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A B S T R A C T 

Exploiting a large sample of 5.3 million galaxies with M∗ = 1010 −11 M � from the highest-resolution FLAMINGO simulation, 
we carry out a statistical analysis of quiescent and star-forming galaxies to explore quenching mechanisms. From redshift z � 7 

to 0, we find that the median star formation rate of main-sequence galaxies is independent of the environment and of whether 
a galaxy is a central or satellite, whereas the fraction of quiescent galaxies is highly sensitive to both. By employing Random 

Forest (RF) classifiers, we demonstrate that black hole (BH) feedback is the most responsible quenching mechanism for both 

centrals and satellites, while halo mass is the second most significant. For satellites, a notable importance given by RF to stellar 
mass implies in situ pre-quenching rather than ex situ pre-processing prior to infall to the current host halo. In the cosmic 
afternoon of z = 0 –1, we identify two distinct regimes of evolution: at MBH 

� 107 M�, essentially all galaxies are quenched 

regardless of their environment; at MBH 

� 107 M�, quenching is determined mainly by halo mass. Galaxies undergo a sharp 

transition from the main sequence to quiescence once their BH mass reaches MBH 

� 107 M� (typically when M∗ � 1010 . 5 M�
and Mh � 1012 M�) with a short quenching time-scale of < 1 Gyr. This transition is driven by a sudden change in the gas mass 
in the inner circumgalactic medium. Our results indicate that galaxy quenching arises from a combination of in situ and ex situ 

physical processes. 

Key words: methods: statistical – galaxies: clusters: general – galaxies: evolution – galaxies: formation – galaxies: haloes. 
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 I N T RO D U C T I O N  

n contemporary theories of galaxy evolution, star and galaxy
ormation are driven by gas falling into dark matter structures, which
ave collapsed from the seeds of primordial density fluctuations
see Mo, van den Bosch & White 2010 , for a review). This process
s followed by cooling through radiation. Early models based on
his simplified framework, however, failed to reproduce realistic
alaxies that align with observations (e.g. White & Rees 1978 ;
ekel & Silk 1986 ; Cole et al. 1994 ; Mac Low & Ferrara 1999 ).
ven Milky Way (MW)–mass galaxies – the most prevalent type

n the Universe – were not accurately modelled, with simulations
roducing an excessive number of stars and overly massive galaxies
e.g. Balogh et al. 2001 ; Davé et al. 2001 ). This issue, known as the
vercooling problem (White & Rees 1978 ; White & Frenk 1991 ),
as later addressed gradually in refined theoretical models (e.g.
ower et al. 2006 ; Croton et al. 2006 ; Sijacki et al. 2007 ; McCarthy
t al. 2010 ; Gabor & Davé 2012 ; Vogelsberger et al. 2014 ; Schaye
t al. 2015 ) that incorporate substantial energy input from supernova
SN) explosions and stellar winds (e.g. Larson 1974 ; Dekel &
 E-mail: sl2207@cam.ac.uk 
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ilk 1986 ; Springel & Hernquist 2003 ; Veilleux, Cecil & Bland-
awthorn 2005 ), and active galactic nucleus (AGN; e.g. Best &
eckman 2012 ; Fabian 2012 ; Heckman & Best 2014 ; King & Pounds
015 ). It is now widely accepted that such feedback mechanisms
re crucial for galaxy evolution, acting as self-regulating processes
hat suppress star formation (see Somerville & Davé 2015 , for a
eview). 

Star formation efficiency (SFE), defined as the amount of stars
ormed relative to either the expected baryons (from the cosmic
raction) or the available gas within galaxies, has been found to be
uch lower than anticipated (e.g. Fukugita & Peebles 2004 ). This

s in stark contrast to the scenario where most of the baryons in the
osmic fraction would have been converted into stars by the present
poch (e.g. Cole et al. 2000 ; Bower, McCarthy & Benson 2008 ). In
eality, galaxy formation efficiency – quantified as the total mass of
ormed stars divided by the expected baryonic mass (according to the
osmic fraction) – peaks at around 20 per cent, near the halo mass
f MW-size systems with Mh � 1012 M� (e.g. Moster et al. 2010 ;
ehroozi, Wechsler & Conroy 2013 ). Furthermore, this efficiency
ecreases even further as one moves away from this mass, in either
irection. 
An enormous amount of energy injected by supermassive black

oles (SMBHs) through AGN feedback is widely recognized as a

© The Author(s) 2025.

y. This is an Open Access article distributed under the terms of the Creative
ch permits unrestricted reuse, distribution, and reproduction in any medium,

provided the original work is properly cited.

http://orcid.org/0000-0001-6860-9064
http://orcid.org/0000-0002-8224-4505
http://orcid.org/0000-0002-0668-5560
http://orcid.org/0000-0002-2395-4902
mailto:sl2207@cam.ac.uk
https://creativecommons.org/licenses/by/4.0/


Drivers of galaxy quenching 2205

k
g  

n  

s
t  

2  

e  

c  

a  

B  

B
f
g
2
o
i  

2  

t  

a
o  

a  

a
a  

D

i
s
r
1  

L  

b
G  

a
G  

i  

f
h
T  

2  

f
O  

e  

q  

e  

C  

t
M
a  

b
a
e
s
o
s
o
c
z

t
o  

o
e  

E  

F
e
S
2  

r
t  

t  

H  

M  

e
r  

2
 

r
c
v
(  

o
a
p
w
p
t
r
t
p
2

 

t
f
o  

fi  

i  

i

2

I  

s
o
S  

t
m
i  

s  

e
a
r  

1
p
W

(
(
a
P  

r
a
(  

f
o  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/543/3/2204/8256857 by guest on 29 January 2026
ey factor in reducing the baryon conversion efficiency in massive 
alaxies and haloes (e.g. Silk & Rees 1998 ; Binney 2004 ; Scan-
apieco & Oh 2004 ). This AGN feedback is believed to suppress
tar formation by driving molecular and ionized outflows at a few 

housands km s−1 (e.g. Sturm et al. 2011 ; Greene, Zakamska & Smith
012 ; Maiolino et al. 2012 ; Liu et al. 2013 ; Perna et al. 2017 ; Kubo
t al. 2022 ), or by launching bipolar jets at relativistic speeds which
arry a large amount of kinetic and thermal energy to suppress cold
ccretion (e.g. McNamara & Nulsen 2007 ; Fabian 2012 ; Heckman &
est 2014 ; Gabor & Davé 2015 ; Peng, Maiolino & Cochrane 2015 ;
landford, Meier & Readhead 2019 ). Heating by X-ray radiation 

rom the accretion disc is also thought to contribute to quenching 
alaxies (e.g. Sazonov, Ostriker & Sunyaev 2004 ; Hambrick et al. 
011 ; Choi et al. 2012 ). Furthermore, accumulating theoretical and 
bservational evidence suggests that AGN feedback has a long-term 

mpact on galaxy evolution. Notably, Bluck et al. ( 2020a , 2020b ,
022 ) and Bluck, Piotrowska & Maiolino ( 2023 ) have shown that
he mass of the SMBH, an integrated quantity (or close proxies such
s velocity dispersion and bulge mass), is a much better indicator 
f whether a galaxy is quiescent (i.e. no longer forming stars over
 time-scale of approximately 100 million years or more) or still
ctively star-forming, compared to its instantaneous properties (see 
lso e.g. Terrazas et al. 2016 , 2017 ; Martı́n-Navarro et al. 2018 ;
avies et al. 2019 ; Piotrowska et al. 2022 ). 
What complicates this relatively straightforward picture, however, 

s the realization that the environment of galaxies also plays a 
ignificant role in shaping their properties, including star formation 
ate (SFR), colour, age, morphology, and galaxy type (e.g. Dressler 
980 ; Balogh et al. 2004 ; Kauffmann et al. 2004 ; Peng et al. 2010 ;
im et al. 2016 ; Hasan et al. 2023 ). Several physical processes have
een proposed to explain environmental quenching (e.g. Boselli & 

avazzi 2006 ), including the sudden removal of gas via ram pressure
s galaxies move through the intracluster medium (ICM; e.g. Gunn & 

ott 1972 ), tidal stripping of cold gas due to the gravitational
nfluence of the halo (e.g. Merritt 1984 ), ‘strangulation’ where star
ormation continues with currently existing gas but eventually is 
alted without further supply of circumgalactic medium (e.g. Larson, 
insley & Caldwell 1980 ; Balogh & Morris 2000 ; Dekel & Birnboim
006 ; Peng et al. 2015 ; Baker et al. 2024 ), and ‘harassment’ through
requent interactions with flying-by galaxies (e.g. Gallagher & 

striker 1972 ; Moore et al. 1996 ). Disentangling the effects of
nvironmental (or ex situ ) quenching from AGN-driven in situ ‘mass
uenching’ is a challenging task (e.g. Balogh et al. 2016 ; Darvish
t al. 2016 ; Kawinwanichakij et al. 2017 ; Lin et al. 2017b ; Pintos-
astro et al. 2019 ), due to the vast parameter space to explore and

he need for a large, unbiased sample with reliable measurements. 
oreover, most of this analysis has been conducted on local galaxies 

t relatively low redshifts (up to z � 0 . 5–1), whereas quenching is
elieved to have occurred throughout much of the cosmic afternoon, 
t z � 2. This introduces a degeneracy problem, where different mod- 
ls of feedback and galaxy evolution may yield similar observable 
ignatures and predictions, thereby reducing the constraining power 
f observational data. The specifics of the quenching mechanisms, 
uch as the characteristic mass and time-scales over which they 
perate, as well as their relative strengths, may also evolve over 
osmic history. Indeed, studies have reported conflicting results at 
� 1 regarding the evolution of environmental quenching. Some find 

hat, as at lower redshifts, galaxies in denser environments are redder, 
lder, more quenched, and elliptical (e.g. Patel et al. 2009 ), while
thers argue there is no environmental dependence (e.g. Scoville 
t al. 2013 ; Darvish et al. 2016 ) or even a reversed trend (e.g.
lbaz et al. 2007 ; Cooper et al. 2008 ; Shimakawa et al. 2018 ).
urthermore, significant uncertainties remain in understanding the 
xact mechanisms through which AGN feedback operates and how 

MBHs co-evolve with their host galaxies (see Naab & Ostriker 
017 ; Werner et al. 2019 , for a review). This is underscored by
ecent findings from James Webb Space Telescope , which suggest 
hat SMBHs in the early Universe are more massive and abundant
han current models predict by an order of magnitude or more (e.g.
arikane et al. 2023 ; Übler et al. 2023 ; Maiolino et al. 2024b , a ;
atthee et al. 2024 ; Scholtz et al. 2024 ; Tacchella et al. 2025 ), with

xcessive number densities of massive quiescent galaxies at high 
edshifts (e.g. Carnall et al. 2023 ; Valentino et al. 2023 ; Baker et al.
025 ; Lagos et al. 2025 ). 
In this study, we investigate a range of galaxy properties and envi-

onmental proxies and their impact on galaxy evolution, leveraging a 
omprehensive sample of MW-mass galaxies derived from the large- 
olume cosmological hydrodynamic simulation of FLAMINGO 

Kugel et al. 2023 ; Schaye et al. 2023 ). Our exploration focuses
n theoretical predictions to identify the dominant mechanisms 
nd characteristic scales of galaxy evolution and quenching, with 
articular emphasis on the ‘cosmic afternoon’ at z � 2. Specifically, 
e utilize Random Forest (RF) classifiers to distinguish between 
hysical properties that directly influence galaxy quenching and 
hose that are only correlated second-hand, while assessing their 
elative importance. RF has demonstrated remarkable efficacy in 
his context, successfully identifying direct correlations even in the 
resence of highly correlated secondary variables (e.g. Bluck et al. 
020a , b , 2022 ; Bluck et al. 2023 ). 
The paper is structured as follows. In Section 2 , we introduce

he FLAMINGO simulation, with a particular focus on the model 
eatures relevant to our analysis. Section. 3 describes the definition 
f our sample and the set-up of the RF classifiers. The primary
ndings are presented in Section 4 , followed by a detailed discussion

n Section 5 . Finally, we summarize the results and offer conclusions
n Section 6 . 

 T H E  F L A M I N G O  SI MULATI ONS  

n this work, we use the data from the Full-hydro Large-scale
tructure simulations with All-sky Mapping for the Interpretation 
f Next-Generation Observations (FLAMINGO; Kugel et al. 2023 ; 
chaye et al. 2023 ). The FLAMINGO simulation suites are one of

he largest simulations up to date, with its highest-resolution fiducial 
odel, ‘L1 m8’, modelling a comoving box of 1 cGpc 3 with the 

nitial baryonic particle mass of mgas = 1 . 34 × 108 M�. As can be
een in later sections, this ensures large samples in each bin, as we
xplore a multidimensional large parameter space throughout the 
nalysis. Although the FLAMINGO simulation suites have other 
uns with larger box sizes, the resolution of such boxes are only
09 M� at best for the baryonic elements, which does not allow 

robing sufficiently large dynamic range and evolution for our study. 
e present our results based on the fiducial L1 m8. 
FLAMINGO was run using a novel numerical solver SWIFT 

Schaller et al. 2024 ), which uses smoothed particle hydrodynamics 
SPH) for solving hydrodynamics. The radiative cooling and heating, 
nd the multiphase interstellar medium (ISM) are modelled following 
loeckinger & Schaye ( 2020 ), and Schaye & Dalla Vecchia ( 2008 ),
espectively. For the implementation of star formation, gas particles 
re converted to star particles following Schaye & Dalla Vecchia 
 2008 ), which results in matching the Kennicutt–Schmidt law. Stellar
eedback such as winds and SN is implemented via the kinetic models 
f Chaikin et al. ( 2023 ). The simulations assume a Chabrier ( 2003 )
MNRAS 543, 2204–2221 (2025)
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Table 1. Summary of the sample properties. 

Sample Selection # of galaxiesa 

Sample 0 M∗ > 0 44 514 486 
Main Sample M∗ = [1010 , 1011 ] M� 5297 737 
Main Sample-lowBH M∗ = [1010 , 1011 ] M� 3624 846 

MBH ≤ 107 M�

Note. a At z = 0. 
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nitial mass function (IMF) and the cosmology from the Dark Energy
urvey year three results (Abbott et al. 2022 ). 
Regarding one of our main findings as will be seen later, as well

s evidenced in some previous works in the literature, one of the
ost significant drivers for quenching galaxies is BHs (e.g. Silk &
ees 1998 ; Croton et al. 2006 ; Somerville et al. 2008 ; Terrazas et al.
020 ; Bluck et al. 2022 ). Therefore, it is important to understand
xactly how the BHs and AGN feedback thereof are implemented
n the simulation. In FLAMINGO, BHs are seeded with the initial
ubgrid mass of 105 M� in every halo with the total mass greater
han 2 . 757 × 1011 M� ( mgas / 1 . 07 × 109 M�) that was not seeded in
he previous snapshots, by replacing the densest gas particle still
ith the same dynamical (gravitational) mass at the same position.
nce seeded, the BHs grow by accreting at a modified Bondi–Hoyle

ate but below the Eddington limit, following Springel, Di Matteo &
ernquist ( 2005 ) while also boosted in high-density regions as in
ooth & Schaye ( 2009 ) to compensate that the BH and gas are
ot resolved. Once a BH’s subgrid mass becomes greater than its
ynamical mass, the simulation follows Bahé et al. ( 2022 ) to transfer
he mass from the neighbouring gas particles to the BH. The BHs
re repositioned manually at each time-step, to the position of the
as particle with the minimum potential within three times the
ravitational softening length. This accounts for the fact that the
ynamical friction to hold the BHs to the gravitational centre of
alaxy is not modelled properly due to the numerical resolution. As
 result, without repositioning, BHs tend to ‘float’ to the outskirts
f haloes in cosmological simulations, which weakens critically the
mpact of AGN feedback on the host galaxy’s evolution (Bahé et al.
022 ). Finally, following Bahé et al. ( 2022 ), the BHs are also merged
f they are within three gravitational softening lengths and below an
pper limit of relative velocity. 
Whereas FLAMINGO implements two types of AGN feedback,

hermal dump and jet-like kinetic model for its intermediate-
esolution runs, the thermal feedback following Booth & Schaye
 2009 ) is adopted as the fiducial and only model for L1 m8. In the
hermal model, the feedback energy is injected in the nearest gas
article when the accumulated amount of the energy over time-steps
ecomes sufficient to heat the gas particle by �TAGN . �TAGN , the
ncrease in the temperature of the nearest gas particle, is a model
arameter that is calibrated. �TAGN = 108 . 07 K for L1 m8. 
The parameters of the subgrid models, including that for the AGN

eedback, are tuned through a machine learning to reproduce the
tellar mass function and cluster gas fraction from observations of
he low-redshift Universe (Kugel et al. 2023 ). 

The haloes and subhaloes are identified by VELOCIRAPTOR finder
VR; Elahi et al. 2019 ). VR defines haloes by running a 3D FoF
lgorithm with a linking ratio of 0.2, while subhaloes are further
dentified from the halo particles via FoF search in the 6D phase
pace. Centrals are defined as the most distinct structure found
ithin each FoF halo, while the other subhaloes identified by VR are

onsidered as satellites. Unless stated otherwise, we base our analysis
n the galaxy and gas properties integrated within 50 pkpc from
he centre of galaxy, derived using the Spherical Overdensity and
perture Processor (SOAP), a tool developed for the FLAMINGO
roject. For the halo properties, the quantities computed within
h = R200 , the 3D radius within which the mean density is 200 times

he critical density, are used. However, we confirmed that the
onclusions are insensitive to the choice of aperture for both the
alaxy and halo properties. For our analysis, we also use the merger
ree provided as part of the FLAMINGO data product, which was
onstructed using the algorithm of Jiang et al. ( 2014 ) to connect the
aloes between the snapshots by following the most bound particles
NRAS 543, 2204–2221 (2025)
o identify descendants and progenitors. We exploit the merger tree
ater for tracking the main progenitor (defined as one with the
reatest number of bound particles of a descendant halo from the
ater snapshot) of low-redshift haloes in question, in particular. 

 M E T H O D S  

.1 Sample construction 

or each part of our analysis, we construct samples from
LAMINGO slightly differently. This is sometimes because of

he purpose of presentation, or because each part of the analysis
equires a different set of predicted properties that are given zero,
ndefined values, or values outside the range of our interest for a
ubset of the whole sample. Here, we describe the different types
f sample construction which will be used for our analysis. The
riteria and number of galaxies for the samples are summarized in
able 1 . 
First, we define ‘Sample 0’, the most inclusive sample we

onstruct, which contains all simulated galaxies at any redshift with
on-zero stellar mass assigned by FLAMINGO. This is an inevitable
election because the aim of our study focuses on the quenching of
alaxies, which is only defined at given stellar mass. Specifically, we
efine quenched galaxies as those satisfying the following condition: 

SFR · tH ( z) < 0 . 1 , (1) 

here sSFR is the specific SFR (sSFR), namely the SFR divided
y the stellar mass, and tH ( z) is the Hubble time. sSFR · tH ( z) is the
umber of mass e-folds during the Hubble time when assuming a
onstant sSFR: 

≡ sSFR · tH ( z) = d M∗/ d t/M∗ · tH ( z) , 

M∗( t + tH ( z)) = M∗( t) · eα. (2) 

his criterion of quenched galaxies is broadly consistent, albeit
lightly tighter, with what has been considered in the literature,
lso generally thought to match roughly the traditional colour-
ased selection (e.g. Gallazzi et al. 2014 ; Pacifici et al. 2016 ; Leja,
acchella & Conroy 2019 ; Rodrı́guez Montero et al. 2019 ; Carnall
t al. 2024 ; Baker et al. 2025 ). However, even lower values for the
riteria have also been adopted in some studies (e.g. Park et al. 2022 ;
acchella et al. 2022 ), making our choice roughly an average. As can
e seen from the equation, this criterion selects quiescent galaxies
hat do not increase their stellar mass by 10 per cent or more over
he next Hubble time, assuming a constant SFR. We do not find
ignificant changes in our results and conclusions when changing
he criterion by a factor of a few, or using the SFR averaged over a
eriod, e.g. of 100 Myr. Sample 0 is used in Fig. 1 , for instance, where
he SFR–M∗ plane of the galaxies is investigated, as the purpose of
he sample is to explore the overall properties and trends predicted
y the simulation, as well as to identify outliers, simulation limits,
rtefacts, or any other unexpected/undefined behaviours. A summary
f the properties of Sample 0 is provided in Table 1 . 
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Figure 1. SFR distribution of Sample 0 (which includes all galaxies with non-zero stellar mass) predicted by the FLAMINGO simulation as a function of 
stellar mass at various redshifts. The black dashed lines indicate sSFR = 0 . 1 /tH ( z) (see equation 1 ), below (above) which we define as quenched (star-forming) 
galaxies. The galaxies with SFR below the numerical resolution, thus assigned zero values, were given arbitrary values of 2 × 10−2 M� yr−1 for the presentation. 
The red dashed lines show the average SFR as a function of stellar mass, including those with zero SFR. The mass range of our main sample used for most 
of the later analysis, ‘Main Sample’, defined as those with stellar mass between 1010 M� and 1011 M�, is indicated by the grey dot–dashed lines. The stripe 
patterns in both the low-mass and low-SFR end are due to the limit of numerical resolution where a galaxy consists of a few baryonic particles. 
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Sample 0 also helps to set the range of mass reliable for our
nalysis, which leads to construction of another sample, the ‘Main 
ample’, which is the main sample for our analysis, also the second
ost inclusive sample following Sample 0. Specifically, from Fig. 1 , 
e identify the stellar mass of � 1010 M� where the lower limit 
f SFR due to the numerical resolution falls below the quenching 
riterion of equation ( 1 ), i.e. the black dashed line. Below this stellar
ass, the quenched fraction of galaxies at a given mass is not robust,

ecause those with zero SFR values assigned by the simulation falling 
elow the numerical limit may be above or below the criterion, thus
uenched or not. Indeed, the quenched fraction, as well as the SFR of
he star-forming galaxies, has been shown to be artificially boosted 
elow the mass due to this effect, as discussed in Schaye et al. ( 2023 ).
While we determine the lower limit of M∗ = 1010 M�, detailed 

nvestigation of Fig. 1 also hints that there should be an upper limit
n stellar mass for analysis that can be trusted. This is due to the
upturn’ in the SFR shown at M∗ � 1011 M� at z � 2. We will discuss
his further in detail in Section 4.1 . 

We therefore construct Main Sample by only including the subset 
f Sample 0 with the stellar mass between M∗ = 1010 M� and 
011 M�. As a result, this sample essentially focuses on MW- 
ass systems. In total, the Main Sample consists of approximately 

.3 million galaxies. Later, as we find that the main drivers for
uenching are largely different for galaxies with MBH ≥ 107 M�
nd MBH ≤ 107 M�, we define and probe only a subset of Main 
ample with MBH ≤ 107 M�, denoted as Main Sample-lowBH and 
omprising � 3.7 million galaxies (or about two-thirds of Main 
ample), for some of the analysis. 
.2 Random Forest analysis 

ater, to determine the parameters directly correlated with the quies- 
ence of galaxies in different samples, we employ an RF classifier,
 type of machine learning approach widely used to answer a range
f classification problems. In our application, the task is a single-
abel classification with two classes: star-forming and quenched 
alaxies. RF has proved to be particularly powerful for distinguishing 
irect and indirect variables, or first-hand and secondary correlation, 
n its application in astronomy (e.g. Bluck et al. 2020a , b , 2022 ,
024 ; Goubert et al. 2024 ). RF provides the relative importance
f the features, computed as the fractional contribution of each 
eature to minimizing the Gini coefficient throughout each tree. 
he Gini coefficient is a measure of impurity in given data, thus
inimizing the coefficient means attempting to achieve the best 

eparation/classification at each ‘node’, or ‘decision fork’. 
In our analysis, following Bluck et al. ( 2022 , B22 hereafter), we

mploy the RandomForestClassifier of the scikit-learn (Pedregosa 
t al. 2011 ) python package. We set 250 decision trees for each
orest, and each tree consists of a maximum of 500 nodes. To avoid
n overfitting problem, the minimum number of samples required 
o be at a leaf node is fixed at 120. We then construct a total of 10
orests, for each of which bootstrapped samples are utilized as the
nput training and test set, to compute the average and the variance
f the results. We checked that varying these hyper-parameters by a
actor of a few does not have a significant impact on the results. 

We split the sample for a forest into a training and test set, each
ontaining half. Also, we construct the data for each forest such
MNRAS 543, 2204–2221 (2025)
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hat the sample contains an equal number of quenched and star-
orming galaxies, because otherwise the results can be biased towards
verweighting the parameters responsible for one population over
he other (Pedregosa et al. 2011 ). In practice, the construction of the
alanced sample is achieved by undersampling the more dominant
lass within the whole sample in each case. We also tried other
achine learning techniques to take into account the imbalanced

ample, such as SMOTE (Chawla et al. 2002 ) which oversamples
he minority class by interpolating between randomly chosen neigh-
ours. The improvements, however, are found insignificant compared
o the simple undersampling for our case. This is in line with some
ecent studies that found the popular algorithms for balancing the
ata do not improve prediction performance for strong state-of-the-
rt classifiers in general (Elor & Averbuch-Elor 2022 ). Thus, we
imply choose to undersample the majority class to construct the
nput data for each of the RF classifiers. 

We set up the RandomForestClassifier to consider all features at
very node. B22 , in their appendix, have shown that the power of RF
or separating direct and indirect variables is significantly reduced
hen only a subset of features are used at decision forks. 
Finally, before running the classifiers, we always rescale all the

eatures to logarithmic values, as well as to have the same medians
nd quantile ranges, in order to ensure no bias introduced by different
ynamic ranges of the features. The set of features chosen for our
nalysis will be introduced later in Section 4.4 , motivated by the
ndings therein. 

 RESU LTS  

.1 The SFR–M∗ plane 

s explained in Section 3 , we first investigate all galaxies with
on-zero stellar mass assigned by FLAMINGO, namely Sample 0.
ig. 1 shows the density map of its distribution on the SFR–M∗
lane from z � 7 to 0, together with the mean SFR as a function of
tellar mass, denoted by the red dashed line. As already discussed in
ection 3 , note that below M∗ � 1010 M� there are galaxies whose
FR fall under the limit dictated by the numerical resolution of
LAMINGO. Since this leads to bias in the identification of quenched
nd star-forming galaxies, we decide to eliminate the galaxies of

∗ ≤ 1010 M� from our analysis. The red line showing the mean
FR( M∗), however, is calculated including those with zero SFR
alues. 

For those systems of M∗ ≥ 1011 M�, we identify an upturn in the
FR (as traced by the line of the mean SFR) whose origin is not
ertain. Whether this upturn is due to the miscentring of BHs even
fter the attempt of repositioning, or the subgrid model for AGN
eedback is unclear. Most observations probe the SFR–M∗ relation
nly up to M∗ � 1011 . 2 M� directly, while extensions to higher-mass
hrough empirical fittings normally do not show such upturn (e.g.
peagle et al. 2014 ; Tomczak et al. 2016 ; Leja et al. 2022 ). Also,
LAMINGO only has their free model parameters calibrated to

he SMF at M∗ � 1011 . 5 M�, ignoring the higher-mass regime due
o systematics between different data set, choices of aperture, and
reatments of intracluster light. Despite that, however, the simulation
redictions are found to match the BH mass from observations at
∗ � 1011 . 5 M�, as shown in Schaye et al. ( 2023 ). 
The development of the low-SFR tail for the M∗ � 1010 M�

ystems seen at z � 5 and later is believed to be due to the AGN
eedback. Thus, the Main Sample also explores the transitioning
egime, well suited for studying the impact of AGN on quenching
nd the galaxy evolution. 
NRAS 543, 2204–2221 (2025)
.2 Stellar mass function of main sequence and quenched 

alaxies 

ollowing the inspection of the SFR–M∗ plane, we examine the
alaxy stellar mass function (SMF) of star-forming and passive
alaxies separately, as defined by the criterion in equation ( 1 ).
he SMFs are shown in Fig. 2 , compared with the observational

esults of Davidzon et al. ( 2017 ), McLeod et al. ( 2021 ), and Weaver
t al. ( 2023 ). Davidzon et al. ( 2017 ) and Weaver et al. ( 2023 )
stimated near-IR (nIR) selected SMFs up to redshift of 6–7, in
he COSMOS field. Similarly, McLeod et al. ( 2021 ) also derived nIR
MFs over 0 . 25 ≤ z ≤ 3 . 75 by combining ground-based and Hubble
pace Telescope data. However, all these studies, and most other
imilar works, classified passive and star-forming galaxies relying on
 colour cut across all redshifts, whereas ours is based on sSFR · tH ( z),
hich also evolves with redshift. Furthermore, various combinations
f colour planes and cuts have been adopted among the studies.
his difference complicates a direct comparison. To address this,
e present SMFs using a range of sSFR · tH ( z) = 0 . 01 − 1 to define
ain-sequence and quiescent galaxies, alongside those obtained
ith our fiducial threshold of sSFR · tH ( z) = 0 . 1. The definition of
assive and star-forming galaxies proves critical, particularly for the
uiescent population at high redshifts, altering their SMF by factors
f 2 (at z = 0 . 5) to 10 (at z = 2). The agreement with observations
aries significantly depending on the chosen threshold. Despite these
ncertainties, the FLAMINGO simulation reproduces the observed
rend of an decreasing quiescent fraction with redshift. While the
verage quenched fraction within the mass range of our Main Sample
s underestimated, the mass scale at which the quenched and star-
orming SMFs cross, which is more relevant for our later analysis
nd interpretations, always remains within about a factor of 2 of
he observations. Additionally, the impact of the selection threshold
rows substantially at higher redshifts, which may partly explain the
arger discrepancies there. As noted later in Section 4.4 , our key
esults are insensitive to the choice of the threshold, due to the rapid
ransition from main sequence to quiescence, while such changes
an improve the agreement between the observations and the model
rediction of SMF. 

.3 Main sequence and quenched galaxies in different 
nvironments 

ow we investigate dependence of the quiescent and main-sequence
alaxies on environment. As a proxy of the galaxy environment,
ere we adopt halo mass, Mh = M200 . We reach similar conclusions,
owever, when making use of other environment indicators such as
∗, 1 . 5 pMpc , the total stellar mass within a 3D sphere of 1.5 pMpc, to

robe the dependence. 
Fig. 3 presents the median and 16th–84th percentile range of

SFR · tH ( z) for the star-forming galaxies in the upper panel, while
he fraction of quenched galaxies is shown in the lower panel. The
esults are shown for five halo mass bins as indicated by the different
olours. The selections of systems are made independently at each
napshot, i.e. the curves are not tracking the same objects across
edshifts. 

A striking fact from Fig. 3 is that, for satellite galaxies, the star-
orming ones show no environmental dependence of their sSFR while
heir quenched fraction is a strong function of the host halo mass, with
hose in more massive haloes more likely to be quenched. A similar
rend is found even for centrals. Even more strikingly, the centrals and
atellites on the star-forming main sequence are almost indistinguish-
ble. Combining all these results, non-quiescent galaxies practically
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Figure 2. Stellar mass function (SMF) of main sequence (blue) and quiescent (red) galaxies up to redshift of 2 from FLAMINGO. The solid lines show the 
results using our fiducial cut of sSFR · tH ( z) = 0 . 1 to separate main sequence from quenched galaxies, while the bands cover the range of sSFR · tH ( z) = 0 . 01 − 1. 
For comparison, the observational results of Davidzon et al. ( 2017 ), McLeod et al. ( 2021 ), and Weaver et al. ( 2023 ) are included, all of which obtained a set of 
near-IR-selected SMFs separately for passive and star-forming galaxies, based on a colour selection. The mass range of our main sample used for most of the 
later analysis, ‘Main Sample’, defined as those with stellar mass between 1010 M� and 1011 M�, is indicated by the grey dot–dashed lines. 

Figure 3. sSFR · tH ( z), which is the number of e-folds in stellar mass during the Hubble time assuming a constant sSFR at its current rate, of the galaxies on 
the star-forming main sequence (defined as those with sSFR · tH ( z) > 0 . 1; upper panels), and the fraction of quenched galaxies (those with sSFR · tH ( z) < 0 . 1; 
lower panels), as predicted by the FLAMINGO simulation. The medians and 16th–84th percentiles in haloes of different mass are indicated by the curves and 
bands of colours, respectively. Centrals (left panels) and satellites (right panels) of stellar mass between 1010 and 1011 M� are selected independently from each 
of the snapshots, thus not tracking the same objects. Note that the main-sequence galaxies have remarkably similar sSFR in haloes of different mass and even 
between centrals and satellites, while the quenched fraction is sensitive to environment. 
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hare the same SFE regardless of their environments as well as of their
ocal dominance, i.e. whether they are centrals or not. This is consis-
ent with the observational finding of Peng et al. ( 2012 ). However, the
uenched fraction varies significantly according to the environments
nd local dominance at any given time in cosmic history. As will be
iscussed in Section 5 , these results indicate a rapid, abrupt transition
rom star-forming to quiescent state, implying a short time-scale
f less than a Gyr and a remarkable effectiveness of the physical
echanism responsible for quenching, as well as its dependence on

nvironment. 

.4 Ex situ versus in situ drivers of quenching 

ere we investigate a more complete set of both ex situ and in situ
ndicators that may be responsible for the quenching of galaxies. Also
y taking advantage of the RF, we identify the physical properties
hat are more directly correlated with the quiescence, separately
rom secondary variables that only present correlations via their
ependence on the primary parameters. 

.4.1 Quenched fraction as a function of parameters 

ig. 4 projects the quenched fraction of the Main Sample at z = 0 on
he 2-D planes of various properties, including the host halo mass
 Mh = M200 ), the BH mass ( MBH ), the host BH mass ( MBH , host ),
he total stellar mass within 1.5 pMpc ( M∗, 1 . 5 pMpc ), and the distance
rom the host halo centre (normalized to Rh = R200 , i.e. D/Rh ). For
entrals, the host BH mass is the same as their BH mass, which is the
ubgrid mass of the most massive BH found within 50 pkpc from the
entre of a galaxy. For satellites, the host BH mass is MBH of their
entral galaxy. The mean evolution track for a given present-day halo
ass is given by the lines of different colours. For these lines, the

ame objects of given present-day mass have been tracked using the
erger tree. 
Most notably, there are two regimes with different characteristics,

ne is MBH � 107 M� where basically every galaxy is quenched,
hile at MBH � 107 M� the impact of secondary parameters of

nvironment indicators such as the host halo mass, M∗, 1 . 5 pMpc , and
he properties related to the host, are evident. This is true for both
entrals and satellites, while the dividing line of MBH � 107 M� is
learer for satellites. For centrals, the transition to quiescence is a
ombined function of the BH mass and the environment, with a
igher threshold BH mass for quenching in more massive haloes,
hich is as expected due to higher cooling rate in those haloes (see

lso e.g. Bluck et al. 2022 ; Goubert et al. 2024 ). A remarkable thing to
ote is how sharp and abrupt the transition between star-forming and
uenched galaxies is, once crossing the dividing line in MBH . This
s consistent with the finding of Fig. 3 and the previous subsection,
oth indicating that the impact of AGN feedback on quenching is
apid and sudden, which indeed is confirmed to be the case as will be
iscussed in Section 5 . Note that the characteristic BH mass where
he transition occurs is insensitive to the choice of the threshold set to
.1 in equation ( 1 ) to define the quenched and star-forming galaxies,
ecause the transition is so sharp and rapid, taking place over a very
arrow range in BH mass. Therefore finding the critical BH mass
t MBH � 107 M� is not due to any of the assumptions applied by
ur analysis, but a genuine prediction of the model. Interestingly,
his critical mass is consistent with BH mass at which galaxies are
ound predominantly quenched in observations (e.g. Terrazas et al.
016 ; Chen et al. 2020 ; Bluck et al. 2020b ; Piotrowska et al. 2022 ).
e confirm that the transition BH mass barely changes when the

hreshold is altered by a factor of 5 or even more in either direction. 
NRAS 543, 2204–2221 (2025)
The trend and strength of the dependence on the various envi-
onmental proxies also vary. For central galaxies, the halo mass is
hown to have a stronger quenching effect at a given BH mass, than

∗, 1 . 5 pMpc . Fig. 5 shows this more clearly. The top-left panel presents
he number density distribution of both the whole and our sample
alaxies (indicated by the dashed lines) selected from FLAMINGO
n stellar mass–halo mass plane. Only central galaxies are chosen for
he presentation. The top-middle panel of Fig. 5 , on the other hand,
hows the quenched fraction on the same plane. Going from left to
ight across the figure, central galaxies are clearly seen to be least
uenched within the MW-mass haloes of Mh � 1012 M�, while the
uenched fraction increases rapidly in haloes of both Mh � 1011 M�
nd Mh � 1012 . 5 M�. 1 The quenched fraction at the low-mass end
f M∗ � 109 . 5 M�, however, is likely overestimated due to the limit
f numerical resolution, as it is the mass regime that the lowest
ossible SFR value from FLAMINGO stays above our definition
f quiescence (Fig. 1 ; see also Schaye et al. 2023 ), which is the
eason we excluded them to define Main Sample. Notably, the dotted
ine of MBH = 107 M� aligns sharply with the divide between the
uiescent and main-sequence population at Mh � 1012 M�, strongly
uggesting that BH feedback is the main quenching mechanism for
entrals in those haloes. This is because the BHs in FLAMINGO
row rapidly (over less than 2 Gyr span) from its seed mass of

BH � 105 M� up until � 107 M�, and so does the impact of AGN
eedback. 

Yet another question is whether the AGN feedback ceases the
tar formation by ejecting the galactic gas to the CGM (Maiolino
t al. 2012 ; Harrison et al. 2014 ) or further out (Davies et al. 2019 ,
020 ; Oppenheimer et al. 2020 ), or by heating the gas too hot to
orm stars (Fabian 2012 ; Peng et al. 2015 ; Zinger et al. 2020 ),
amely if it is lack or the state of the gas reservoir that quenches
alaxies (Genzel et al. 2015 ; Lin et al. 2017a , 2020 ; Tacconi et al.
018 ; Ellison et al. 2020 , 2021 ; Dou et al. 2021a ). The bottom
anels of Fig. 5 explore this, presenting the gas mass divided by
alo mass (including all gas in any phase within 50 pkpc), SFE
defined as the SFR divided by the gas mass) within 50 pkpc, and
he mean temperature of gas (in any phase within 50 pkpc). Being
arger than a typical size of galaxies while still smaller than the
irial radius, 50 pkpc aperture probes the inner CGM. Interestingly,
ll three panels reveal sharp transitions near MBH � 107 M� (the
lack dotted line), similar to what is seen for the quiescent fraction:
he gas mass fraction decreases roughly by a factor of 3, the SFE
y a factor of 10, while Tgas increases by a factor of 100, across

BH � 107 M�. This suggests that the sudden quenching of galaxies
round the threshold BH mass is primarily driven by plummeted SFE,
hich in turn is due to the gas reservoir heated too hot to further star

ormation, while deprivation of the reservoir also has a significant
mpact. However, it is important to note that, by design, the simulation
nforces a strong dependence of SFR on the ISM gas mass. As a
esult, what the SFE effectively traces is the ratio of the inner CGM
o the ISM mass, which can be influenced by consumption of the
SM due to star formation, by ejection of the ISM into the inner
GM, by ejection of the inner CGM into the outer region, and by
reventive impact on the CGM not to accrete on to the ISM (see also
itchell & Schaye 2022 ). We find that the same three quantities of the

uter CGM (all bound gas outside 50 pkpc) present much smoother
ransitions across the threshold BH mass, which thus cannot explain
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Figure 4. The quenched fraction of galaxies projected on multiple 2D parameter spaces of galaxy and environment properties, from the z = 0 snapshot of 
FLAMINGO (‘Main Sample’). The properties include host halo mass ( Mh ), BH mass ( MBH ), BH mass of the host halo ( MBH , host ), stellar mass integrated within 
a 3D sphere of 1.5 pMpc centred on the galaxy in question ( M∗, 1 . 5 pMpc ), and distance from the centre of host halo divided by halo radius ( D/Rh ). Centrals are 
shown in the top panels, while the rest show the results for satellites. The thick curves represent the median histories of galaxies with M∗,z= 0 between 1010 and 
1011 M� at z > 1 (dashed) and z < 1 (solid). Clearly, galaxy quenching as predicted by FLAMINGO is a cooperation between intrinsic (or in situ ) and external 
( ex situ ) mechanisms, with the former dominating at MBH � 107 M� while the environmental effects play a role at MBH � 107 M�. 
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M

Figure 5. Central galaxies on the z = 0 stellar mass–halo mass (SMHM) plane colour-coded by different properties in the different panels. In all panels, the 
black dashed lines indicate our main sample with stellar masses between 1010 and 1011 M�. The grey dot–dashed line represents the cosmic baryon fraction. 
The galaxies above the cosmic fraction are mostly systems that were once satellites in the past during which they lost dark matter mass. (a) The colour-coding 
corresponds to the number density distribution of central galaxies. (b) Quenched fraction. It is seen that galaxies are least quenched around the MW-mass 
halo of Mh � 1012 M�, while the quenched fraction rapidly increases in haloes of Mh � 1012 . 5 M�. The dotted line indicates several BH mass (repeated in the 
subsequent panels), with the black line representing MBH = 107 M�, above (below) which the galaxies are mostly quenched (active) at Mh � 1012 M�. This 
suggests that BH feedback is the responsible mechanism for quenching centrals in these haloes. (c) BH mass on the SMHM plane. The dotted lines represent 
the same lines of the selected BH masses from (b), to guide the eye. (d) Gas mass (in any phase) within 50 pkpc divided by halo mass. (e) SFE, defined as 
SFR within 50 pkpc divided by the gas mass. (f): Gas temperature averaged over all gas in any phase within 50 pkpc. The bottom three panels demonstrate that 
the sudden quenching seen in (b) near MBH = 107 M� is driven by a combination of plummeted SFE due to the AGN heating of gas, and deficit of gas in the 
reservoir, both of which trace the CGM amount. 
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he sudden increase in the quiescent fraction. This prediction for
he combined quenching effect of reduced gas fraction and SFE
s consistent with findings from some recent observational studies
e.g. Tacconi et al. 2018 ; Colombo et al. 2020 ; Ellison et al. 2020 ;
iotrowska et al. 2020 ; Dou et al. 2021b ). The strong dependence
n Tgas , on the other hand, indicates the transition from the cold to
he hot accretion regime. We confirm the same conclusion with RF
nalysis where over 95 per cent relative importance for predicting the
alaxy quenching is given to the SFE and gas fraction of the inner
GM, both of which trace the CGM amount, as will be discussed in
ection 4.4.2 . This is consistent with some other state-of-the-art sim-
lations such as EAGLE, IllustrisTNG, and Illustris (Piotrowska et al.
022 ). 
In Fig. 4 , the trends of quiescent fraction with environments are
uch less clearly shown for M∗, 1 . 5 pMpc than for halo mass. At the

ow-mass end, this can be understood that, due to the low baryonic
ass resolution of FLAMINGO, the environment of the low-mass

ystems are not properly traced by M∗, 1 . 5 pMpc . This is evidenced by
he sharp lower-limit cut at 1010 M� on the M∗, 1 . 5 pMpc axis in the
ample distribution in the top-right panel, which agrees with the
tellar mass cut of Main Sample. This means that these are systems
ith only centrals. At the massive end, due to the shallow slope in

he stellar mass–halo mass relation, the dynamic range for M∗, 1 . 5 pMpc 

s much more compressed than that for Mh , making it difficult for a
NRAS 543, 2204–2221 (2025)

lear trend to be revealed. 
i  
.4.2 Importance of drivers from Random Forest analysis 

ig. 4 demonstrates that environment also plays an important role
n the satellite quenching. Here, however, we attempt to examine
heir relative importance more quantitatively, which is necessary to
eveal main drivers for quenching satellites. To this end, and also for
 better assessment of the correlations for centrals, we employ the
F classifier as described in Section 3.2 . The input features for the
lassifiers are as follows: 

{M∗, Mh , MBH 

, M∗, 1 . 5 pMpc , c , MBH , host , 

sSFRhost , D/Rh } , 
here those in bold are for centrals, while all features are used

or satellites. Although not included in Fig. 4 , note that the feature
et has additional parameters such as the halo concentration proxy,
= R200 /R2500 , where R2500 is the radius within which the average
ensity is 2500 times the critical density, as well as sSFRhost . sSFRhost 

s nothing but sSFR but for the central galaxy in case of a satellite.
e include sSFRhost to see if there is any galaxy conformity, namely

o-evolution between centrals and satellites in the same environment.
inally, random numbers, ‘Rand’, are included to assess the noise in
ase of no correlation. 

Fig. 6 shows the relative importance between the features for the
ain Sample, analysed by the RF. For both centrals and satellites,

he BH mass is the most impactful factor, thus indicating that the
n situ mechanism dominates quenching of galaxies. For centrals,
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Figure 6. Relative importance of in situ and ex situ parameters for quenching, determined from the RF analysis for the Main Sample (filled bars) and Main 
Sample-lowBH (hatched bars) from the z = 0 snapshot of FLAMINGO. The features include stellar mass ( M∗), host halo mass ( Mh ), BH mass ( MBH ), stellar 
mass integrated within a 3D sphere of 1.5 pMpc centred at a galaxy in question ( M∗, 1 . 5 pMpc ), halo concentration proxy of R200 /R2500 ( c), random number 
(Rand), BH mass of host halo ( MBH , host ), sSFR of central galaxy (sSFRhost ), and distance from the centre of host halo divided by halo radius ( D/Rh ). The 
features for centrals are in boldface. Clearly, MBH is the most important parameter for galaxy quenching, while halo mass, an environment proxy, also plays an 
important role at MBH � 107 M�, where BHs have not yet accumulated enough energy to inject into galaxies to suppress star formation. 
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he second dominant parameter is the halo mass, which was already 
inted in Fig. 4 . The other three parameters have almost negligible
mpact for centrals. The reason why stellar mass has such little impact 
s probably because we control the stellar mass of the samples to a
arrow dynamic range. M∗, 1 . 5 pMpc is also shown to have a minor 
ffect, part of which is likely due to the reasons discussed above
or Fig. 4 . Another reason would be that the halo mass is a more
irect physical quantity that is related to the dynamics governing 
he quenching such as the virial shock heating and radiative cooling, 
ver the integrated stellar mass. Inclusion of the halo mass thus
educes the relative importance given to the total stellar mass, as
xpected. From a test where Mh was deliberately removed from 

he input set, we indeed found that the previous importance given 
o Mh is redistributed to M∗, M∗, 1 . 5 pMpc , and concentration, with 
lmost equal shares among the three. Similarly, including stellar 
ass also takes away the importance of M∗, 1 . 5 pMpc , as for many of

he low-mass systems M∗, 1 . 5 pMpc � M∗. In fact, when M∗ is removed 
rom the input, it is found that the importance score of M∗, 1 . 5 pMpc 

ncreases roughly by that amount. In general, as discussed by e.g. 
22 , the interpretation of the features given small importance should 
e cautioned. Another lesson from these results, although obvious, 
s that a physically responsible driver should be included in the input
et of features, in order to be identified so by the classifier. Finally,
uch small importance given to the random number feature, proves 
hat the RF works as expected, and that our sample is large enough to
llow to identify even features of small importance, taking advantage 
f the large volume of FLAMINGO. 
For satellites, the relative significance of BH mass is reduced 

ompared to centrals. Part of this, however, can be attributed 
o more features being included in the analysis, over which the 
elative significance is shared. Given that, halo mass has a reduced 
mportance for satellites, while an increased significance is present 
or stellar mass. This may be understood as halo mass is not a quantity
irectly related to satellites, while stellar mass is. In case of centrals,
he growth of the BH and the impact of the feedback thereof, as
ell as gravitational potential to maintain cold gas, are related to
alo mass. But for satellites, halo mass may be just a larger-scale
nvironment, not reflecting the local gravitational potential as well 
s the growth of their BHs. There is also a sign of a correlation of the
istance to the halo centre with quiescence. This may reflect some
nvironment quenching mechanisms such as tidal and ram-pressure 
tripping that are thought to depend on proximity to the centre (e.g.
intos-Castro et al. 2019 ). No galaxy conformity is demonstrated. 
his is unsurprising because galaxy conformity should be driven by a

undamental mechanism(s) affecting both centrals and satellites such 
s assembly history and environments, and itself is unlikely a direct
ause of quenching. So, given the nature of RF for discerning direct
rom secondary correlations, sSFRhost should be given a negligible 
mportance as shown here, even if there exists a galaxy conformity. 

Motivated by the clear dividing line around MBH = 107 M�, across 
hich the physics governing the quenching suddenly seems to 

hange, we do another RF analysis for Main Sample-lowBH, the 
ubset of Main Sample with the lower BH mass of MBH ≤ 107 M�.
he results are presented in Fig. 6 as the hatched bars. Compared
ith the results for Main Sample, the impact of BH is now shown

o be much less significant for both centrals and satellites. Most
f the previous contribution from BH has now transferred to halo
ass. Thus, environment indeed impacts the galaxy quenching for 
BH � 107 M� where the AGN feedback is expected to be weaker, 

onsistent with the strong environmental dependence from Fig. 4 . 
Aside from the parameters in the input set of features, there

re some additional properties available in FLAMINGO that are 
ndicative of the physical state of the gas within galaxies and CGM,
hus dictating quenching processes more directly. These include the 
MNRAS 543, 2204–2221 (2025)
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M

Figure 7. Relative importance of in situ and ex situ parameters for quenching, 
determined from the RF analysis for the Main Sample from the z = 0 snapshot 
of FLAMINGO. Compared with Fig. 6 , here we further include the SFE 

(SFR divided by gas mass), gas fraction (gas mass divided by halo mass) 
and gas temperature, Tgas , in addition to the feature set. Although the gas 
properties presented here are those of the inner CGM (gas within 50 pkpc), 
we confirm similar results for the outer CGM (all bound gas outside 50 pkpc). 
The dotted bars indicate the RF result when all features are considered, while 
the dashed bars show the result when the SFE is excluded. The other bars 
result when excluding both SFE and gas fraction. This indicates that the 
SFE and gas fraction dominate the importance when included, making all 
the other features nuisance. The features include SFR /Mgas , Mgas /Mh , Tgas , 
stellar mass ( M∗), host halo mass ( Mh ), BH mass ( MBH ), and the sum for 
the rest of the parameters (namely, stellar mass integrated within a 3D sphere 
of 1.5 pMpc centred at a galaxy in question ( M∗, 1 . 5 pMpc ), halo concentration 
proxy of R200 /R2500 ( c), random number (Rand), BH mass of host halo 
( MBH , host ), sSFR of central galaxy (sSFRhost ), and distance from the centre 
of host halo divided by halo radius ( D/Rh )). While Tgas certainly takes an 
important role, as a direct indicator of physical state of gas, MBH being 
dominant over Tgas indicates that galaxy quenching is a cumulative process, 
rather than depending solely on the current state. 

g  

i  

i  

f  

t  

f  

m  

i  

o  

o  

a  

e  

g  

i  

t  

a  

T  

r  

d  

c  

t  

T  

a  

f  

w  

c  

(  

B  

d  

r  

t

4

F  

a  

o  

a  

B  

r  

A  

i  

b  

f  

e  

t  

a  

w  

t  

f  

(

5

5

O  

b  

S  

c  

z  

a  

p  

e  

e  

m
 

c  

r  

O  

t  

q  

o  

t  

t  

A  

b  

t  

d  

e  

m  

t  

d  

f  

q  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/543/3/2204/8256857 by guest on 29 January 2026
as fraction (gas mass with respect to halo mass), SFE, and Tgas of the
nner CGM (gas within 50 pkpc). We find the RF reveals that the most
mportance (about 95 per cent for the inner CGM, and slightly higher
or the outer CGM) for quenching galaxies is given to SFE when all
he three of these gas properties are included, in addition to the other
eatures shown in Fig. 6 . When excluding the SFE from the analysis,
ost of the importance (approximately 90 per cent, similarly for the

nner and outer CGM) is transferred to the gas fraction, making all the
ther parameters nuisance (Fig. 7 ). The SFE being the most important
ver the gas fraction is consistent with the bottom panels of Fig. 5 ,
s well as some of other studies using simulations (e.g. Piotrowska
t al. 2022 ). However, as discussed in Section 4.4 , both the SFE and
as fraction trace the inner CGM amount, and thus share much of the
mportance. Interestingly, Tgas also becomes important when both
he SFE and gas fraction are eliminated from the feature set, taking
way quite an importance score that would go to MBH otherwise.
his is shown in Fig. 7 , which can be compared with Fig. 6 for the

educed predicting power of MBH for galaxy quenching. Still, the
ominance of MBH over Tgas may reflect that galaxy quenching is a
umulative process, as is the BH growth, being a result of a long-
erm energy injection, beyond what the current state of gas such as
gas can trace. Notably, we also find a significant role in quenching
ttributed to the current BH accretion rate, ṀBH , unlike in predictions
rom some other models (Davies et al. 2019 ; Piotrowska et al. 2022 ),
NRAS 543, 2204–2221 (2025)
ith a relative importance of up to 0.3 (0.6) for centrals (satellites),
omparable to or greater than that for MBH . While Piotrowska et al.
 2022 ) also reported a notable importance of 0.1–0.2 given to the
H accretion rate from the EAGLE simulation, the much stronger
ependence found here could be due to the relatively poor time
esolution of FLAMINGO to capture the instantaneous variability of
he BH accretion. 

.4.3 Galaxy quenching at higher redshift 

ig. 8 explores the relations on the same projected parameter spaces
s in Fig. 4 but at z = 1. Compared to the results at z = 0, galaxies are
verall less quenched. The sharp transition, however, is still identified
t a bit higher BH mass of MBH � 107 . 5 M�. This increased threshold
H mass for quenching at higher redshift may be interpreted as a

esult of the contest between gas cooling and the heating by the
GN: at higher redshifts where the density of gas in galaxy systems

s higher so that the cooling is more effective, a higher BH mass must
e reached for its AGN feedback energy to be comparable to the
aster cooling. Another possible reason could be the higher binding
nergy at higher redshift (e.g. Booth & Schaye 2011 ). Below the
hreshold BH mass of � 107 . 5 M�, almost all galaxies, both centrals
nd satellites, are on the star-forming main sequence, with much
eakened environmental dependence. This is also demonstrated by

he enhanced relative importance of the BH mass up to 0.9, derived
rom the RF classifier as shown in Fig. 9 , compared with about 0.7
0.5 for satellites) at redshift of 0 in Fig. 6 . 

 DI SCUSSI ON  

.1 Bimodal evolution and rapid quenching 

ur results indicate, in Section 4.3 , that galaxies of stellar mass
etween 1010 and 1011 M� follow the same evolution track on the
FR–M∗ plane, regardless of their environment or whether they are
entrals or satellites. Surprisingly, this prediction is found not only at
� 0 but over the entire cosmic history. At the same time, however,
 strong dependence of the quenched fraction on environment is also
resent across cosmic time. How can these two strong results co-
xist and be reconciled? What physical mechanisms or scenarios can
xplain the significant difference in the evolution of the star-forming
ain-sequence and quenched galaxies? 
The sudden transition between the two evolutionary trends indi-

ates that the responsible mechanism must have a strong impact on a
elatively short time-scale, and thus quenching occurs quite rapidly.
therwise a prolonged tail towards low SFR, which would be a

rack of galaxies in the process of leaving the main sequence but not
uenched yet, should be present. In Fig. 3 , our results lack any sign
f such a tail, implying a sudden quenching. Indeed, we investigated
he quenching time-scale, τquenching , defined as the time taken for
he number of mass e-folds, sSFR · tH ( z), to fall from 1 to 0.1.
lthough the distribution of the quenching time-scale is found to be
road, a majority of the galaxies are quenched over a relatively short
ime-scale of < 1 . 5 Gyr. We find that the quenching time-scale also
epends on the epoch of quenching, with massive galaxies quenched
arlier and more slowly. Also, central galaxies are found to have
ore rapid ( τquenching � 0 . 7 Gyr) and narrower spread of quenching

ime-scale relative to satellites, with a marginal hint of a bimodal
istribution (see also Section 5.2 ). As we demonstrated in Section 4.4 ,
or MBH � 107 M� where the BH and AGN feedback dominates the
uenching of galaxies, basically all galaxies are quenched regardless
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Figure 8. The quenched fraction of galaxies projected on multiple 2D parameter spaces of galaxy and environment properties, from the z = 1 snapshot of the 
FLAMINGO (Main Sample). The properties include host halo mass ( Mh ), BH mass ( MBH ), BH mass of the host halo ( MBH , host ), stellar mass integrated within 
a 3D sphere of 1.5 pMpc centred at a galaxy in question ( M∗, 1 . 5 pMpc ), and distance from the centre of the host halo divided by halo radius ( D/Rh ). Centrals are 
shown in the left two panels, while the rest show the results for satellites. Compared with Fig. 4 , there is still a clear dividing line but at a higher BH mass of 
approximately 107 . 5 M� between two distinct regimes, above (below) which quenching is primarily dictated by BH mass (environment). 

Figure 9. Relative importance of in situ and ex situ parameters for quenching, 
determined from the RF analysis for all galaxies in Main Sample from the 
z = 1 snapshot of FLAMINGO. The features include stellar mass ( M∗), host 
halo mass ( Mh ), BH mass ( MBH ), stellar mass integrated within a 3D sphere 
of 1.5 pMpc centred at a galaxy in question ( M∗, 1 . 5 pMpc ), and the sum for the 
rest of the parameters (namely, halo concentration proxy of R200 /R2500 ( c), 
random number (Rand), BH mass of host halo ( MBH , host ), sSFR of central 
galaxy (sSFRhost ), and distance from the centre of host halo divided by halo 
radius ( D/Rh )). 
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f their environment. The physical mechanism responsible for such 
trong environmental dependence as shown in Fig. 3 , therefore, must
e something else than the AGN. According to our RF analysis, this
s most related to the mass of the host halo, and also to stellar mass
o a degree for satellites. 

There are several known physical mechanisms of environmental 
uenching that depend moderately to strongly on host halo mass, 
ncluding tidal stripping (Merritt 1984 ), ram-pressure stripping 
Gunn & Gott 1972 ), galaxy harassment (Moore et al. 1996 ), and
trangulation (Dekel & Birnboim 2006 ; Peng et al. 2015 ). These
ultiple quenching processes in principle may occur over various 

haracteristic time-scales spanning an order or magnitude or more, 
nd conditions to be met for each process to be effective also
ary and overlap each other (Boselli & Gavazzi 2006 ). This makes
t difficult to constrain which process is responsible for a given
eature in the star formation history (SFH) over a certain time-
cale, and their relative importance. Despite that, in general, the 
am-pressure stripping is believed to act over a comparatively rapid 
ime-scale of a couple of hundred Myr (e.g. Abadi, Moore & Bower
999 ) by sudden and complete gas removal, and quench low-mass
alaxies. On the other hand, tidal stripping leads to a slow quenching
ia a more strangulation-like scenario, also requiring high-density 
CM which is normally met at the central region of haloes. Other
erger/interaction-driven ‘harassment’, which can drive quenching 

y overconsumption of gas via induced boost of star formation, 
ct over a moderate to rapid time-scale, being more effective in
uenching massive galaxies at high redshift or in dense regions 
here galaxy encounters are frequent. Given that our samples probe 
MNRAS 543, 2204–2221 (2025)
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he relatively high stellar mass range, that the similar trends extend
o high redshift, and that the quenching has a strong environmental
ependence, the most likely mechanism for the sudden quenching is
he galaxy interaction-driven harassment. This is further hinted by
he decent amount of importance given by the RF to the distance
o the halo centre, D/Rh . We confirm, by a traditional approach
f investigating the correlation, that satellites with smaller D/Rh ,
amely those nearer to the centre, thus in denser environment, are
ore likely quenched. 

.2 The main drivers for quenching centrals 

hile in the previous subsection we mainly discussed the finding of
he rapid transition into quiescence, focusing on the environmental
uenching as its cause, overall the quenching of the whole sample is
till dominated by in situ process related to the supermassive BH, as
emonstrated in Fig. 6 . Particularly for centrals, it is shown that about
0 per cent of the total Gini coefficient is minimized by MBH alone,
uring the classification process. As mentioned earlier, above BH
ass of 107 M�, every galaxy is essentially quenched independent

f the other variables. In FLAMINGO, a BH of � 107 M� typically
esides in about a 1012 M� halo, or a M∗ � 1010 . 5 M� MW-mass
alaxy (see the solid lines in Fig. 4 ), where stellar feedback becomes
nefficient and therefore the BHs enter their rapid growth phase
Bower et al. 2017 ; McAlpine et al. 2018 ). Then as BH masses
row rapidly to 108 M�, which is massive enough to self-regulate
he growth via its own AGN feedback, the rapid growth phase ends.
uring this rapid growth, while BH grows in mass by a factor of 10
r more, the stellar mass of the host galaxy increases from 1010 . 5 M�
o 1011 M�, thus a steep growth in MBH –M∗ plane. Within the stellar

ass range between 1010 and 1011 solar masses that we probe here,
he FLAMINGO simulations are shown to match the relationship
etween BH and stellar mass from observations reasonably well
hen galaxy morphology is taken into account (fig. 12 of Schaye

t al. 2023 ). Such co-evolution with the rapid BH growth is also
onsistent with the predictions from EAGLE (Schaye et al. 2015 ;
ower et al. 2017 ). 
While sharp transition of galaxies to quiescence are commonly

redicted in many state-of-the-art simulations, the threshold mass
nd exactly how the transition is driven vary among models. For
llustrisTNG, a rapid increase in the quenched galaxy fraction
appens soon after BH mass of 108 M� (e.g. Terrazas et al. 2020 ;
iotrowska et al. 2022 ). This is because the simulation implements

he AGN feedback such that, at MBH � 108 M�, BH is assumed
o effectively shift from high accretion rate to low accretion-rate
ode, and a kinetic jet-like AGN feedback is turned on. The EAGLE

imulation has a weaker (less rapid and abrupt) transition into
uiescence near a slightly lower BH mass of 107 . 5 M�. Although
his lower MBH threshold is closer to observations, which find
alaxies are quenched when exceeding MBH � 107 M�, EAGLE fails
o quench massive galaxies sufficiently to match the data (Trayford
t al. 2015 ; Piotrowska et al. 2022 ). The SIMBA simulation also
mplements a transition BH mass of 107 . 5 M� by ‘hand’, to shift
o its jet-mode AGN feedback for galaxies of low Eddington ratio.
s a result, BHs in SIMBA stop their rapid growth near the same
ass, and begin to quench galaxies effectively (Davé et al. 2019 ;
odrı́guez Montero et al. 2019 ). FLAMINGO predicts a sharp
nd rapid transition to quiescence at MBH � 107 M�, in excellent
greement with observations (Bluck et al. 2020b ; Chen et al. 2020 ;
iotrowska et al. 2022 ). This is likely because the accumulated BH
nergy at MBH � 107 M� exceeds the binding energy of gas particles
ithin galaxies in FLAMINGO, thus ejecting the gas to the CGM
NRAS 543, 2204–2221 (2025)
r further. At the same time, we also confirm that the inner CGM
as temperature rapidly rises above 105 K when MBH � 107 M� (see
ig. 5 ). Stellar and halo mass at the rapid transition to quiescence
lso range from M∗ � 1010 M� (SIMBA; Davé et al. 2019 ; Rodrı́guez
ontero et al. 2019 ) to M∗ � 1011 M� or Mh � 1013 M� (EA-
LE; e.g. Piotrowska et al. 2022 ). The prediction by FLAMINGO

hat the quenching becomes effective near the MW mass lies in
etween. 
Observations and theoretical models suggest a broad and/or

imodal distribution of quenching time-scales at z � 2 (e.g. Wu
t al. 2018 ; Belli, Newman & Ellis 2019 ; Rodrı́guez Montero et al.
019 ; Wild et al. 2020 ; Park et al. 2022 ; Tacchella et al. 2022 ). As
iscussed in earlier sections, our findings in Figs 3 –5 imply that the
uenching takes place on a short time-scale of τquenching � 1 Gyr, thus
upporting ‘fast quenching’, mainly driven by the AGN feedback
eating and ejecting the gas around galaxies (Fig. 5 ). This is also
n a broad agreement with the previous findings from the EAGLE
imulation (e.g. Trayford et al. 2016 ; Correa, Schaye & Trayford
019 ). Here we directly probe the distribution of quenching time-
cales in relation to BH mass, utilizing the simulation merger tree.
e define the quenching time-scale, τquenching , as the time interval

or sSFR · tH ( z) to drop from 1 to 0.1. As mentioned earlier, this
s roughly a conventional average for defining quenching in the
iterature (e.g. Gallazzi et al. 2014 ; Pacifici et al. 2016 ). We further
efine the onset of quenching as when the number of mass e-folds
alls below 1 for the last time in a galaxy’s history. We checked
hat using more sophisticated criteria, such as running averages to
void an instantaneous drop in SFR being misidentified as quenching,
oes not change our conclusions. We also count only the latest
uenching events, namely neglecting earlier quenchings in case of
ejuvenations and multiple quenchings, which we do not find to
e very common in FLAMINGO, in agreement with other studies
nd observations (e.g. Rodrı́guez Montero et al. 2019 ; Tacchella
t al. 2022 ). Fig. 10 , in the left panel, shows the number of mass
-folds for central galaxies in Main Sample, as a function of BH
ass. A Schechter function fit (magenta) to the average (white) for
BH ≤ 108 M� finds a characteristic mass of MBH � 2 . 5 × 107 M�,
hich also coincides roughly with BH mass at the onset of quenching,
BH , onset where the number of mass e-folds falls below 1. Note that

his is a slightly higher value than 107 M� that we found earlier
s a threshold BH mass for quenching at z = 0. This is because
he result here contains galaxies of various quenching epochs, with a

ajority of them quenched even as early as at z � 4, and the threshold
H mass varies with time, typically increasing with redshift due to
ccelerated cooling (see Fig. 8 and the discussion thereof). The right
anel presents the SFH as a function of time, using MBH = 107 M�
s a pivot mass. It is indeed found that the sSFR rapidly decreases
nce reaching MBH = 107 M�, dropping by more than an order
f magnitude in about a Gyr timespan. This confirms our earlier
onjecture that galaxies are quenched rapidly around MBH = 107 M�.
owever, the average curve (grey) also indicates a wide dispersion
f quenching time-scale, particularly changing slopes in the middle
s in a broken double power law, which hints a bimodal distribution
ith two populations of fast and slow quenching. Note that galaxies

ocated on the side of slower quenching, are those quenched earlier
nd having reached the threshold BH mass at higher redshifts.
hey are typically massive in stellar and halo mass as well. This
eans that more massive systems reach a threshold BH mass earlier,

orm earlier, and then quench slowly, while less massive ones form
lowly to reach the onset BH mass just lately, and then became
nactive recently and rapidly. This is consistent with Rodrı́guez

ontero et al. ( 2019 ), who used the SIMBA simulation to find a
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Figure 10. Left : The SFH of central galaxies in the Main Sample from FLAMINGO as a function of BH mass, tracked using the simulation merger tree. Those 
with zero SFR values assigned by the simulation are put near sSFR · tH ( z) = 5 × 10−4 . The horizontal red dashed lines represent sSFR · tH ( z) of 1 and 0.1, 
which we define as the ‘onset’ and end of the quenching process, respectively. The white long-dashed line shows the average relation, while a Schechter function 
fit to it (only fitting for MBH ≤ 108 M�) is indicated by the magenta solid curve. Right : The SFH as a function of time since a galaxy reaches MBH = 107 M�. 
Galaxies, on average, are rapidly quenched once passing MBH = 107 M�, with the number of mass e-folds falling by more than an order of magnitude over about 
1 Gyr. The inset panel shows the distribution of quenching time-scale, τquenching , defined as time taken for sSFR · tH ( z) to fall from 1 to 0.1 for each galaxy. The 
quenching occurs on a broad range of timescales, while peaking around 0.8 Gyr. 
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ast-mode quenching for galaxies of M∗ � 1010 –1010 . 5 M�, while 
lower quenching dominates at higher mass. The inset panel shows 
he distribution of the quenching time-scale, demonstrating that the 
alaxy quenching occurs on a variety of time-scales, while peaking 
round 0.8 Gyr. Our results are slightly sensitive to the choice of
efinition for quenching. For example, using higher cuts for the 
nset and quenching is found to reveal a clearer bimodal distribution
ith a sharp concentration typically around 0.6 Gyr and a broad 
istribution for the rest. This prediction is in a broad agreement with
bservational studies such as Tacchella et al. ( 2022 ), who found
bout 25 per cent of quiescent galaxies at z � 0 . 8 were quenched
ithin 500 Myr, with an overall median of τquenching = 0.1–1.8 Gyr 

see also Park et al. 2024 ). 
We also investigated the correlations of each parameter in the 

eature set, in a traditional way, with the quenched fraction of
alaxies. For centrals, we find that only the BH mass is positively
orrelated with the quenched fraction, as discussed above. An 
verall negative correlation with halo mass is found, while there 
xists a marginal positive correlation after the turnover around halo 
ass of 1012 M� which, however, is diluted in the overall relation 
hen weighted by the numbers. The average trend is dominated by 

he star formation being most efficient within the MW-mass halo 
nd falling in the lower mass. The halo concentration, R200 /R2500 

sed as a proxy, is also found to present a negative correlation
ith the quenched fraction. This is opposite to the expectation, 

s it is well known that the concentration is a strong function
f halo mass, with more massive haloes being less concentrated. 
hus given the negative dependence of quenching on halo mass, 
 positive correlation with the concentration parameter is expected. 
he negative correlation, instead, may reflect a higher binding energy 

n haloes of a higher concentration at a given halo mass, which holds
he gas against being ejected. However, the strength of its impact 
s found from the RF analysis is only marginal, as seen in Fig. 6 ,
n which case interpretation of the feature is highly cautioned in 
eneral. 
s  
.3 The main drivers for quenching satellites 

e demonstrated, in Fig. 6 , that the BH mass is also the most direct
n situ parameter for quiescence of satellites. The same characteristic 

ass of MBH � 107 M�, and the rapid transition from the main 
equence to quiescence across the mass, are found for satellites 
imilarly to centrals. Compared to the centrals, however, the relative 
mportance given to MBH in quenching is reduced. While part of 
his is attributed to the more features included for satellites over
hich the total relative importance is shared, it is notable that stellar
ass is given a remarkable importance unlike for centrals. This can

e understood in the context of pre-quenching, namely quenching 
hat occurs prior to the galaxies’ infall to the current host halo.
efore merging into the current environment, satellites have been 
ither centrals or in another dense environment. As there is no
current’ property in the feature set that represents the condition 
f their previous environment, it may be understood that the history
f past environments are reflected in the apparent significance given 
o stellar mass. But which one, then, is the more significant driver
or pre-quenching satellites: in situ quenching from when they were 
entrals, or ex situ suppression in the previous host halo? 

Fortunately, there seems to be a way to answer this question, thanks 
o the opposite signs of correlations between the two scenarios. 
s seen in Figs 3 and 4 , and discussed earlier, the environmental
uenching indicates that satellites in more massive haloes are more 
requently found quenched, namely a positive correlation with the 
uenched fraction. The in situ quenching related to halo mass, on
he other hand, is found to be in a negative correlation, as shown for
entrals where those in more massive haloes are less quenched at a
iven BH and stellar mass. Therefore by investigating the correlation 
f stellar mass with quiescent satellites (assuming stellar mass is a
roxy of the previous halo mass), one can determine which process
s the more dominant. On average, we find that the quenched fraction
s found to be higher among lower-mass satellites. We thus conclude
hat the quenching mechanism found for satellites indirectly via their 
tellar mass is due to the shallower potential well that failed to hold
MNRAS 543, 2204–2221 (2025)
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M

Figure 11. Relative importance of in situ and ex situ drivers for quenching, 
determined from the RF) analysis for Main Sample-lowBH from the z = 0 
snapshot of FLAMINGO. This is the same as Fig. 6 but for the reduced feature 
set in order to explore impacts in a case that the true quenching drivers are not 
included. The reduced set includes BH mass ( MBH ), halo concentration proxy 
of R200 /R2500 ( c), random number (Rand), BH mass of host halo ( MBH , host ), 
sSFR of central galaxy (sSFRhost ), and distance from the centre of host halo 
divided by halo radius ( D/Rh ). Compared with Fig. 6 , the halo concentration 
and the host BH mass are given highly enhanced importance for centrals and 
satellites, respectively, potentially misleading interpretations. The features 
for centrals are in boldface. 
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as against stellar feedback in the past, prior to their infall to the
urrent host halo. 

Interestingly, there is a marginal hint that the supermassive BH of
he central galaxy in the halo ( MBH , host ) also affects the quenching
f satellites. We find a positive correlation that satellites with a more
assive central BH (i.e. BH in their host halo, not one in a satellite

tself) are found to be more quenched. This may indicate that the
nergy injection from the central AGN feedback is powerful enough
o even heat or blow out gas surrounding satellites to further suppress
heir star formation. However, it is also rather interesting to note how
mall the importance given to MBH , host is relative to that to MBH , the
atellite’s own BH mass. This may imply that the quenching effect
f AGN feedback is an accumulated result from its multiple events
ver the history, rather than an impact from an instantaneous state at
ny given time. Satellites, therefore, which are normally found with
ot much of their lifetime spent inside the present local environment,
ould not have had enough time to be affected and quenched by the

entral BH of the current host halo. 

.4 Limitations of the Random Forest analysis 

s briefly touched upon in, e.g. Section 4.4 , there are several
imitations in the RF analysis, which are general issues in approaches
sing the classifier. First of all, although better than traditional
orrelation analysis, RF itself explores correlations, and its potential
o identify causation still depends on interpretations based on a priori
nowledge. Second, in order to reveal a parameter truly responsible
or quenching, the parameter must be identified and included in the
nput set of features. Otherwise the power of the RF to distinguish
etween direct and nuisance variables is limited, still potentially
is-identifying a highly correlated secondary parameter as a direct

ause. Fig. 11 demonstrates such effect in an extreme test case
here stellar mass, halo mass, and M∗, 1 . 5 pMpc are removed from

he input feature set into the RF for Main Sample-lowBH. The
NRAS 543, 2204–2221 (2025)
ethodology of the analysis is kept the same otherwise as in Fig. 6
nd as described in Section 3.2 . Notably, now with the features
f the most significance for quenching removed for both centrals
nd satellites, the halo concentration (for centrals) and MBH , host 

for satellites) have their relative importance substantially boosted.
articularly, for satellites, now the host halo’s BH mass suddenly
ppears as the most dominant property for quenching, being even
ore impactful than its own BH mass, which we know is not true

rom the previous result. Also, the discussion in Section 5.3 on the
tellar-mass dependence of satellite quenching is another example
hat complicates an interpretation because of a lack of more direct
eatures to prove or disprove particular scenarios in consideration.
owever, one cannot expand the input set to include every parameter
otentially relevant for quenching mechanisms, since increasing the
umber of variables will have the relative importance shared and
educed, making it difficult to identify which feature is genuinely
esponsible. This is particularly true when the measurements and
elations between variables are noisy, as is common in astronomical
ata, and even more true if some of the variables are highly correlated.
his limitation is well demonstrated by B22 , who found that nuisance
arameters are given non-negligible importance scores when noise
s added, making naive interpretation dangerous (see also Goubert
t al. 2024 ). 

 SUMMARY  

n this paper, we used the highest resolution (‘L1 m8’) FLAMINGO
imulation to explore the characteristics of quiescent and star-
orming main-sequence galaxies, by constructing a large sample of
.3 million galaxies with mass similar to the MW, taking advantage
f the large box size of FLAMINGO. We restricted our analysis
arefully to the mass range of M∗ = 1010 − 1011 M�, in order to avoid
he limitation of the numerical resolution as well as uncertainties
n the model prediction for the most massive galaxies. We define
alaxies with sSFR · tH ( z) < 0 . 1 ( > 0 . 1) as quiescent (star forming),
here sSFR is the instantaneous sSFR. However, we find our analysis

nd conclusions are robust against a different choice of the threshold,
y up to a factor of 5. The simulation reproduces the overall
volutionary trends of the stellar mass function (SMF) observed in the
ata, including the increase in passive fraction with redshift, as well as
he mass scale at which passive galaxies dominate (within a factor of
bout 2). However, the simulated quiescent fraction is systematically
ower than observed, though differences in selection criteria compli-
ate a direct comparison. We employed RF classifiers to identify and
iscern the properties of galaxies and environments that are more
irectly related to quenching, from secondary, indirectly correlated
arameters. Our findings are summarized as follows. 
First, in Section 4.3 and Fig. 3 , we have shown that the main-

equence galaxies present strikingly similar sSFR regardless of their
nvironment or local dominance (namely whether a galaxy is a
entral or satellite), whereas the quenched fraction is highly sensitive
o both the environment and local dominance. This implies a rapid
ransition from the main sequence to quiescence, and that whatever
hysical mechanisms are responsible for the quenching must act
ffectively on a relatively short time-scale, as we directly demon-
trated in Section 5.2 and Fig. 10 . These findings and conclusions
old from z � 7 to z = 0, i.e. for the whole cosmic history probed in
ur analysis. 
Second, in Section 4.4 , and in Figs 4 and 5 , we identified that there

xist two distinct regimes for galaxy quenching: at MBH � 107 M�,
ssentially all galaxies are predicted to be quenched, whereas at

BH � 107 M� quenching is correlated with halo mass and local
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tellar mass, both of which are proxies of environment, with the 
uiescent fraction found to be minimum, about 0.2, in Mh � 1012 M�
aloes, above which the fraction increases rapidly. The transition 
rom the main sequence to quiescence takes place rapidly around 

BH = 107 M�. The characteristic BH mass is insensitive to the 
etails of the definitions of quiescent and main-sequence galaxies, 
ecause of the sharp transition that occurs within a narrow BH mass
ange. This BH mass of 107 M� being critical for galaxy quenching, 
s well as the rapid BH growth near the mass, are in excellent
greement with observations (e.g. Terrazas et al. 2016 ; Piotrowska 
t al. 2022 ). The rapid transition to quiescence near this BH mass is
hought to be due to accumulated BH energy exceeding the binding 
nergy (e.g. Davies et al. 2019 , 2020 ; Oppenheimer et al. 2020 )
r thermal energy (e.g. Zinger et al. 2020 ) required for gas to be
jected or heated and cease star formation. Indeed, in the bottom 

anels of Fig. 5 , we investigated the gas properties of the inner
GM (within 50 pkpc), and found that the gas mass fraction (with

espect to halo mass), SFE, and gas temperature all sharply change 
ear MBH = 107 M�, approximately by a factor of 3, 10, and 100, 
espectively. Both the SFE and gas mass fraction trace the inner CGM
mount (with respect to the ISM and halo mass, respectively). The 
as properties of the outer CGM present much weaker transitions 
ear MBH = 107 M�. The results indicate that galaxies are quenched 
y the AGN feedback via the inner CGM fraction, which can be
ffected by ejection of the ISM into the inner CGM, by ejection of
he inner CGM into the outer region, and by preventive impact on the
GM to accrete on to galaxies. All these findings demonstrate that 
GN feedback is the most dominant physical process for quenching 
assive galaxies of M∗ � 1010 . 5 M�, regardless of whether a galaxy 

s a central or a satellite, in any environment. 
Third, in Fig. 6 , motivated by the finding of the critical BH mass,

e carried out a RF analysis to identify the physical properties 
irectly related to the environmental quenching of galaxies with 

BH � 107 M�. Among a set of environmental proxies, including 
he total stellar mass within 1.5 pMpc, halo concentration, sSFR 

nd BH mass of host halo, and distance to host halo centre, the RF
dentifies halo mass as the most direct parameter related to quenching 
he low-mass galaxies below MBH � 107 M�, where the importance 
f BH mass is found to be substantially reduced but still the second
ost impactful parameter. A short time-scale inferred by the rapid 

ransition, combined with the similar trends found over a range 
f mass and redshift, hints that the so-called galaxy harassment, 
ather than tidal or ram-pressure stripping, is likely the dominant 
echanism for quenching the massive satellites. Also, a notable 

mportance given by RF to stellar mass of satellites implies in situ
re-quenching rather than ex situ pre-processing in their previous 
ost, prior to their infall to the current host. 
The above conclusions regarding the two distinct evolution 

egimes, the rapid transition between them across the critical BH 

ass of 107 M�, and the dominance of BH and halo mass as the
ost direct properties for the quenching, are found to hold true at

igher redshifts in the cosmic afternoon of up to z � 1, as shown in
igs 8 and 9 . 
Finally, in Fig. 10 , we directly probed the SFH as a function of

H mass, and the time-scale of quenching. A Schechter function fits
he SFH reasonably well, with best-fitting pivot BH mass of about 
 ×107 M�, similar to the characteristic mass identified in Figs 4 
nd 5 . The quenching time-scale is found to peak around 0.8 Gyr,
ndicating fast quenching, while the whole distribution is broad, 
ikely due to various quenching mechanisms such as those driven by 
alo and environments, and due to evolution of the processes and 
heir time-scales. 
In this work, we examined the galaxy properties and environment 
roxies related to the quenching of MW-mass galaxies in the cosmic
fternoon, using the large-volume FLAMINGO simulation also aided 
y RF classifiers. The dynamic range of samples in mass, retaining a
arge sample size, may be expanded with future simulations where the 
umerical resolution can be improved with accelerated computing 
ower, which will help analyse the quenching mechanisms in smaller 
r more massive haloes. Also, more detailed and robust attempts 
o identify the characteristic BH mass in observational data are 
ncouraged. This would shed light on the growth of supermassive 
Hs and the time-scale over which AGN feedback impacts galaxies 

n the galaxy–BH co-evolution, arguably the most unfilled region in 
he modern picture of galaxy formation theory. 
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