30 per cent by the formula 

B 

T 
= 0 . 5 f 1 . 8 d (3 . 2 r d ) , (8) 

here f d = v 2 d /v 
2 
c is the contribution of the disc to the total gravi-

ational acceleration ( v c is the circular velocity at the optical radius
 = 3.2 r d , where r d is the exponential scale length; v d is the circular
elocity considering only the disc’s gravity). 

We use equation ( 8 ) to compute the mass M bar = ( B / T ) M disc of
he bar developed by a thin exponential disc of mass M disc when
t is embedded in a spherical mass distribution such that v c is the
otal circular velocity at r = 3.2 r d . The gravitational potential of the
pherical mass distribution is the sum of the contributions from the
M halo, the bulge, and the central cusp. If there is no bar, a bar of
ass M bar is created from stars and gas from the disc. Stars and gas

re transferred from the disc to the bar in a proportion that reflects
heir contributions to the total disc mass. 

The case with a pre-existing bar is more complicated because 
ur guidance, equation ( 8 ), is based on simulations that did not
ontemplate that possibility. We compute v d (3.2 r d ) as if the bar were
art of the disc, which is not unreasonable, since the formation of
 bar should have no substantial impact on the rotation curve at the
ptical radius. If the M bar computed with equation ( 8 ) is larger than
he mass M bar, 0 of the pre-existing bar, we transfer a mass M bar −
 bar, 0 from the disc to the bulge. 

.6 Mergers 

ecades of computer simulations have shown that nearly equal- 
ass (major) mergers result in the formation of elliptical galaxies 

nd drive gas into the central region, where it fuels starbursts and
an feed the growth of supermassive BHs (Toomre & Toomre 1972 ;
arnes 1988 ; Barnes & Hernquist 1996 ; Hopkins et al. 2006 ). The

tructure of merger remnants depends not only on the mass ratio
f the merging galaxies but also on the initial conditions of the
ncounters (Negroponte & White 1983 ; Martin et al. 2018 ) and the
as content of the merging galaxies (discs can survive even equal-
MNRAS 516, 4194–4211 (2022) 
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1 Kannan et al. ( 2015 ) find f db = 0.3 μ–0.4 μ, where f db 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 f db = 

μ, 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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ass mergers if the gas fraction is large enough; Hopkins et al.
009 ). Minor mergers, in which a small satellite plunges into a much
arger galaxy, heat the disc of the larger galaxy and can form a thick-
isc component (Statler 1988 ; Quinn, Hernquist & Fullagar 1993 ).
o we ver, the heating ef ficiency scales as the square of the mass ratio.
ence, a Milky Way galaxy may experience ∼5–10 mergers with a
ass ratio of 1:10 and still retain a spiral morphology (Hopkins et al.

008b ). 
The challenge for SAMs is to find a simple analytic model that

aptures the essence of these complex dynamical transformations.
ere, we consider two models for the morphologies of the merger

emnants. The first is the same as in GALICS 2.0 (Cattaneo et al.
017 ) and GALICS 2.1 (Cattaneo et al. 2020 ). It is the standard
ssumption in SAMs of galaxy formation. The second is a no v elty
f GALICS 2.2. 

.6.1 Model 1 

n the so-called threshold model, a sharp threshold μm 

in the mass
atio μ = M 2 / M 1 of the merging galaxies (with M 2 < M 1 ) dis-
inguishes major and minor mergers. Bulges form in major mergers
nly and major mergers destroy discs completely. Variations of the
hreshold model remain the standard description of mergers in most
AMs to date ( GALACTICUS : Benson 2012 ; MORGANA : Lo Faro et al.
009 ; SAG : Gargiulo et al. 2015 ; YSAM : Lee & Yi 2013 ; GALFORM :
onzalez-Perez et al. 2014 ; LGALAXIES : Henriques et al. 2015 ; SAGE :
roton et al. 2016 ; SHARK : Lagos et al. 2018 ). We now explain our

mplementation. 
In our SAM, M 1 and M 2 are the total (baryonic plus DM) masses

ithin the baryonic half-mass radii of the merging galaxies. In major
ergers ( μ> μm 

), all the stars form a large bulge; all the cold galactic
as is transferred to the central cusp, where it fuels a starburst. In
inor mergers ( μ < μm 

), the gas and the stars in the disc, the bar, the
ulge, and the cusp of the smaller (secondary) galaxy are added to the
isc, the bar, the bulge, and the cusp of the larger (primary) galaxy,
espectiv ely, without an y changes in the structural properties of the
atter (the sizes and characteristic speeds for the four components
emain the same). We assume a threshold ratio of μm 

= 0.25 as in
attaneo et al. ( 2017 , 2020 ). 

.6.2 Model 2 

ur second model is based on the results of Kannan et al. ( 2015 ),
ho used high-resolution hydrodynamical simulations to study the

ormation of classical bulges and the triggering of starbursts in
ergers. Let f gas, disc be the gas fraction in the disc of the primary

alaxy. We assume that during a merger: 

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

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

(iii) a fraction μ(1 − f gas, disc ) of the gas in the disc of the primary
alaxy is transferred to the central cusp (gas falls to the centre less
asily than stars if f gas, disc is significant); 

(iv) even the gas that remains in the disc undergoes a starburst in
he case of a major merger ( μ > 0.25); we assume that this gas has
he same SF time-scale as that in the central cusp; 
NRAS 516, 4194–4211 (2022) 
(v) the stars and the gas in the bar of the primary galaxy are
ransferred to the bulge and the cusp of the merger remnant,
espectively; 

(vi) a fraction μ of all the stars of the secondary galaxy ends up
n 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
usp. 

Assumptions (i), (ii), (iii), and (vi) are based on the quantitative
esults of Kannan et al. ( 2015 ). 1 Assumption (iv) is in agreement with
bservations (Pan et al. 2019 ) and simulations (Powell et al. 2013 ;
annan et al. 2015 ): most major mergers (including the Antennae;
ang et al. 2004 ) exhibit extended SF in their early stages, which

hen concentrates to the nuclear region as the galaxies approach
oalescence. Our assumption that all the gas is exhausted during
ajor mergers, whether it is transferred to the central cusp or remains

n 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 )
an induce starbursts, too, and we do not consider these effects in
ur SAM. 
Kannan et al. ( 2015 ) did not consider the presence of bars and thus

ould not comment on their evolution (assumption v). Bournaud &
ombes ( 2002 ) and Berentzen et al. ( 2007 ) found that the formation
f a bulge and dynamical heating can prevent even gas-rich systems
rom retaining a bar after a major merger. The transfer of stars from
he bar to the bulge during mergers is an assumption that has no
ffect on our results because it changes neither the total stellar
asses nor the SFRs of galaxies, but what happens to the gas in

he bar is important. Our assumption that it mo v es to the cusp is
ased on an observationally motivated consideration: bars funnel
as into the central region, where it settles into a nuclear minispiral,
hich the interaction with a companion can easily destabilize

see e.g. NGC 1097; Prieto et al. 2019 ). The latter assumption
s crucial for BH growth and quenching in our model, since our
AM does not currently include a model for BH accretion via disc

nstabilities. 
Kannan et al. ( 2015 ) did not comment on the fate of the gas in

he secondary galaxy either (assumption vii), but we have tested
ifferent models, and we have found, in agreement with Hopkins
t al. ( 2009 ), that out treatment of the gas in the secondary galaxy
as no statistically significant effect on the evolution of galaxies. 

.7 Supermassi v e black hole growth 

e assume that BHs are fed by the cold gas that accumulates in
he central cusp during mergers. The formation of a BH is triggered
hen the mass of this gas exceeds our minimum BH mass M seed =
0 2 M � (consistent with stellar mass BHs formed from the collapse
f massive Population III stars; e.g. Latif & Ferrara 2016 ; Haemmerl ́e
t al. 2020 ). If both galaxies hav e pre-e xisting BHs, we assume that
hey instantaneously coalesce, so that any accretion occurs on to the
emnant. 

The BH growth rate is given by 

˙
 BH = (1 − εrad ) min ( εBH SFR cusp , Ṁ Edd ) , (9) 
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here εrad = 0.1 is the radiative efficiency of BH accretion, εBH 

s a parameter of the SAM that sets the efficiency of BH accretion
elative to that of SF in the cusp component, SFR cusp is the SFR in
he central cusp, and Ṁ Edd = M BH c 

2 /t S is the Eddington rate, where
 is the speed of light and t S is the Salpeter ( 1964 ) time-scale. 

In the previous versions of our SAM, εBH was a constant (Cattaneo 
t al. 2017 used εBH = 0.01). Ho we ver, the observ ations sho w that
˙
 BH / SFR depends on M ∗ (e.g. Delvecchio et al. 2015 ; Rodighiero 

t al. 2015 ). Hydrodynamic simulations reproduce this behaviour 
nd show that it can be explained as a consequence of supernova
eedback. Supernov ae blo w the gas out and thus prevent its accretion
n to BHs in systems with low escape speeds (Dubois et al. 2015 ;
ngl ́es-Alc ́azar et al. 2017 ; Bower et al. 2017 ; Habouzit, Volonteri &
ubois 2017 ; Davies et al. 2019b ; Dekel, Lapiner & Dubois 2019 ;
ppenheimer et al. 2020 ). 
Here, we follow Kauffmann & Haehnelt ( 2000 ) and assume that 

BH = 

εBH , max 

1 + ( v BH /υvir ) 2 
, (10) 

here εBH, max and v BH are free parameters that control the maximum 

H accretion efficiency and the virial velocity at which the efficiency 
aturates, respectively. This choice prevents the formation of overly 
assive BHs in low-mass, gas-rich galaxies. 
Kauffmann & Haehnelt ( 2000 ) and Croton et al. ( 2006 ) fitted

he observations with εBH, max = 0.03 and v BH = 280 km s −1 . We
dopt the same v BH as theirs, but a higher εBH, max = 0.05, since our
f ficiency is relati ve to SFR cusp and not to the total SFR. 2 The case for
BH, max = 0.05 can be justified a posteriori, with the argument that 
t fits the M BH –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
> ∼3 × 10 13 L � (and thus accretion rates > ∼20 M � yr −1 ) at 2 < z <

 live in galaxies with SFRs of 400–500 M � yr −1 . It is reasonable
o presume that, in such systems, most of the SF comes from the
tarburst mode (e.g. fig. 3 of Cattaneo et al. 2013 ). That gives a BH
ccretion rate-to-SFR ratio of εBH ∼ 20/400 = 0.05, in agreement 
ith our best-fitting value for εBH, max . 
In GALICS 2.2, mergers are the only channel for BH growth. We

o not consider accretion via disc instabilities or direct accretion 
f gas from the hot halo. Ho we ver, the role of disc instabilities is
ndirectly accounted for through the assumption (v) of model 2 in 
ection 2.6 . The accretion of hot gas is important to explain the
opulation of weak radio galaxies, i.e. F anaroff–Rile y Class I radio
ources (Fanaroff & Riley 1974 ), but it makes a small contribution
o BH masses (e.g. Cattaneo & Best 2009 ). 

.8 Quenching 

bservationally, the probability that a central galaxy is passive 
orrelates strongly with both M vir and M BH (e.g. Bluck et al. 2020 ).
e thus consider two different models for the quenching of galaxies. 
 In Kauffmann & Haehnelt ( 2000 ), all the cold gas present after a merger was 
vailable for BH growth. In Croton et al. ( 2006 ), the mass of the available 
as was reduced by a factor equal to the merger ratio μ, as in our model, but 
here was no additional factor 1 − f gas, disc (assumption iii)). Our BHs have 
 smaller accretion reservoir. They need to accrete more efficiently to reach 
he same final masses. 

u  

p
o
B

M

a  

r  

a  
.8.1 Model A 

he notion of halo quenching has its origin in the work of Dekel &
irnboim ( 2006 ) and Cattaneo et al. ( 2006 ). In our current imple-
entation (model A), cold-mode accretion, hot-mode accretion, and 

eaccretion from the galactic fountain are shut down when M vir >

 crit , the latter being a free parameter of the SAM. Dekel & Birnboim
 2006 ) identified M crit with the critical halo mass abo v e which a
table shock heats the infalling cold intergalactic gas, giving rise to a
ot quasi-hydrostatic atmosphere. Ho we ver, shock heating does not 
ecessarily cause quenching if it is not accompanied by a mechanism
hat prevents the shock-heated gas from cooling down again (e.g. 
attaneo et al. 2020 ). 
Cattaneo et al. ( 2006 ) proposed that BHs couple to the hot gas

nd that this coupling provides this mechanism. As soon as a hot
tmosphere appears, the growth of BHs becomes self-regulated. In 
he self-regulated regime, BHs accrete slowly and release most of 
heir power mechanically, via radio jets. The power released is just
nough to compensate the radiative losses to X-rays, so that the
ot gas is kept in thermodynamic equilibrium (Cattaneo & Teyssier 
007 ; Cattaneo et al. 2009 , and references therein). 
Halo quenching can thus act as an implicit model for radio-
ode AGN feedback. Cattaneo et al. ( 2006 ) reproduced the colour–
agnitude distributions of galaxies in the Sloan Digital Sky Survey 

SDSS) in quantitative detail with a shutdown of cooling abo v e
 crit = 2 × 10 12 M �. 

.8.2 Model B 

ilk & Rees ( 1998 ) proposed a model in which BHs grow until
he energy deposited in the surrounding gas is larger than the one
equired to unbind the entire baryonic content of their host haloes.
nergy injection is not the only mechanism through which AGN can
rive winds and blow away the gas in their host galaxies (momentum
an driv e them, too; F abian 1999 ; King 2003 ). Energy driving is,
o we ver, the most common assumption (Ostriker, Bode & Babul
005 ; Booth & Schaye 2010 , 2011 ; Bower et al. 2017 ; Oppenheimer
018 ; Davies et al. 2019a , 2020 ; Oppenheimer et al. 2020 ) and
ppears in better agreement with recent observational developments 
see below). 

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

BH fb M BH c 
2 > f bind E bind = f bind × 1 

2 
f b M vir v 

2 
vir , (11) 

here εBH fb is the efficiency for converting BH accretion into the 
seful feedback energy and c is the speed of light. The important
oint here is that although εBH fb and f bind are considerably uncertain, 
nly their ratio εeff = εBH fb /f bind matters to determine the critical 
H mass, 

 

crit 
BH = 

f b 

2 εeff 
M vir 

(
v vir 

c 

)2 

, (12) 

bo v e which a galaxy is quenched. Equation ( 12 ) translates into a
elation between M 

crit 
BH and M ∗ because of the tight M ∗–M vir relation

t a given z. We treat its normalization εeff as a free parameter of
MNRAS 516, 4194–4211 (2022) 
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M

Figure 3. Evolutionary tracks of five galaxies in the four different models considered in this work (from left to right: A1, A2, B1, and B2), on the M ∗–z, 
M BH –z, M BH / 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 M vir > 2 × 10 12 M �, 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 ). 

t  

b  

o  

s
 

g  

t  

i  

fi  

i  

i  

t  

g
 

w  

i  

b  

r  

a  

t  

a  

a

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/516/3/4194/6665950 by IN
IST-C

N
R

S IN
SU

 user on 13 April 2023
he SAM and set it to εeff = 0.00115 to reproduce the quenching
oundary M 

crit 
BH ( M ∗) that separates passive and star-forming galaxies

n the M BH –M ∗ diagram at z = 0 (Fig. 2 ; the dashed curve has the
ame normalization as in fig. 2c of Chen et al. 2020 ). 

As soon as the condition in equation ( 12 ) is satisfied, all the
as within the central components of the galaxy (the central cusp,
he bulge, and the bar, but not the disc) is reheated and transferred
nstantaneously to the hot atmosphere. So is the gas within the cold
laments and the galactic fountain, after which the cooling of hot gas

s permanently shut down. The subsequent evolution of the galaxy
s characterized by a decreasing SFR as the cold gas left o v er in
NRAS 516, 4194–4211 (2022) 
he disc is depleted, unless gas-rich mergers reacti v ate SF and BH
rowth (Fig. 3 ). 
Our assumption that the cold gas heated by quasar feedback mixes

ith the hot atmosphere was made to conserve mass (we had to put
t somewhere, be it within the halo or in the intergalactic medium)
ut has no bearing on the properties of galaxies, since we do not let it
eaccrete. It would matter, ho we ver, if we extended the scope of our
nalysis from galaxies to the circumgalactic medium by comparing
o X-ray observations of the hot gas in early-type galaxies or if we
ddressed the maintenance problem instead of just assuming that,
fter the initial quenching, accretion is permanently shut down. 

art/stac2240_f3.eps
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Physically, it is reasonable to suppose that the effects of quasar 
eedback should depend on the depth of the gravitational potential 
ell. In a low-mass galaxy, quasar feedback may empty the halo of its

ntire gaseous content if the condition in equation ( 12 ) is satisfied.
n a group, that is a more difficult proposition. In a cluster, it is
ownright impossible (we see the gas in X-rays). 
Observationally, a recent study (Hou et al. 2021 ) has analysed 

rchi v al Chandra X-ray data for 57 field early-type galaxies in the
ass range 10 9 < ∼ M ∗ < ∼ 10 11 M �. Only in seven of those (all at
 ∗ > 10 11 M �), there is a firm detection of extended X-ray emission

nd only one (NGC 3193) has an X-ray halo that extends beyond the
tarlight distribution. Retrospectively and without consequences for 
he conclusions of this paper, it thus seems that a complete expulsion
f all the gas in the halo would have been a more realistic assumption,
t least for M ∗ < 10 11 M �. 

To facilitate a better understanding of the models considered in 
his work, Fig. 3 compares the evolution of five galaxies (two giants,
wo with masses comparable to that of the Milky Way, and one
f low mass) in models A1, A2, B1, and B2. For halo quenching
A), the merger model has little impact on the evolution of M ∗. For
H quenching (B), quenched galaxies end up with higher masses in 
erger model 1 than in merger model 2 (in model B1, quenching

ccurs later because one has to wait for a major merger). The final
tellar masses in model B2 are similar to those in models A1 and A2
or giant galaxies but slightly lower at intermediate masses. 

The merger model affects M BH more than the quenching mecha- 
ism does. In model 1, BHs form and grow in major mergers only
circles), although a galaxy can also inherit a BH from a smaller
ompanion in a minor merger (magenta curve in models A1 and 
1). In model 2, minor mergers, too, play a role; BHs grow faster;
alaxies are quenched earlier and there is less SF at z = 0. 

In giant galaxies (red and orange curves), halo quenching usually 
ccurs earlier than BH quenching. At intermediate masses (cyan and 
lue curves), the opposite is true. The galaxy corresponding to the 
lue curve is never quenched in model A. At lower masses ( M ∗ ≈
0 10 M �), galaxies are commonly not quenched in any model (see
lso Fig. 10 ). Even in that case, ho we ver, the SFR can decline at
ow z if the accretion rate on to the halo declines (magenta curve).
n the same way that the SFR can decline without quenching, the
pposite is also possible. Quenching does not al w ays mark the end
f SF, which can be reacti v ated by gas-rich mergers. 

.9 Environmental effects: ram-pressure stripping 

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

Independently of its physical mechanism (tides or ram pressure), 
tripping manifests differently depending on its intensity. Weak 
tripping deprives satellite galaxies of their circumgalactic media. 

ithout an accretion reservoir, their SFR declines gradually until 
ll the cold gas is exhausted. Proposed by Larson, Tinsley & 

aldwell ( 1980 ) to explain the high ratio of S0 to spiral galaxies
n clusters, this evolutionary picture has often been referred to as
strangulation’ (Balogh, Navarro & Morris 2000 ) or ‘starvation’ 
Bekki, Couch & Shioya 2002 ). Strong stripping remo v es matter
rom within galaxies, starting from their outer parts (Gunn & Gott
972 ; Abadi, Moore & Bower 1999 ). The jellyfish galaxies (Ebeling,
tephenson & Edge 2014 ) are the most extreme observational 
vidence of this phenomenon. 

In early SAMs, there was no accretion on to satellite galaxies. This
ssumption is equi v alent to an extreme form of strangulation and
eads to predicting that nearly all satellites are passive, at odds with
bservations (Baldry et al. 2006 ; Weinmann et al. 2006 ; Kang & van
en Bosch 2008 ; Kimm et al. 2009 ) and cosmological simulations
Cattaneo et al. 2007 ). Font et al. ( 2008 ) and Guo et al. ( 2011 , 2013 )
mpro v ed the agreement with the observations by considering that
he circumgalactic media of satellite galaxies are stripped gradually. 
enriques et al. ( 2015 ) found that the ram-pressure stripping (RPS)
odel of Guo et al. ( 2013 ) w ork ed well for clusters of galaxies but
as too efficient and thus produced too many quiescent satellites in
roups. 
In the standard versions of GALICS 2.0 (Cattaneo et al. 2017 ) and

ALICS 2.1 (Cattaneo et al. 2020 ), there was no explicit model
or tides or RPS, but tidal stripping was partially accounted for
hrough its effects on the DM (haloes stop growing and accreting
aryons once they become subhaloes; e.g. Tollet et al. 2017 ). In
ALICS 2.0 , this tidally induced starvation was more than sufficient

o shut down gas accretion on to satellites because galaxies grew
hrough cold accretion only and cold filaments disappear quickly 
on a free-fall time) if they are not replenished by accretion from
he intergalactic medium. Too many satellites were passive. Adding 
tripping (as we did in one of the versions of GALICS 2.0 considered
n Koutsouridou & Cattaneo 2019 ) would only make the problem
orse. In GALICS 2.1, satellite galaxies can accrete through cooling. 
ence, RPS is important to a v oid that mergers with gas-rich satellites

eacti v ate SF in massive central galaxies. In contrast, the effects of
idal stripping on the gas content of satellites are negligible compared
o those of RPS (e.g. Simpson et al. 2018 ). 

Our model for RPS is the same as the one described in Koutsouri-
ou & Cattaneo ( 2019 ) and very similar to that by Cora et al. ( 2018 ).
t is based on the notion that stripping is a two-stage process. The
ot gas is stripped first. The removal of cold galactic gas does not
egin until the hot atmosphere has been stripped down to the size of
he 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
as distribution reproduces remarkably well the stripping measured 
n hydrodynamic simulations. The RPS radius R s, h for the hot gas is
etermined by requiring that the ram pressure e x erted by the hot gas
f the host on the satellite should balance the subhalo’s gravitational
estoring force: 

 ram 

( r) = ρhost ( r) v 2 sat ( r) = 

π

2 

GM sat ( R s , h ) ρsat ( R s , h ) 

R s , h 
. (13) 

ere r is the distance of the satellite from the centre of the host
ystem, ρhost ( r ) is the density of the hot atmosphere of the host at
he satellite’s location, v sat ( r ) is the orbital speed of the satellite in
he host’s reference frame, G is the gravitational constant, ρsat ( R s, h )
s the density of the hot atmosphere of the satellite at the stripping
adius, and M sat ( R s, h ) is the mass of the subhalo within that radius;
host and ρsat are obtained by applying equation ( 3 ) to the host halo
nd the subhalo, respectively. 

The hot gas retained by the satellite is that within R s, h . Its mass is
iven by the volume integral of ρsat within a sphere of radius R s, h .
f this integral returns a value lower than the mass of the hot gas
ithin the subhalo, the difference is stripped from the subhalo and

ransferred to the host. If R s, h is smaller than the optical radius of
MNRAS 516, 4194–4211 (2022) 
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he satellite (i.e. the radius that contains 83 per cent of the baryonic
ass of the galaxy), we assume that the whole gaseous halo of the

atellite is stripped. In our SAM, this is also a necessary condition
or the stripping of cold galactic gas. 

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

 ram 

= ρh ( r ) υ
2 
sat ( r ) cos θ = 2 πG� disc ( R s , c ) � gas ( R s , c ) . (14) 

quation ( 14 ) is analogous to equation ( 13 ) with two differences.
irst, the left-hand side depends on the angle θ between the disc’s
otation axis and the orbital velocity of the satellite galaxy (i.e. the
irection of the hot wind that blows the cold gas away if we examine
he problem in the reference frame of the satellite). Second, the
estoring force at the right-hand side is now assumed to be due to
he disc’s rather than the halo’s gravity. � disc and � gas are the total
urface density (stars plus gas) and the surface density of the gaseous
isc, respectively (we assume that they have the same exponential
cale length). Once we have determined the RPS radius R s, c for the
old mass, the calculation of the cold gas stripped from the satellite
roceeds in the same manner as we did for the hot gas. We compute
he mass of the cold gaseous disc within R s, c . If this mass is lower
han the gas mass of the disc, the difference is remo v ed from the disc
nd transferred to the hot atmosphere of the host halo. 

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

 RESU LTS  

n this section, we compare the predictions of our two quenching
odels (the halo-quenching model A and the BH/binding-energy-

uenching model B) when combined with the merger models 1 and
 described in Section 2.6 . That makes four models in total: A1, A2,
1, and B2. 
Fig. 4 focuses on the GSMF at 0 < z < 2.5. With halo quenching,

he GSMF does not depend on the assumed merger model. Models
1 and A2 are almost indistinguishable. For M crit = 2 × 10 12 M �,

hey are both in good agreement with the observations (data points
ith error bars) at all redshifts. The only discrepancy is at the knee of

he GSMFs, where halo quenching predicts a sharp decrease in the
umber of massive galaxies in contrast to the smoother downturn seen
n observations. This feature arises from the abrupt shutdown of all
ccretion modes at M crit . We have run tests and we hav e v erified that
e could impro v e the agreement with the observations by using three
ifferent critical masses for the shutdown of cooling, cold accretion,
nd reaccretion from the galactic fountain, but here we have tried to
eep the model as simple as possible to make our point clearer. 

With BH/binding-energy quenching, the merger model has a sig-
ificant impact on the GSMF. Model B2 clearly fits the observations
uch better than model B1. Its only problem is a slight excess in the

umber densities of very massive galaxies but this could be attributed
o the lack of tidal stripping in our SAM (compare the green curve
ith tidal stripping and the blue curve without it in Tollet et al. 2017 ,
g. 10, right-hand panel). 
The fraction of passive galaxies as a function of M ∗ (Fig. 5 )

isplay a similar behaviour. Models A1 and A2 are, once again,
lmost indistinguishable. They both fail to reproduce the observed
NRAS 516, 4194–4211 (2022) 
assive fractions of central galaxies at all but the highest masses,
.e. at log( M ∗/M �) � 11.5. Model B1 is even more catastrophic.

odel B2 is the only one in reasonable agreement with the passive
ractions of both central and satellite galaxies, if we exclude its
ifficulty at explaining the existence of a small population of passive
entral dwarf galaxies. Notice that all models reproduce the fraction
f passive satellites below ∼10 10 M �, stressing the environmental
rigin of their quenching mechanisms (i.e. strangulation/RPS). Fig. 6
BH masses) and Figs 8 and 9 (morphologies) explain why model
2 works much better than model B1. 
The red, green, and blue curves in Fig. 6 show the median M BH –M ∗

elation for galaxies of different B / T ratios ( B / T > 0.7, 0.3 < B / T <

.7, and B / T < 0.3, respectively). In all models, M BH / M ∗ grows with
 / T but the trend is far more pronounced in models A1 and B1 than

t is in models A2 and B2. The reason is as follows. Merger model 1
ssumes that, in minor mergers, the gas in the disc and the bar of
he secondary galaxy is mo v ed to the disc and the bar of the merger
emnant, respectively, and there it stays unless the minor merger is
ollowed by a major one. So does the gas in the disc and the bar of the
rimary galaxy. In merger model 2, even minor mergers can transfer
as to the central cusp (Section 2.6 ) and contribute to the growth of
he central BH. Hence, the quenching condition in equation ( 12 ) is

ore easily satisfied. 
Furthermore, if spheroids form through major mergers only, as
odel 1 assumes, then repeated minor mergers create a route for the

ormation of giant spirals. The fraction of massive galaxies ( M ∗ ∼
0 11 M �) with B / T < 0.1 is almost 20 per cent in model A1 and more
han 20 per cent in model B1, but only a few per cent in models
2 and B2, in much better agreement with the observations (Fig. 9 ;
endel et al. 2014 ). Model A1 has fe wer massi ve galaxies with
 / T < 0.1 than model B1 because halo quenching prevents merger

emnants from reaccreting a disc at M vir > M crit . In model B1, it is
 BH that counts. Hence, the low BH-to-stellar mass ratios of giant

pirals result in too much SF at high masses (Fig. 5 ) and too many
assive galaxies in general (Fig. 4 ). 
Having analysed and understood how the four models behave, we

ow we wish to look at the comparison with the observational data
n closer detail and especially at the BH masses, which are crucial
or model B. The observational data (Davis et al. 2018 ; Sahu et al.
019 ) show that, for a same stellar mass, galaxies with higher B / T
ost BHs that are systematically more massive (Fig. 6 ). This finding
s in qualitative agreement with our theoretical predictions. 

The quantitative difference between the M BH of different mor-
hological types in the observations is smaller than our predictions
or models A1 and B1 but larger than our predictions for models
2 and B2. This finding suggests that the role of minor mergers

nd disc instabilities in the growth of supermassive BHs is under-
stimated in merger model 1 and o v erestimated in merger model 2.
ALICS 2.2 does not contain any explicit model for the growth
f BHs via disc instabilities but disc instabilities form bars. The
ssumption (v) of merger model 2 that the gas in the bar of the
rimary galaxy falls to the centre during mergers is the back door
hrough which disc instabilities affect the growth of BHs in our
AM. Assuming that all this gas falls to the centre even in very
inor mergers is too extreme. Replacing this assumption with a
ore realistic model for BH growth via disc instabilities is likely

o widen the gap between the M BH –M ∗ relations for spiral and
lliptical galaxies and thus impro v e the agreement with the data
oints. 
Despite the abo v e remark, models A2 and B2 fit the data much

etter than models A1 and B1, especially for late-type galaxies. In
erger model 2, the M BH –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 A1 and A2 (abo v e; c yan dotted and solid curv es, respectiv ely) and models B1 and 
B2 (below; red dotted and solid curv es, respectiv ely). 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). 
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 v erlaps with the observations of Davis et al. ( 2018 , blue circles),
hile 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
han model B2 because, in model A2, BHs keep growing until SF
epletes the accretion reservoir even if the quenching criterion is 
atisfied. In model B2, the gas in the central cusp is instantaneously
jected once the quenching criterion is satisfied (some BH accretion 
s nevertheless possible after quenching if mergers with gas-rich 
atellites replenish the cusp; Fig. 3 ). 
MNRAS 516, 4194–4211 (2022) 
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M

Figure 5. Fraction of passive central (black) and satellite (green) galaxies as a function of stellar mass at z ∼ 0.1. The left-hand panels show models A1 (top) 
and A2 (bottom) and right-hand panels show models B1 (top) and B2 (bottom). Data points in all panels show the observations of Wetzel et al. ( 2013 ; circles) 
and Mamon et al. ( 2020 ; triangles). P assiv e galaxies are defined as those with sSFR = SFR/ M ∗ < 10 −11 yr −1 . 
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We could bring model B2 in better agreement with the BH masses
f early-type galaxies by increasing the normalization εBH, max of the
fficiency of BH accretion while lowering the efficiency εeff of BH
eedback, so that the fraction of passive galaxies and the GSMF stay
he same. Ho we v er, that would hav e two dra wbacks. First, the dashed
ine in Fig. 2 would no longer be at the boundary that separates the
ed and the blue squares. Second, the change would bring model B2
n conflict with direct measurements of the BH accretion rate-to-SFR
atio. 

Delvecchio et al. ( 2015 ) have studied ∼8600 star-forming galaxies
elected from surv e ys in the f ar-infrared with Her schel and measured
heir BH accretion rates from stacked X-ray data ( Chandra ). The
ata points with error bars in Fig. 7 show their findings. The
H accretion rate-to-SFR ratio increases with M ∗. GALICS 2.2

model B2, coloured curves) reproduces this trend. In both the
odel and the observations, the highest stellar masses drop out

f the lowest redshift panels because the galaxies with the highest
asses are the first to become passive (downsizing). Quantitatively,

he BH accretion rates for galaxies with 10 10 . 5 < M ∗ < 10 11 M �
re in reasonable agreement with the observations at all z. At
0 11 < M ∗ < 10 11 . 5 M �, the model and the observations are in
easonably good agreement at z ≥ 0.65. At z ≤ 0.35, ho we ver,
H accretion rates are overpredicted both at M ∗ > 10 11 M � (red,
range curves) and at 10 10 < M ∗ < 10 10 . 5 M � (cyan curves). That is
NRAS 516, 4194–4211 (2022) 
he opposite of what one expects if the efficiency of BH accretion is
nderestimated. 
A bias in the observed BH masses may explain the tension between

igs 2 and 7 . Dynamical mass estimates, such as those used by Sahu
t al. ( 2019 ), require that the gravitational sphere of influence of
he BH should be resolved. Shankar et al. ( 2016 ) argued that this
equirement introduces a bias in fa v our of galaxies with higher BH
asses. Model B2 is in reasonably good agreement with Shankar

t al. ( 2016 )’s debiased M BH –M ∗ relation (Fig. 6 , black dashed curve).
lternatively, the mean BH accretion rate may be underestimated
ecause of the relatively small size of Delvecchio et al. ( 2015 )’s
ample compared to the rarity of the quasar phenomenon (in the
ocal Universe, there is one quasar every ∼10 4 early-type galaxies;

isotzki, Kuhlbrodt & Jahnke 2001 ). 
Another factor that can alter M BH and thus the final galaxy stellar
asses is the assumed initial BH mass M BH, seed (models in which
GN quenching depends on Ṁ BH rather than M BH are less sensitive
n M BH, seed ; e.g. Somerville et al. 2008 ). BHs with M BH, seed �
00 M � are expected to have formed at high redshift ( z ∼ 15–30) from
he collapse of massive Population III stars (stellar mass BHs; Latif &
errara 2016 ; Haemmerl ́e et al. 2020 ). Observations of extremely
right quasars at z ∼ 6–7.5 hosting supermassive BHs with M BH ∼
0 8 –10 10 M � (e.g. Fan 2006 ; Wu et al. 2015 ; Ba ̃ nados et al. 2018 ) are,
o we ver, in tension with this BH formation scenario if subsequent

art/stac2240_f5.eps
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Figure 6. Median central BH mass as a function of stellar mass, as predicted by the halo-quenching models A1 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), respecti vely. Observ ations of indi vidual 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 M BH –M ∗ relation for early-type galaxies (ellipticals and lenticulars) 
corrected for selection biases from Shankar et al. ( 2016 ). 
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H growth is dominated by Eddington-limited accretion. Models 
iming at resolving this issue invoke super-Eddington accretion or 
he formation of massive BH seeds ( ∼10 5 –10 6 M �) either via direct
ollapse of metal-poor gas in protogalaxies (Woods et al. 2019 ; 
nayoshi, Visbal & Haiman 2020 ) or during major mergers of disc-
ominated galaxies (Mayer et al. 2010 ). 
Adopting a higher M BH, seed for all galaxies in our SAM results

n a dearth of galaxies with M ∗ � 10 10 M �. Ho we ver, if massi ve
eed BHs dominate mostly the massive end of the mass function 
as proposed by e.g. Bonoli, Mayer & Callegari 2014 ), then our
dopted BH/binding-energy quenching model would be in even 
etter agreement with the observed GSMF, as that would solve the 
roblem at the high-mass end. 
Galactic morphologies are important both as a test of the merger 
odel (model 1 versus model 2) and because of the M ∗–morphology

elation. In Fig. 9 , we compare the results of our four models to
he observations of Mendel et al. ( 2014 ; circles) and Dimauro et al.
 2018 ; stars) for the B / T ratios and the morphological breakdown
f the galaxy population. In this figure, but not in the rest of the
rticle, we classify galaxies using B/T ratios that consider only the
lassical bulge. The reason is that Mendel et al. ( 2014 ) fit bulges with
 de Vaucouleurs ( 1948 ) model, which is a poor fit to pseudobulges,
nd assign B/T = 0 to discs hosting pseudobulges where ’no de
aucouleurs component is a fit’. Once again, the agreement is best

or merger model 2. Since merger model 1 does not allow for any
ulge growth during minor mergers, models A1 and B1 predict too
any late-type spirals with B / T < 0.1 (Fig. 9 ) and average B/T ratios

hat are too low (Fig. 8 , blue curves). 
In contrast to halo quenching, BH quenching also affects galaxies 

t intermediate masses (10 10 � M ∗ � 10 11 M �) by preventing gas
ccretion on to the disc component. This is why, in this mass range,
he median B / T is higher in model B2 than in model A2 (Fig. 8 ,
lack 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
asses, while the fraction of galaxies with B / T > 0.7 (red curve) are

arger, because BH quenching has prevented merger remnants from 
MNRAS 516, 4194–4211 (2022) 
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M

Figure 7. Mean BH accretion rate as a function of the total SFR in 
GALICS 2.2 , model B2. The coloured curves correspond to six bins of 
stellar mass. The panels to five redshifts. The points with error bars are 
the observations from Delvecchio et al. ( 2015 ), who selected galaxies in the 
far-infrared and measured BH accretion rates from stacked X-ray data. 
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egrowing a disc. In both cases, model B2 is in better agreement with
he observations than model A2. These considerations do not apply
hen comparing models A1 and B1 because in model B1 there are
ot enough passive galaxies at M ∗ < 10 11 M � for them to affect the
tatistical properties of the galaxy population (Fig. 5 ). 

Fig. 10 uses the morphological distribution of galaxies on the
FR–M ∗ plane to compare the evolution in the halo-quenching and
H-quenching scenarios. Triangles and circles represent unquenched
nd quenched galaxies, respectively. Quenched galaxies are those
hat satisfy or have satisfied our quenching criterion, which is M vir 

 2 × 10 12 M � for models A1 and A2 and equation ( 12 ) for models
1 and B2. We note that a galaxy may be quenched but still star

orming if it has not consumed all its gas yet (there are circles on the
ain sequence of star-forming galaxies). It is also possible that an

nquenched galaxy may be passive (there are a few triangles below
he main sequence of star-forming galaxies). This rare phenomenon
ccurs when a galaxy ceases to accrete and runs out of gas because
ts halo has stopped growing. 

Models A1 and B1 are once again the most catastrophic, showing
oo few late-type spirals and a red sequence populated almost
ompletely by galaxies with B / T ∼ 1. Furthermore, in model B1 the
ain sequence of star-forming galaxies extends too far at high masses
NRAS 516, 4194–4211 (2022) 
ecause, in merger model 1, there are too many massive spirals with
H masses that are not large enough to induce quenching. 
In model A2, disc instabilities and mergers cause B / T to increase

radually towards high masses along the main sequence of star-
orming galaxies until galaxies reach the stellar mass-scale at which
 vir = M crit = 2 × 10 12 M �. Abo v e M ∗ = 10 11 M �, nearly all

alaxies are quenched and most of them are passive (there is a time
ag between quenching and the actual end of SF). In model B2,
 / T increases not only towards higher masses on the main sequence
ut also towards lower SFRs at fixed M ∗. The green valley is not
nly a region of intermediate SFRs but also a region of intermediate
orphologies. Model B2 is in better agreement with the observations

e.g. Wuyts et al. 2011 ; Whitaker et al. 2015 ; Morselli et al. 2017 ;
imauro et al. 2022 ). 
There are two reasons why model A2 fails on this point and model

2 is successful. First, to have a transition from spiral to elliptical
alaxies along a vertical line of fixed M ∗, there has to be a spiral
opulation in the main sequence of star-forming galaxies at that
 ∗. In model A2, quenching starts at M ∗ ∼ 10 11 M �, where the
ain sequence is dominated by lenticular ( B / T ∼ 0.5) rather than

piral morphologies. In model B2, galaxies with M ∗ > 3 × 10 10 M �
ften contain BHs that are massive enough for the BH-quenching
riterion (equation 12 ) to be satisfied. Hence, the green valley starts at
ower masses, where there is a significant spiral population. Lowering
 

crit 
vir in model A2 would result in a more extended green valley,

n better agreement with the observations, but would also give too
e w massi ve galaxies at all redshifts. Ho we v er, the e xtent of the
reen valley is not the only problem and here comes the second
oint. In model A2 there is no causal connection between quenching
nd morphology. The only connection is that they are both related
o mass. Hence, no correlation should be expected between SFR
nd B / T at constant M ∗ beyond the one introduced by mergers,
hich may considerably accelerate the depletion of gas in an already
uenched galaxy (this mechanism explains why, at a fixed M ∗, the
lue circles are statistically abo v e the red circles in all models).
n model B2, quenching is linked to BH mass. For a same M ∗,
alaxies with larger B / T have higher BH masses (Fig. 6 ). Therefore,
t is natural that higher B / T should carry a higher quenching
robability. 

 DI SCUSSI ON  A N D  C O N C L U S I O N  

e hav e inv estig ated the mechanisms that quench SF in g alaxies
y comparing the results of two competing scenarios: (A) halo
uenching and (B) BH/binding-energy quenching. In model A,
uenching occurs when M vir grows abo v e the critical halo mass
 

crit 
vir , a free parameter whose order of magnitude is determined

y Dekel & Birnboim ( 2006 )’s critical mass for shock heating. In
odel B, quenching occurs when M BH grows abo v e the critical BH
ass M 

crit 
BH ( v vir ) determined by Chen et al. ( 2020 )’s binding-energy

riterion. 
Model B is more complicated than model A because BH masses,

nlike halo masses, depend on the assumptions of the galaxy-
volution model, notably those for morphological evolution, since
he growth of supermassive BHs is related to the formation of
ulges. Some of these assumptions are degenerate: a same galaxy
an have the same BH mass with a lower B / T and a higher
H-to-bulge mass ratio. Hydrodynamic simulations can assist us

o make reasonable assumptions, but, even if one doubted their
uidance, there are enough observational constraints to break the
forementioned de generac y. 
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Figure 8. Median B / T as a function of galaxy 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 shaded areas indicate the 25th and 75th percentiles of the predicted distribution. Points with error bars show the observations 
by Mendel et al. ( 2014 ). Black, red, and blue colour refer to all galaxies in the sample, ellipticals ( B / T > 0.7), and disc galaxies ( B / T < 0.7), respectively. 
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We have considered two versions of models A and B: one in which
nly major mergers lead to the growth of BHs and bulges (models
1 and B1), the other in which the effects of major and minor
ergers are modelled following the numerical results of Kannan 

t al. ( 2015 , models A2 and B2). Model B2 is in better agreement
ith the observations than the other three. For BH accretion rates

qual to ∼5 per cent of the SFR in the central starburst, model B2
eproduces the observed BH masses, GSMFs, quiescent fractions, 
nd morphological properties of galaxies. 

Three conclusions follow from these findings. 

(i) In agreement with Terrazas et al. ( 2016 ) and Bluck et al. ( 2020 ),
uenching is more closely related to the growth of M BH than it is
o that of M vir . Halo quenching fails to produce enough passive
alaxies at M ∗ < 10 11 . 5 M � (Fig. 5 , panels A1 and A2). Lowering
 

crit 
vir alleviates the problem but destroys the agreement with the 
SMF at high masses. BH-quenching model B2 does not present this
roblem because, even at M ∗ < 10 11 . 5 M �, there are some galaxies
ith M BH > M 

crit 
BH . Halo quenching also fails to reproduce the SFR–

orphology relation. With halo quenching, the transition to higher 
 / T occurs along the main sequence of star-forming galaxies; the
reen valley is composed of early-type galaxies. With BH quenching, 
he transition on the SFR–M ∗ diagram is much more vertical; at 
onstant M ∗, B / T increases in the direction of lower SFRs. 
(ii) Morphological evolution leads to quenching because mergers 
ransform discs into bulges while feeding the growth of supermassive 
Hs. Restricting the formation of bulges and supermassive BHs to 
ajor mergers is incompatible with the fraction of passive galaxies 

t high masses. There are al w ays galaxies that reach high masses
hrough a series of minor mergers. If these galaxies are not quenched,
here are too many star-forming galaxies at high masses. 

(iii) If the gas fraction fed to the central BHs in mergers is the same
or massive and low-mass systems, then we have too many passive
alaxies at low masses. The efficiency with which gas is fed to the
entral BH must be lower at lower v vir . This finding is consistent with
he proposal that supernova feedback prevents the efficient growth of 
upermassive BHs in systems with low escape speeds (Dubois et al.
015 ; Angl ́es-Alc ́azar et al. 2017 ; Bower et al. 2017 ; Habouzit et al.
017 ; Davies et al. 2019b ; Dekel et al. 2019 ; Oppenheimer et al.
020 ). 

We end with a couple of comments on how these findings fit into
ur broader understanding of BH feedback. The first is that our BH-
uenching criterion (model B) is a criterion for M BH , while previous
AMs (Croton et al. 2006 ; Somerville et al. 2008 ; Henriques et al.
015 ) had assumed that Ṁ BH is the rele v ant quantity to determine
hether gas accretion is shut down or not. This assumption is largely
ased on the insight from cool-core clusters. In these systems, the
ntracluster medium has a short cooling time but is not able to cool
MNRAS 516, 4194–4211 (2022) 
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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). 
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nd flow efficiently on to the central galaxy because mechanical
eating by radio jets from AGN compensates the radiative losses to
-rays (Peterson & Fabian 2006 ; McNamara & Nulsen 2007 , 2012 ;
attaneo et al. 2009 ; Hlavacek-Larrondo, Li & Churazov 2022 ).
he requirement that the jet power should compensate the X-ray

uminosity L X translates into a criterion for the BH accretion rate
equired to shut down cooling: εjet Ṁ BH c 

2 ∼ L X , where εjet is the
fficiency with which the rest-mass energy of the gas that accretes
n to the BH is converted into jet kinetic energy. 
As a good theory should explain as many observations as possible

ith the fewest possible assumptions, it is logical that SAMs should
ry and extend the lesson from cool-core clusters to lower masses. In
his case, ho we ver, Occam’s razor does not cut it. Chen et al. ( 2020 )
nd we have shown that we need a different criterion to explain the
uenching of SF in galaxies. We have not modelled the processes
hrough which BHs quench SF. Hence, we cannot comment on the
hysics of BH feedback. We remark, ho we ver, that the criterion
equired for the initial quenching of SF is different from the one
equired to maintain it shut down afterwards. We can, therefore,
ake the argument that quenching and maintenance correspond

o different feedback regimes. In fact, a criterion for M BH arises
aturally in models where BHs accrete at the Eddington limit, so
hat the accretion po wer gro ws with M BH until it is large enough to
NRAS 516, 4194–4211 (2022) 
low away all the gas in the host system (Silk & Rees 1998 ; Fabian
999 ; 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
lusters when all entropies are rescaled to the virial one; Edge &
tewart 1991 ; Evrard & Henry 1991 ; Kaiser 1991 ; Ponman et al.
996 ; Valageas & Silk 1999 ; Lloyd-Davies, Ponman & Cannon
000 ). Already Evrard & Henry ( 1991 ) made an explicit argument
hat these excesses have no reason to be present if shock heating
rom gravitational collapse is the dominant mechanism driving the
volution of the hot gas, while quasar feedback provides a possible
xplanation for their existence. Hence, their observation disfa v ours
odel A, in which gravitational shock heating quenches SF. It also

isfa v ours any model in which the only BH feedback is maintenance
eedback: if BHs provided just enough heat to maintain the X-ray-
mitting gas in thermal equilibrium, then BHs would prevent the hot
as from dropping below the entropy at which it was shock heated but
ould not raise its entropy abo v e it either. The entropy excesses on
roup scales are evidence of a past epoch during which the gas was
eated violently. Violent heating implies rapid BH growth. Hence,
t is reasonable to associate it with the quasar-mode feedback that
uenched 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 M vir > 2 × 10 12 M � criterion for models A1 and A2 
and the binding-energy criterion (equation 12 ) for models B1 and B2. Triangles denote galaxies that have not been quenched yet. 
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In conclusion, our findings fit naturally in a scenario in which BH
eedback is bimodal. In star-forming galaxies, BHs grow rapidly 
quasar mode) until they are massive enough to blow away all 
he gas (most early-type galaxies with 10 9 < ∼ M ∗ < ∼ 10 11 M � lack 
xtended X-ray emission; Hou et al. 2021 ) or heat it to high
ntropy. In this second regime, the accretion is self-regulated. 
Hs grow just enough to maintain the hot gas in thermal 
quilibrium. 
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