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A B S T R A C T 

We examine the nature, origin, and fate of early ( z ≥ 2) massive ( M � > 10 

10 M �) quenched galaxies (EQGs) in a new 

(100 h 

−1 Mpc 3 ) run of the SIMBA-C galaxy formation model. We define ‘quenched’ to be > 4 σ below an iterative polynomial fit 
to the star-forming sequence (SFS), and find that SIMBA-C produces EQGs as early as z ∼ 5 and number densities agreeing with 

observations at z � 3 (though slightly low at z � 4). Using a photometric-based EQG selection or a fixed specific star formation 

rate cut of 10 

−10 yr −1 yields similar results. EQGs predominantly arise in central galaxies with stellar mass M � ∼ 10 

10 . 5 −11 . 3 M �, 
not necessarily the most massive systems. A Uniform Manifold Approximation and Projection shows that quenched galaxies have 
notably large black hole-to-stellar mass ratios, lower rotational support, and less dust, but are not atypical versus similar-mass 
non-EQGs in their environments, halo mass, or halo gas temperatures at the time of quenching. Ho we ver, via galaxy tracking 

we show that the progenitor environments of EQGs are significantly more o v erdense than that of non-EQGs, which drives 
higher black hole mass fractions and stellar-to-halo mass ratios. This results in the Eddington ratio dropping sufficiently low for 
SIMBA-C ’s jet mode feedback to turn on, which quickly quenches the host galaxies. EQGs thus seem to be galaxies that grow 

their black holes quickly within highly dense environments, but end up in moderately dense environments where black hole 
feedback can quench ef fecti vely. We find that � 30 per cent of EQGs rejuvenate, but the rejuvenating fraction drops quickly 

below z � 2. By z = 0, it is difficult to distinguish the descendants of EQGs versus non-EQGs. 

K ey words: galaxies: e volution – galaxies: formation – galaxies: high-redshift. 
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 I N T RO D U C T I O N  

 major result from large multiwavelength galaxy surveys such 
s the Sloan Digital Sky Survey (York et al. 2000 ) has been the
lassification of galaxies in the local Universe into two distinct 
roups by their colour: star-forming (or ‘main-sequence’) galaxies, 
hich are typically blue with spiral morphology, and quiescent (or 

quenched’) galaxies, which are red and elliptical (Blanton et al. 
003 ; Kauffmann et al. 2003 ; Baldry et al. 2004 ). This classification
as been extended to galaxies beyond the local Universe, with 
 vidence of massi ve quiescent galaxies as far as z ∼ 3 (Tomczak
t al. 2014 ; Man et al. 2016 ; Martis et al. 2016 ) and even z ∼ 4
Straatman et al. 2015 ). The sensitive near-infrared capabilities of 
he JWST have pushed out the current record holder to z ≈ 4 . 658,
ust 1.3 Gyr after the big bang (Carnall et al. 2023 ). 

Massive quiescent galaxies with stellar mass approaching M � ∼
0 11 M � or more appearing so early in cosmic history is a significant
urprise. Assembling that much mass in of itself is not a challenge
 E-mail: jakub.szpila314@gmail.com 
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ithin the � cold dark matter cosmological model (Behroozi & 

ilk 2018 ), but it may suggest that star formation-related feedback
rocesses required to self-regulate growth in the bulk of the galaxy
opulation even at very early epochs (e.g. Dav ́e, Finlator & Oppen-
eimer 2006 ) are for some reason strongly curtailed in some subset
f systems (Dekel et al. 2023 ; Rennehan 2024 ). What makes these
ystems special is unclear, since there are many more equally massive
alaxies at those epochs that are not quenched. 

An even bigger mystery is why these galaxies stop forming 
tars. Modern galaxy formation models invoke active galactic nuclei 
AGNs) feedback to quench galaxies (e.g. Somerville & Dav ́e 
015 ). Current ideas of galaxy quenching include being a result
f a major merger, where strong supernova (SN) and black hole
BH) feedback lead to a blowout of gas and dust, removing the
aterial needed for star formation (Hopkins et al. 2008 ). Another

venue is to invoke feedback from AGN in order to heat the
as surrounding the galaxy, which suppresses gas accretion and 
ventually quenches the galaxy (Bower et al. 2006 ; Croton et al.
006 ). For early quenched systems, one might expect the merger
ath to be more appropriate, since mergers are more common at
arly times, blo wout allo ws rapid quenching, and circumg alactic g as
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s quite dense making halo heating less ef fecti ve. Ho we ver, Zheng
t al. ( 2022 ) showed that at least in one model rapid quenching
eed not be correlated with major merger activity, and merger-driven
lowout alone cannot permanently quench galaxies since accretion
ould restart rapidly (e.g. Gabor et al. 2011 ) particularly in the early
niverse when accretion rates are high (Dekel et al. 2009 ). Most
alaxy formation models require some form of halo-based quenching
n order to reproduce the quenched galaxy population as seen today
Somerville & Dav ́e 2015 ), but the situation is less clear for early
uenched systems. 
Cosmologically situated hydrodynamic simulations of galaxy

ormation have emerged as the leading approach to understand
he growth and evolution of galaxies within a hierarchical context
Vogelsberger et al. 2020 ). While such models can broadly reproduce
he o v erall growth of the galaxy population, the y generally struggle to
roduce enough early ( z � 3) massive quenched galaxies as are now
bserved (Lucia et al. 2024 ). This suggests that there is some missing
hysics in the models, or at least that the current implementations are
ot flexible enough to produce the most extreme objects at these early
pochs. Such observations therefore offer an opportunity to impro v e
uch models, which could have implications for understanding the
 v erall evolution of the massive galaxy population to lower redshifts.
To quantify the evolution of quenched galaxies, one must first

efine what is quenched, which is already a murky topic. In the
o w-redshift Uni verse, quenched galaxies can be defined as lying
long the red sequence in the colour–magnitude diagram (Blanton
t al. 2003 ). But at intermediate redshifts, contamination by dusty
ed galaxies fa v ours using two-colour diagrams such as UVJ (Patel
t al. 2013 ). With impro v ed multiwav elength surv e ys combined with
ophisticated spectral energy distribution fitting codes (e.g. Carnall
t al. 2019 ; Leja, Tacchella & Conroy 2019 ), it becomes possible to
easure M � and star formation rate (SFR) reasonably accurately out

o high redshifts, enabling a definition in terms of the specific star
ormation rate, sSFR ≡SFR/ M � . Locally, a canonical definition for
uenched galaxies is sSFR < 10 −11 yr −1 , which lies about an order
f magnitude below star-forming galaxies of similar mass. But at
igher redshifts, it is measured that the galaxy main sequence (i.e.
FR versus M � ) shows higher SFR at a given M � at earlier epochs
Daddi et al. 2007 ; Elbaz et al. 2007 ; Salim et al. 2007 ; Speagle et al.
014 ; Davies et al. 2016 ). Using the same local sSFR cut to define
uenched galaxies thus may not be appropriate in the early Universe,
nd instead it should account for the location of the main sequence
t the rele v ant redshift. 

Quenched galaxies may not remain so indefinitely. In models
here galaxy accretion is related to halo accretion, following a period
f quiescence, a galaxy can experience a secondary period of star
ormation or ‘rejuvenation,’ when enough gas and dust re-accretes
nto the galaxy for it to return to the main sequence. It is estimated
hat ∼ 10 − 30 per cent of galaxies in the local universe undergo
uch a process (Donas et al. 2007 ; Schawinski et al. 2007 ; Pandya
t al. 2017 ; Behroozi et al. 2019 ), depending on how one defines
ejuvenation. It is unclear how this fraction evolves; one might expect
he rejuvenation fraction to decrease with increasing redshift, since
here has been less time for rejuvenation to occur, but it could also
ncrease to higher redshifts if the more rapid cooling allows accretion
o restart more rapidly. 

In this paper, we examine the nature of early quenched galaxies
EQGs) seen in the SIMBA-C (Hough et al. 2023 ) simulation (de-
cribed in Section 2 ). SIMBA-C is an update of the widely used SIMBA

imulation (Dav ́e et al. 2019 ) that updates the chemical enrichment
nd stellar feedback processes and recalibrates AGN feedback,
ielding a more physically moti v ated model that impro v es abundance
NRAS 537, 1849–1868 (2025) 
atios (Hough et al. 2023 ) and X-ray properties (Hough et al. 2024 ).
oth the chemical enrichment and the way how stellar feedback
jects energy and mass were updated to be time-step resolved. Thus,
t provides a plausible platform to study the evolution of quenched

assive galaxies. 
This paper is organized as follows. To study the massive quenched

opulation, we begin by defining our quenched sample at various
edshifts based on the star-forming sequence (SFS). We then use
niform Manifold Approximation and Projection (UMAP, Section 5 )

o qualitatively identify the properties that are uniquely shared by
QGs, and quantify this via comparisons to a stellar mass-matched
ample of star-forming galaxies. We then track galaxy progenitors
nd descendants to examine how the AGN feedback interplays
ith the quenching process, and quantify how often early quenched

ystems end up rejuvenating. We investigate the energetics of AGN
eedback to see how this quenches galaxies, and finally examine
he z = 0 descendants of quenched galaxies to attempt to identify
ny characteristics that EQGs share today . Finally , we present our
onclusions in Section 7 . 

 T H E  S I M BA-C SI MULATI ON  

his analysis focuses on the quenched galaxies present at high red-
hift in the SIMBA-C simulation. Some details of the implementation
f processes rele v ant for quenching in SIMBA-C are described below,
dapted from Dav ́e et al. ( 2019 ) and Hough et al. ( 2023 ) where a
uller description can be found. We further describe our approach
or identifying quenched galaxies at each redshift based on the star-
orming main sequence. 

.1 SIMBA-C 

e run and analyse a (100 h 

−1 Mpc ) 3 volume with 2 × 1024 3 

lements evolved with the SIMBA-C model (Hough et al. 2023 ,
024 ). SIMBA-C is an impro v ed v ersion of the SIMBA model (Dav ́e
t al. 2019 ), whose primary new component is a state-of-the-art
hemical evolution model but also includes tweaks to the feedback
arameters and subgrid implementations. Hough et al. ( 2023 ) ran a
50 h 

−1 Mpc ) 3 volume with 2 × 512 3 elements, and our run replicates
any of those results while yielding a much enlarged sample of rare
assive galaxies. Our 100 h 

−1 Mpc run (Hough et al. 2024 ) uses the
ame initial conditions at z = 249 as the original flagship SIMBA run,
ith the same minimum gravitational softening length of 0 . 5 h 

−1 kpc
nd the same Planck -concordant cosmology of �m 

= 0 . 3, �� 

= 0 . 7,
b = 0 . 048, H 0 = 68 km s −1 Mpc −1 , and n s = 0 . 97, where these

uantities have their usual cosmological meanings. We output 152
napshots from z = 99 → 0 just as in SIMBA . For a complete
escription of the SIMBA-C model and a detailed analysis of the
ifferences versus SIMBA , see Hough et al. ( 2023 , 2024 ). 

SIMBA-C , like SIMBA , uses the hydrodynamics and gravity solver
odules from GIZMO (Springel 2005 ; Hopkins 2015 , 2017 ), evolving

he hydrodynamics equations using the meshless finite-mass method.
hocks are handled using a Riemann solver with no artificial
iscosity, providing better handling of strong shocks and shear flows.
o model radiative cooling and photoionization heating of gas SIMBA

ses the GRACKLE-3.1 library (Smith et al. 2016 ) with metal cooling
nd non-equilibrium evolution of primordial elements. For accuracy
nd stability, the adiabatic and radiative terms are evolved together
sochorically on the cooling time-scale. 

Star formation is modelled using an H 2 -based SFR, where the H 2 

raction is computed based on the subgrid model of Krumholz &
nedin ( 2011 ) based on the metallicity and column density of H 2 
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ith minor modifications to account for numerical resolution as 
escribed in Dav ́e, Thompson & Hopkins ( 2016 ). SFR is given
y H 2 density scaled by the star formation parameter ε∗ = 0 . 026
Kennicutt 1998 ; Pokhrel et al. 2021 ) divided by the dynamical
ime: SFR = ε∗ρH 2 / t dyn . Stars are converted from gas particles 
robabilistically. 

SIMBA-C introduced a new chemical enrichment model called 
HEM5 , developed by Taylor & Kobayashi ( 2014 ), tracking all
lements from hydrogen (H) to germanium (Ge). At the same time, 
t remo v es SIMBA ’s assumption of instantaneous rec ycling of metals
nd energy from Type II SNe as well as an ad hoc model for Type Ia
Ne, replacing it with a full tracking of the metal return from Type
I + Ia SNe and stellar mass loss on the correct stellar evolution
ime-scales. For a full description, see Hough et al. ( 2023 ). 

Stellar feedback is handled via a Monte Carlo prescription for 
inetic outflows, in which each galaxy is assigned a mass-loading 
actor based on its stellar and gas properties, and then if selected a gas
article will become a wind particle and be kicked with a velocity
caled to the galaxy’s escape velocity. The detailed equations are 
resented in Hough et al. ( 2023 ), which are slightly updated from
hose in the original SIMBA model given in Dav ́e et al. ( 2019 ). These
ind particles also experience a brief period of ‘decoupling’ where 

heir hydrodynamic forces are shut off, in order to mimic channels 
hat allo w relati vely unfettered escape from the interstellar medium 

ISM). 
BHs are seeded and grown during the simulation, with accretion 

nergy used to drive galaxy quenching through feedback. BHs are 
eeded when the galaxy is initially resolved M � � 6 × 10 8 M � ( ≈ 32
tar particle masses) as opposed to the higher threshold in SIMBA of
 � � 5 × 10 9 M �. To mimic the behaviour of star formation in dwarf

alaxies as described in Angl ́es-Alc ́azar et al. ( 2017 ) and Hopkins
t al. ( 2021 ), BH accretion is exponentially suppressed with a factor
f exp ( −M BH / 10 6 M �). This reduces some artificial features in the
alaxy population owing to this threshold including a ‘pile-up’ of 
alaxies just abo v e the BH seeding threshold seen in SIMBA (Dav ́e
t al. 2019 ). Moreo v er, the lower seeding mass contributes to the
ncreased number of early quenching galaxies in SIMBA-C as we will 
iscuss in Sections 3 and 6.2 . 
Given the importance of AGN feedback, we describe its implemen- 

ation in SIMBA-C in more detail. s IMBA-C follows SIMBA in which
GN feedback is split into two re gimes: radiativ e winds, which are

ntended to crudely represent molecular and ionized outflows from 

he BH with velocities of ∼ 10 3 km s −1 (Sturm et al. 2011 ; Greene,
akamska & Smith 2012 ; Liu et al. 2013 ; Perna et al. 2017 )) and

ets reaching velocities of 10 4 km s −1 or more of highly ionized 
aterial. According to Best & Heckman ( 2012 ) and Heckman &
est ( 2014 ), these modes are associated with different Eddington 

atios of the BH, where the Eddington ratio is the BH accretion
ate in units of the Eddington accretion rate, with low Eddington 
ates resulting in jets, while high Eddington rates are associated with 
adiative winds. Specifically, SIMBA uses bipolar kinetic feedback 
rom AGN, decoupled for a short time (10 −4 of a Hubble time at
aunch), with a wind speed given by the following formulae for
igher Eddington ratios ( f Edd > 0 . 2, quasar mode): 

 w, rad = 500 + 500 log 

(
M BH 

10 6 M �

)1 / 3 

km s −1 . (1) 

t lower f Edd ( f Edd < 0 . 2), there is a transition to low- f Edd mode
jets) becoming stronger as f Edd decreases until it reaches a maximum 
t f Edd = 0 . 02 (jet mode): 

 w, jet = v w, rad + 7000 log 

(
0 . 2 

MAX ( f Edd , 0 . 02) 

)
km s −1 . (2) 

his is where there is a slight change from SIMB A : SIMB A-C adds a
ependence of the jet velocity cap on halo escape velocity from a flat
aximum of the jet velocity term of 7000 km s −1 . Additionally the
inimum BH mass constraint is increased to 7 × 10 7 M �, to a v oid

et mode occurring due to high stochasticity in poorly resolved small
alaxies. All outflows have a momentum input based on the accretion
ate of the BH: 

˙
 out = 20 

L 

c 
, (3) 

here L = ηṀ BH c 
2 is the bolometric luminosity of the AGN and

= 0 . 1 is the radiative efficiency. All outflows are launched in a
ollimated bipolar fashion, based on the angular momentum of the 
nner disc from which the BH is accreting. Additional X-ray feedback 
s introduced mimicking X-ray heating from the BH accretion disc in
alaxies with f gas < 0 . 2 and with full velocity jets, following Choi
t al. ( 2012 ). 

.2 Galaxies, haloes, and photometry 

aloes are identified during the simulation run via a 3D friends-of-
riends (FoF) algorithm with a linking length set to 0.2 times the
ean interparticle separation. From within each halo, we identify 

alaxies using CAESAR , which uses a 6D FoF with a much smaller
inking length and a velocity linking length equal to the local velocity
ispersion. Only star particles and gas elements eligible for star 
ormation with n H > 0 . 13 cm 

−3 are used in galaxy identification.
he particle lists from the galaxy/halo are then used to compute a
ide range of physical properties, the computation of which we will
escribe when we discuss specific properties. 
Using the stars, CAESAR produces galaxy photometry using the 

lexible Stellar Population Synthesis code ( FSPS ; Conroy, Gunn &
hite 2009 ; Conroy & Gunn 2010 ). We treat each star particle as

 single stellar population of a given mass, age, and metallicity,
nd assuming a Chabrier ( 2003 ) initial mass function, determine the
tar’s spectrum including emission lines. We then extinct the star’s 
pectrum along a chosen line of sight, using the SIMBA-C -tracked dust
long the line of sight. A galaxy’s spectrum is then the sum of the
pectra of all the stars in the galaxy, to which chosen bandpasses are
pplied to obtain magnitudes. All the abo v e information, including
alaxy and halo physical and photometric properties, are stored in a
ingle hdf5 CAESAR catalogue file for each simulation snapshot. 

 I DENTI FYI NG  QU E N C H E D  G A L A X I E S  

o explore distinctive features and behaviour of quenched galaxies, 
heir population must first be identified within SIMBA-C . There are
umerous definitions of quenched galaxies, but here we focus on two
pproaches that have been used at high- z, one more theoretical-based
nd another more observationally motivated. 

Theoretically, a quenched galaxy is typically defined as lying 
elow a particular threshold of star formation rate ( SFR ) or specific
tar formation rate ( sSFR = 

SFR 
M � 

). Ho we v er, using a fix ed threshold
or sSFR is a poor choice for evolutionary studies since the SFS
volves significantly (Speagle et al. 2014 ). Therefore, a more 
edshift-agnostic choice is to identify galaxies as quenched if they 
re lying substantially below the main sequence at the epoch of that
alaxy. This is the definition we choose here. 
MNRAS 537, 1849–1868 (2025) 
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Table 1. Polynomial coefficients for quadratic main-sequence fits. 

Redshift a b c 

2 −0 . 303 ± 0 . 007 5 . 92 ± 0 . 13 −37 . 8 ± 0 . 7 
3 −0 . 340 ± 0 . 008 6 . 80 ± 0 . 17 −42 . 6 ± 0 . 8 
4 −0 . 257 ± 0 . 013 5 . 23 ± 0 . 25 −35 . 1 ± 1 . 2 
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We fit the log sSFR − log M � relation individually to each SIMBA-
 snapshot with a second-order polynomial equation considering at
rst galaxies with M � > 10 9 M � and sSFR > 10 −11 yr −1 : 

log sSFR = a log M � 
2 + b log M � + c (4) 

To fit the SFS only with star-forming galaxies we then iteratively
emo v e low SFR outliers, i.e. galaxies > 2 σ below the best fit, where

is the residual standard deviation, and re-fit the relation, until
he sum of squared residuals does not decrease. A second-order
olynomial fit is chosen to reflect recent findings that the SFS flattens
n the high stellar mass regime (Lee et al. 2015 ; Grootes et al. 2017 ,
018 ), and remains relatively flat at high redshift (Lee et al. 2015 ;
chreiber et al. 2015 ). At the redshifts we consider, this is a very
table procedure because the large majority of galaxies lie along a
ell-defined main sequence. The resulting best-fitting coefficients

nd uncertainties (obtained using SCIPY ’s CURVE FIT ) for redshifts
 = 2 , 3 , and 4 are presented in Table 1 . 

Quenched galaxies are then chosen as those lying > 4 σ below the
FS best-fitting line or sSFR < 10 −11 yr −1 . Because we want to study

he more massive population that has been observed recently, we
urther make a cut at M � > 10 10 M �; typically, lower mass quenched
alaxies are smaller satellite systems, which possibly originate due to
ifferent quenching mechanisms compared to the massive galaxies.
his then defines our quenched galaxy population. 
The σ thresholds were selected to minimize sum of squared

esiduals. Variation in the procedure and the final quenched galaxies
election results in detecting roughly 10 per cent–20 per cent more or
ess quiescents, and does not change the broader conclusions of this
ork. 
The selection of quiescent galaxies at z = 4 , 3 , and 2 is shown in

ig. 1 . The solid black line shows the main-sequence second-order
olynomial fit to the galaxy population, the dotted black line shows
he broken power-law fit for comparison. Massive quiescent galaxies
ie below the red dashed line, determined by the quadratic fit, which at
 = 4 roughly corresponds to sSFR � 10 −10 yr −1 and shows stronger
ass dependence with lower redshift. These three redshift samples

efine our massive quenched galaxy populations in SIMBA-C at these
edshifts. Quantitativ ely, abo v e our M � ≥ 10 10 M � mass cut, we find:

(i) z = 4 with 9 quiescent and 728 star-forming galaxies, 
(ii) z = 3 with 86 quiescent and 1975 star-forming galaxies, 
(iii) z = 2 with 780 quiescent and 4231 star-forming galaxies. 

Note that these are not the same set of galaxies tracked o v er time;
hey are identified independently at each redshift, and indeed we will
how that the quenched galaxies do not necessarily o v erlap. 

Previous works have also employed linear and broken power-
aw fits to the SFS. We compared alternative fitting functions
equations shown in Table 2 , adapted from ASTROPY.MODELING );
he single (linear) power law has two free parameters, the broken
ower law has three, while the smoothed broken power law has five.
he total number of data points after filtering is consistently ≥ 5000,
o the number of degrees of freedom minimally affects the fit. All
hoices produce reasonable results which become more apparent at
ower redshifts, and remain broadly comparable to a flat sSFR ≈ −10
NRAS 537, 1849–1868 (2025) 
ut. In detail, we reject a purely linear description of the SFS to retain
he SFS turndown at high masses. We select the quadratic fit because
t has the lowest sum of squared residuals from 2 ≤ z ≤ 4, and due
o its slightly greater stability at lo wer redshifts. Ho we ver, since
he quadratic and both broken power-law fits produce results with

90 per cent o v erlap of identified quiescent galaxies, our results
re not sensitive to this choice. 

We compare our results to previously reported main sequences that
est match our redshift range, as compiled by Speagle et al. ( 2014 ),
 more recent SFS census by Leja et al. ( 2022 ), and several other
eterminations. At z = 4, we find good agreement with previously
eported main sequences. Interestingly at z = 3 and 2, SIMBA-C
atches the newest census, which reports significantly lower sSFRs

han previous analyses. The main change in the Leja et al. ( 2022 )
nalysis owes to using flexible star formation histories, which tends
o result in a larger underlying older stellar population in massive
ystems. 

SIMBA-C produces a significant number of quiescent objects at
arly redshifts, with the sSFR selection method finding ≥ 5 objects at
 < 4 . 3, and the earliest such object at z = 5 . 02. This highlights that
nding early massive quenched galaxies is certainly possible within
odern galaxy formation models, as has also recently been found
ithin the ILLUSTRISTNG (Donnari et al. 2020 ) and MAGNETICUM

Kimmig et al. 2023 ) simulations. A number of independent runs
roduce EQGs as far as z = 5, but they fall short of number densities
n recent JWST observations (Lucia et al. 2024 ). 

Although we do not discuss this further, it is worth noting
hat compared to SIMB A , SIMB A-C produces approximately 2 × the
umber of EQGs at redshifts z = 2 − 4. The quiescence is also more
ronounced, with many galaxies below the sSFR = 10 −11 M �yr −1 

hreshold, while most quenched galaxies in SIMBA lie within the
0 −10 M �yr −1 < sSFR < 10 −11 M �yr −1 region; this was particu-
arly evident as SIMBA failed to match the Sherman et al. ( 2020 )
bservations which used this stricter definition. We speculate that the
easons for this may be twofold: first, SIMBA-C ’s updated chemical
nrichment model produces less metals o v erall, resulting in less metal
ine cooling which is the dominant cooling mode within massive
aloes; and second, SIMBA-C updates the AGN feedback jet velocity
o scale with the BH mass (to the one-third power) and hence can
e more energetic for the very largest BHs. We leave for the future
esting these ideas in detail, and here proceed with focusing only on
IMBA-C . 

 QU E N C H E D  FRAC TI ONS  IN  S I M BA-C VE RS US  

BSERVATI ONS  

s a baseline test of SIMBA-C and to assess the validity of the
odelling, we present the evolution of the quenched fraction of

alaxies, first as an o v erall number density and then broken down by
ass. This fraction is expected to grow over time as more and more

alaxies are quenched, owing to slowing accretion and increasing
H masses that drive quenching via AGN feedback processes. It is
lso expected to be generally higher in high-mass galaxies, since
assive galaxies are more often seen to be quenched. 
Fig. 2 shows the number density of quenched galaxies as a function

f redshift, comparing SIMBA-C to observations as listed (black
oints). We present the densities obtained with the SFS fit described
n Section 3 (red line) and an alternative photometric method (blue
ine) utilizing a Gaussian Mixture Model (GMM) developed by
ould et al. ( 2023 ) and Valentino et al. ( 2023 ). For more details on the

onstruction of the GMM and it is application to the COSMOS2020
atalogue, see Gould et al. ( 2023 ). 
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Figure 1. The sSFR − M � relation in SIMBA-C at z = 4 , 3 , and 2, lighter bins have higher galaxy density. The solid and dotted black lines sho w, respecti vely, 
the quadratic and broken power-law best fits for the main sequence. The red dashed line represents the cut-off for identifying quenched galaxies. Overall we 
derive a star-forming main sequence in line with literature results at high redshift and with the more recent census at z = 3 and 2, significantly below previous 
results. Most quenched galaxies are not highly quenched ( sSFR < 10 −11 yr −1 ) but are still significantly below the star-forming population. The pile-up at low 

sSFR is due to a number of galaxies with SFR = 0, scattered around the minimum non-zero SFR. 

Table 2. Alternative main-sequence fitting functions. 

Linear log sSFR = a log M � + b 

Quadratic log sSFR = a log M � 
2 + b log M � + c 

Broken power law log sSFR = 

{
a log ( M � /M 0 ) + c M � ≤ M 0 

b log ( M � /M 0 ) + c M � > M 0 

Smoothed broken log sSFR = log ( AM 

α1 ( 1 2 (1 + M 

1 /
 )) ( α1 −α2 ) 
 ) 
Power law where: M = M � /M 0 

Figure 2. The number density of quenched galaxies as a function of redshift 
in the range 5 . 3 < z < 0. The red solid line shows the densities obtained from 

the SFS fitting process detailed in Section 3 . The blue dashed line shows an 
alternative selection process using NUVU–UV–VJ photometric data with the 
GMM developed by Gould et al. ( 2023 ), with an M � > 10 10 M � threshold. 
Black points show observational data for comparison, restricted to z > 2, for 
clarity since that is the focus of this work. The GMM selection (blue line) 
is an apples-to-apples comparison versus the filled circle data points from 

Gould et al. ( 2023 ), which agrees well at z < 4, but falls short abo v e that. 
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The two methods agree quite well in the o v erall number density,
ostly within ∼ 5 per cent of each other. The identified population 

lso has good o v erlap of 70 per cent − 85 per cent for almost all
napshots within the 5 > z > 2 range. The GMM selection finds
lightly more quiescent galaxies at high redshifts, by including a few
hat lie just outside our power-law defined SFS. The GMM, fails to
etect quenched galaxies at z < 1 . 5, which is perhaps not surprising
s the GMM was designed to identify quenched galaxies at z > 2. 

Comparing to observations, we first note that the most direct 
omparison is between the GMM-selected SIMBA-C results (blue 
ine) and the filled circles from Gould et al. ( 2023 ) which uses
he same selection criterion. In general, the number densities from 

IMBA-C agree quite well with observations at z � 4, which is an
mportant success that has been difficult to achieve in many models
see Carnall et al. 2023 ). Ho we ver, at 4 � z � 5 SIMBA-C falls short
y a factor of ∼ ×2. This may be a real discrepancy, but it also may
we to the fact that our finite volume precludes the representation of
he very most overdense regions. As we will show later, the formation
f EQGs is tied to living in very overdense regions at earlier epochs,
o this may prevent the formation of EQGs sufficiently early on. In
ny case, SIMBA-C does a good job reproducing these observations 
t z � 4, which will be the focus of our analysis in this paper. 

We can extend our comparison down to lower redshifts, as well
s break it down by stellar mass to provide more detailed tests.
nfortunately, such compilations are scarce at very high redshifts 

nd subject to uncertainties, but for completeness we present a 
omparison to the older Martis et al. ( 2016 ) compilation of quenched
alaxy fractions as a function of ( M � , z) from the UltraVISTA DR1
nd 3D-HST photometric catalogues at redshifts 0 . 2 < z < 3. 

Fig. 3 shows the fraction of quenched galaxies at different redshift
ntervals from z ∼ 4 → 0 as a function of stellar mass. The different
olours indicate different redshift bins. The SIMBA-C predictions are 
hown as solid lines. In the legend, we show the total quenched
raction abo v e 10 10 M � in SIMBA-C . Observations from Martis et al.
 2016 ) are depicted as dashed lines with error boxes. Comparing
IMBA-C to data thus involves comparing solid and dashed lines of
he same colour. Here, the observational selection has been done via
 UVJ cut, while the simulation results are presented for our main-
equence criterion. Unfortunately, a more direct comparison is not 
traightforward, because reproducing UVJ diagrams in simulations 
MNRAS 537, 1849–1868 (2025) 
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M

Figure 3. The fraction of quenched galaxies with M � > 10 10 M � as a 
function of stellar mass, within the redshift range 4 . 5 < z < 0. Various 
colours represent different redshift bins. Solid lines show the predictions 
from SIMBA-C . Hatched boxes show data from UltraVISTA DR1 and 3D-HST, 
adapted from Martis et al. ( 2016 ). The observations abo v e M � = 10 11 . 5 M �
have been combined into a single bin due to low number of objects. Note 
that the observations are selected via a UVJ cut, whereas the simulations 
use a main sequence-based definition. Hence, this is not an apples-to-apples 
comparison, but rather highlights various trends in the quenched population 
from z ∼ 4 → 0. 
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s fraught with peril owing to the sensitivity to choices such as SPS
nd dust models; see Akins et al. ( 2022 ) for a full examination of
hese issues in SIMBA . 

Overall the quenched fraction increases monotonically with time,
s expected. At z ∼ 4, the overall massive quenched fraction is
ust 1 per cent, but by z = 2 it reaches 17 per cent, and by z = 0,
t is 34 per cent of all galaxies with M � > 10 10 M �. This shows
he accelerating buildup of massive galaxies towards later cosmic
pochs, also seen in Fig. 2 . 

Comparing to observations, SIMBA-C tends to fall short by ∼ ×2
n the fraction of early quenched systems, although there is good
greement for most massive galaxies at all redshifts. Akins et al.
 2022 ) broadly found that the UVJ cut picks out galaxies with sSFR
pproximately below our cut at z ∼ 2, so this deficit may be real.
o we ver, Akins et al. ( 2022 ) also found that there is significant scatter

cross the UVJ boundary, which may cause UVJ to o v erestimate the
uenched fractions at high redshifts, because there are so many more
tar-forming systems to scatter into the quenched region than vice
 ersa. Giv en the various issues with UVJ selection, at this point we
imply note the broad agreement with some shortfall. 

The trends with stellar mass are also quite interesting. SIMBA-C
redicts that at z � 1, the increase of quenched fractions with M � 

s curiously non-monotonic. This means that, particularly at early
imes, SIMBA-C ’s quenched galaxies are not necessarily the very most

assive systems in the universe. This is an interesting prediction that
s somewhat counter -intuitive, b ut arises because (as we will show in
ection 6.2 ) AGN jet feedback turns on around these masses, and the
alaxies are still small enough that such energetic feedback can have
 major effect on the galaxy, unlike in more massive galaxies that
NRAS 537, 1849–1868 (2025) 
ave larger gas reservoirs and more infall. Additionally, the lack of
uenching at high masses is an important reason why SIMBA yields
ufficiently high submillimetre galaxy counts to match observations
Lo v ell et al. 2021 ), unlike other h ydrodynamic g alaxy formation
imulations that fall short in part because many of their most massive
alaxies at z > 2 are quenched. 

Remarkably, the observations from Martis et al. ( 2016 ) also find
hat at z � 2 the most massive galaxies are less frequently quenched
han slightly less massive systems, with a peak in the quenched
raction at ∼ 10 11 M � that increases with time. This is qualitatively
imilar to what is predicted by SIMBA-C . Hence, there is some
bserv ational e vidence for the non-monotonic trend with M � seen
n SIMBA-C , although in both the simulations and the UltraVISTA
R1 and 3D-HST are subject to small number statistics abo v e
 � > 10 11 . 5 M � ( N � 20 in SIMBA-C ) at high redshift. Larger and
ore robust samples forthcoming from wide-area surv e ys will be

eeded for a more definitive test. 
Overall, SIMBA-C produces a sizeable sample of EQGs, with

umber densities in agreement with observations, though falling
omewhat short at z � 4, and quiescent fractions that are broadly in
greement with data though may also fall somewhat short. Curiously,
IMBA-C predicts a non-monotonic trend with M � in the quenched
ractions, with uniform growth at z � 2 . 5 and a quickly growing
eak at ∼ 10 11 . 4 M � afterwards; currently available observations at
 � 2 suggest a qualitatively similar trend, albeit with poor statistics.
e conclude that SIMBA-C represents a viable platform with which

o investigate the nature and evolution of EQGs, which is what we
o next. 

 DI STI NGUI SHI NG  FEATURES  O F  E A R LY  

U E N C H E D  G A L A X I E S  

n this section, we ask some basic questions about the quenched
nd non-quenched early galaxy population: what are the physical
roperties of EQGs? What distinguishes them from non-quenched
assive galaxies at that epoch? For illustration, we consider the

IMBA-C EQGs selected at z = 3, as they are qualitatively similar for
 ∼ 2 − 4. We further examine evolutionary trends in Section 6 . 

.1 UMAP analysis 

o elucidate trends and gain intuition, we begin by employing a
eneral purpose visual classification approach using UMAP (Leland,
ohn & James 2020 ) – a dimension reduction algorithm based on
anifold learning techniques and topological data analysis—to high-

ight meaningful trends within the galaxy population. Other general
urpose approaches exist, such as principal component analysis (for
 re vie w, see Jollif fe & Cadima 2016 ) to find new uncorrelated
ariables based on linear combinations of initial variables or t-SNE
t-distributed Stochastic Neighbor Embedding, van der Maaten &
inton 2008 ), an unsupervised non-linear dimensionality reduction

lgorithm. For this analysis, we choose UMAP due to its ef fecti veness
t extracting and separating small populations distinct from a larger
ata set (Cao, Spielmann & Qiu 2019 ; Packer et al. 2019 ). For a
horough comparison of UMAP to different dimension reduction
lgorithms, see Leland et al. ( 2020 ). 

UMAP reduces dimensionality and preserves information by
raining a machine learning algorithm on the topological structure
f the data, and finding a low-dimensional embedding that retains
he topological structure of the initial data set. The final result is
 projection into a lower dimensional space that preserves distance
ased on a chosen metric. 
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Figure 4. UMAP embedding plot of z = 3 massive central galaxies ( M � > 10 9 . 5 M �) coloured by chosen distinguishable features, labelled in bottom-left 
corner of each panel. EQGs are highlighted with a black outline. The embedding forms two distinct clusters A and B, as shown in the sSFR panel. Cluster A 

seems to be comprised of primarily galaxies firmly on the SFS, while cluster B contains higher mass galaxies with much larger BHs and slightly lower sSFR. 
EQGs are contained in the top region of cluster B. The y hav e unusually large BHs with M BH /M � � 10 −3 are primarily elliptical with κrot � 0 . 4 and are easily 
identified by very low sSFR and dust mass. No further separation of cluster B indicates no categorical differences between EQGs and the rest of the cluster, 
even when considering the local neighbourhood. 
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The position of data points in the UMAP embedding is arbitrary, 
nd roughly corresponds to proximity within the high-dimensional 
pace spanned by all the input parameters. The precise values 
ithin the 2D embedding represent some complex multidimensional 

ategorical distance which is not meaningful in and of itself. Hence, 
ur discussion will be focused primarily on identifying regions of 
nterest, where distinctive groups of points can be interpreted by 
orrelating them with specific galaxy properties. These groups can 
orm separate clusters implying categorical differences with other 
roups, or by forming tight substructure within a larger cluster, 
ndicating existence of strong similarities. In this analysis, we 
pply UMAP to the SIMBA-C z = 3 galaxy catalogue to determine
ignificant features of EQGs which distinguish them from other 
assive galaxies. 
We use 62 galaxy physical properties available in the CAESAR 

atalogue as input for UMAP; a full list is available in Appendix A.
n this analysis, we focus on a physically rele v ant subset of these
roperties, the importance of which we establish visually from the 
MAP embedding and built-in diagnostics. We limit the input data 

et to massive central g alaxies, i.e. g alaxies with highest M � within
heir halo and with M � > 10 9 . 5 M �. Using the same stellar mass
ut as for selecting EQGs ( M � > 10 10 M �) yields a similar result,
ut a much smaller data set (1785 galaxies versus 3748 with the
ower cut). We rescale the input data for comparability to the (1, 99)
uantile range to limit the influence of outliers and to account for
ost features not being normally distributed. 
For the selection of the quantile range and UMAP hyper- 

arameters, we utilize AlignedUMAP, which provides aligned 
mbeddings of a series of data sets by constraining the data- 
oint locations across multiple embeddings during the op- 
imization process. We use ali gnment w i ndow s i ze = 1 and 
U
lig nment reg ulari s ati on = 10 −3 to minimally influence the em- 
eddings through alignment. Varying the n ne ighb ors , mi n di s t 

nd repuls i on s t rengt h hyperparameters and the quantile range 
sed for data rescaling results in qualitati vely equi v alent embed-
ings for 10 < n ne ighb ors < 50, and quantile ranges broader than
15, 85), with mi n di s t and repuls i on s t rengt h having minimal 
nfluence on the final embedding. All UMAP models are trained 
ith random se e d = 1. In the end, we choose n ne ighb ors = 15, 
i n di s t = 0 . 1, and repuls i on s t rengt h = 2, which were chosen 

y inspection to yield the most distinctive cluster within which the
uenched massive galaxies are congregated. To demonstrate this, 
e present UMAP embeddings for the range of explored alternative 
yperparameter selections in Appendix A. 

Fig. 4 shows the UMAP embedding plot. Each panel shows the
ame underlying UMAP, coloured based on specific features (named 
t the lower left of each panel), with colour bars to the right of each
anel showing the values for their respective quantities. We present 
ight panels to show expected important properties of EQGs: sSFR, 
tellar mass ( M � ), morphology using the fraction of kinetic energy in
otation ( κrot ) defined by Sales et al. ( 2010 ), local environment using
he local mass density within 1 cMpc, dust mass using f dust = 

M dust 
M � 

,

entral BH mass using f BH = 

M BH 
M � 

, Eddington ratio ( f Edd = 

L bol 
L Edd 

),
nd halo circumgalactic medium (CGM) temperature T cgm 

. We 
ompare to a newer morphology estimator ( κco ) defined by Correa
t al. ( 2017 ) which restricts the calculation to only star particles
orotating with the galaxy and find similar relative differences 
etween κrot and κco . 

We identify two clusters labelled A and B in the sSFR panel.
he EQG point are highlighted with black outlines, and they all lie
ithin cluster B concentrated toward the top of the cluster. Hence,
MAP seems successful at classifying EQGs – they form a coherent 
MNRAS 537, 1849–1868 (2025) 
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M

Figure 5. Distribution of EQGs (red solid line) against other cluster B galaxies (blue dashed line) and cluster A galaxies (green dot–dashed line) for chosen 
distinguishable features. Cluster B galaxies are clearly distinct from cluster A, especially in M � and f BH . According to two sample K-S tests, EQGs form a 
separate population from other cluster B galaxies with at least α = 0 . 05 confidence for all properties except halo T cgm 

. The vertical dotted lines denote the 
median of the respective distributions. 
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roup, somewhat distinct from most other galaxies, but sharing key
ategorical similarities with some of them. We will argue that a
arge fraction of cluster B galaxies are ones which have temporarily
uenched before z = 3 or will quench before z = 2, but otherwise
hare many characteristics with z = 3 EQGs. 

Fig. 5 shows the cumulative distribution functions of EQGs (red
olid line), cluster B non-EQGs (blue dashed line) and cluster
 galaxies (green dash–dotted line) for the same properties as

he UMAP embedding. We use two sample Kolmogoro v-Smirno v
ests (K-S tests) to bolster the visual intuition of splitting z = 3

assive galaxies into these three categories. We see the underlying
istributions are well reflected in the UMAP embedding – cluster
 galaxies and especially EQGs are strongly distinct from cluster
 galaxies, while the two groups within cluster B are much more

imilar. 
In the following subsections, we consider each physical property

resented in each panel in order to obtain a qualitative sense of what
roperties are common among EQGs in SIMBA-C , and how they
iffer from properties of the bulk of the galaxy population, split into
lusters A and B non-EQGs. We further explore the evolution of
hese three groups in Section 6 . 

.2 Specific star formation rate 

e first consider sSFR (upper left panel of Fig. 4 ), which is of
ourse a defining feature of EQGs. Hence, partly by construction,
SFR provides a clear distinction of the substructure of cluster B,
hich is divided into the region populated by EQGs and surrounded
y similar but non-quenched galaxies. 
The primary difference between the clusters is lower sSFR in clus-

er B: sSFR � 9 . 5 M �yr −1 , while in cluster A: sSFR � 9 M �yr −1 .
he EQGs all lie in a distinct region at the top of cluster B, indicating
ome common features across all EQGs with significant similarity
NRAS 537, 1849–1868 (2025) 
o the rest of cluster B. Meanwhile, cluster A contains the large
ajority (82 per cent) of galaxies all of which lie on the galaxy main

equence. 
Other than the significantly lower sSFR among EQGs, both

lusters form smooth gradients in sSFR, with no clear discontinuity
etween the two clusters. Hence, from this plot, we suggest that the
QGs are the once subset of galaxies that occupy a distinct region in
SFR space, with the rest forming a continuum with broadly similar
SFRs. 

.3 Stellar mass 

he second leftmost panel in the upper row of Fig. 4 shows the
alaxies colour-coded by M � . Cluster B contains the highest M � 

alaxies from z = 3 with on average lower sSFR, coinciding with
he very massive galaxy population slightly below the SFS visible in
ig. 1 . The transition between clusters A and B is smooth in stellar
ass, so while galaxies in cluster B are generally more massive, it is

ot a distinguishing factor between the two clusters. 
The EQGs lie in cluster B, but they are not obviously separated

n M � from the non-quenched galaxies in cluster B. In particular,
he region of lowest sSFR (top of cluster B), where EQGs lie and
he region of highest stellar mass (bottom left of the cluster) do
ot strongly o v erlap. This indicates that at z = 3 EQGs are not
ell described as the most massive galaxies at that epoch. This

s consistent with the impression from Fig. 1 that the EQGs do not
referentially occupy the most massive end of the diagram. 

.4 Morphology 

hile SIMBA-C has relatively low resolution so we cannot accurately
easure detailed morphological characteristics, we have found that

he fraction of kinetic energy in rotation ( κrot ; Sales et al. 2010 )
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epresents a good proxy for whether a galaxy is visually disc-
r spheroidal-dominated (Kraljic, Dav ́e & Pichon 2020 ). κrot ∼ 1 
orresponds to discs with perfectly ordered rotation and κrot 
 1 for 
on-rotating systems. We have found that galaxies with κrot > 0 . 7
nd < 0 . 5 can be interpreted as spiral and elliptical, respectively. 

Cluster B houses both elliptical and spiral galaxies according to 
his definition. There is a strong gradient in κrot across cluster B,
ith the ellipticals on the left and top, and the spirals towards the
ottom. This also broadly correlates with the trend in M � , where
he ellipticals tend to be more massive. Hence, SIMBA-C reproduces 
he long-observed trend that more massive galaxies tend to be more 
pheroidal, even at a broadly similar sSFR. 

The EQGs themselves tend to be ellipticals. Hence, although 
hey are not necessarily the most massive, they do tend to be more
pheroidal. This suggests that mass is not the only determinant of
he level of rotational support, but quenching also plays a role in

orphological transformation or the other way round, morphology 
hanges lead to quenching. 

.5 Local environment 

t low redshifts, there is a strong colour–density relation for central 
 alaxies, with quenched g alaxies preferentially residing in dense 
nvironments (Peng et al. 2010 ). At z � 1, this is less clear, but the
ensest protoclusters still seem to host a nascent red sequence of
uenched galaxies (Overzier 2016 ). Hence, it is interesting to ask 
hether SIMBA-C predicts that EQGs live in denser environments. 
We measure the local environment via the mass density within a 

ophat spherical aperture to obtain the local mass density. 1 

In Fig. 4 (upper right), we show the z = 3 UMAP colour-coded by
nvironment, choosing an aperture of 1 cMpc, although as we show 

ext the results are not sensitive to this choice. 
In general, galaxies in group B tend to be in higher density

nvironments than group A, as expected from the fact that it contains
ore massive galaxies. Hence, SIMBA-C unsurprisingly predicts 
 strong mass–density relation. Even within group B, there is a 
ubstantial trend that high-density galaxies li ve to wards the left of
he group, which corresponds to their higher mass. 

The EQGs, ho we ver, li ve at the upper end of group B, so they do not
ecessarily live in the densest environments. Instead, they appear to 
ive in intermediate environments, somewhat denser than the o v erall 
opulation but not clearly in the protoclusters. Such environments 
ight be ideal for merging which could drive quenching (Hopkins 

t al. 2008 ), being dense enough for there to be close galaxies,
ut the haloes are not so massive as to have overly high relative
elocities. Ho we ver , we in vestigated further and found that there
as no correlation of EQGs with recent merger activity. It appears 

hat environment, just like stellar mass, is not the primary determinant 
f why these particular galaxies quench at this epoch. 

.6 Black hole fraction 

n modern galaxy formation models, quenching is often driven by the 
umulative action of AGN feedback (e.g. Somerville & Dav ́e 2015 ),
hich adds energy to the surrounding gas in order to shut off the

ooling flow from circumgalactic gas. In this case, one might expect 
hat the cumulative BH accretion which yields increased o v erall 
eedback energy would result in a more massive BH. Here, we check
 Using galaxy counts instead of mass gives similar results, but the results are 
oisier. 

f
(  

p  

t

his in SIMBA-C . To mitigate the ‘larger is larger’ effect and elucidate
ore subtle trends at a given M � , we scale the size of the BH to its

ost galaxy stellar mass and consider the BH fraction: f BH = 

M BH 
M ∗ . 

In cluster A, a clear pattern emerges with f BH increasing with
he stellar mass. This emerges from SIMBA-C ’s accretion model in
hich the accretion is increasingly suppressed at low mass in order

o mimic the (unresolvable) effect of star formation feedback in the
mmediate vicinity of the BH (Angl ́es-Alc ́azar et al. 2017 ). Also,
luster A clearly has lower f BH than cluster B, with f BH � 10 −3 . 0 in
luster B and f BH � 10 −3 . 5 in cluster A. 

For cluster B, ho we ver, there is a less pronounced trend of f BH 

ith M � . Ho we ver, in detail a trend still emerges: the upper leftmost
egion has f BH � 10 −2 . 5 , while the rest of the cluster has smaller f BH .
ndeed, this is exactly the same region of the diagram where the EQGs 
ie. This suggests that, as opposed to stellar mass or environment,
nomalously early and rapid BH growth is a significant factor for
arly galaxy quenching. We will explore this further in Section 6.1 . 

.7 Dust mass 

IMBA-C includes a model to form, grow, and destroy dust on-the-
y, as in SIMBA (Li, Narayanan & Dav ́e 2019 ). As galaxies quench,

his causes the dust to be destroyed, primarily via sputtering in hot
as (Donevski et al. 2020 ; Whitaker et al. 2021 ), which lowers the
ust-to-stellar mass ratio f dust . An interesting question is whether 
his process still operates in EQGs, since in the early universe the
as is denser and it is more difficult to sustain hot gas. 

The leftmost panel of the lo wer ro w sho ws that indeed this ef fect
s still very strong at high redshifts. Overall, there are mild variations
n f dust for most galaxies, but the EQGs have anomalously low f dust 

ompared to all other galaxies, even those in cluster B. While this
s likely to be an effect not a cause of early quenching, it suggests
hat the cool gas must be heated and/or remo v ed in order to yield an
QG. 

.8 Eddington ratio 

e further consider the impact of early BH growth on EQGs by
onsidering BH accretion using the Eddington ratio f Edd = 

L bol 
L Edd 

, 
here L bol is the bolometric luminosity of the AGN and L Edd is the
ddington luminosity. 
Cluster B has a very large spread 10 −5 � f Edd � 1 with no clear

istribution within the cluster, but a slight tendency for higher f Edd 

n the most massive galaxies. EQGs follow a very different trend
n their distribution that we will discuss in the following section,
here they follow one of two regimes: very low ratios f Edd � 10 −4 ,
hich implies little accretion in those galaxies and indicate that the

et-mode AGN feedback is the key for the quenching of EQGs, and
igher ratios f Edd � 10 −2 , which are still an order of magnitude
ower than the median of other cluster B galaxies, but indicate that
ome galaxies can reco v er the material lost during quenching, as we
ill discuss in Section 6.2 . 
We further examined whether the BH accretion rates are different 

n the EQG and non-EQG populations. The differences are less 
rominent than for f Edd ; while the Eddington ratios are lower, the
H masses are higher, resulting in less differences in the accretion

ate. Ho we ver, the accretion rates are indeed lower at z = 3 (less
o at z = 2) for EQGs, which is somewhat counter to the results
rom ILLUSTRISTNG and EAGLE in Bluck, Piotrowska & Maiolino 
 2023 ), who find that instantaneous BH accretion rate has little
redicti ve po wer for quenching. Bluck et al. ( 2024 ) argue instead
hat central stellar potential provides a better indicator of quenching, 
MNRAS 537, 1849–1868 (2025) 
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s a proxy for BH mass. Our results with SIMBA agree that high BH
ass is more strongly correlated with quenching, but we do expect

hat higher- z EQGs will have somewhat lower BH accretion rates
long with lower Eddington ratios. 

.9 Halo CGM temperature 

ecent AGN feedback is closely linked to the CGM temperature of
he halo, as strong energy outflows heat up the gas surrounding a
alaxy. Given the expected importance of AGN during quenching,
aloes containing EQGs can be predicted to have higher CGM
emperature. 

While galaxies in cluster B do have higher CGM temperature with
 cgm 

� 10 6 K, EQGs are not associated with increased temperature
n comparison to other cluster B galaxies. This suggests that AGN
eedback is not stronger in EQGs than other early massive galaxies,
ut is sufficient to quench smaller massive galaxies, which we will
xplore in Section 6.2 . 

.10 Comparison of EQGs to the non-EQG population 

e now consider the cumulative distribution function of the above
roperties, in order to more quantitatively explore the differences
etween EQGs, cluster B non-EQGs, and cluster A galaxies. 

Fig. 5 shows histograms of the eight physical quantities shown
n Fig. 4 , for EQGs (red, solid line), non-EQGs from cluster B
blue, dashed line), and cluster A (green, dot–dashed line) for
omparison. We will discuss primarily cluster B galaxies from the
MAP projection, to focus on broadly similar galaxies, as cluster B

ontains all EQGs. The median value of each relation is shown as
he vertical dotted line. 

The sSFR histogram shows, as expected, that the EQGs have
ignificantly lower sSFR. The median value of the EQGs is a bit
elo w 10 −10 yr −1 , sho wing that the majority of quenched galaxies
re not completely devoid of ongoing star formation. 

The M � histogram shows little difference between the EQG and
on-EQG populations, with only 0.1 dex difference in the median
alues. This is also the case for the halo mass and stellar-to-halo mass
atio (SHMR, not shown). This confirms our visual impressions from
he UMAPs that stellar or halo mass are not the primary determinant
or whether a galaxy quenches. We note that because the stellar and
alo mass distributions are similar, we could have instead chosen to
elect abo v e some M � or M halo threshold and the results would have
een similar. 

The environments of EQGs and non-EQGs are significantly
ifferent, but in the opposite sense of what might be naively expected:
QGs lie in lower density environments than non-EQGs. This is in
ontrast to what is observed (and, as we will show below, predicted)
t low redshifts where quenched galaxies live in higher density
nvironments. We will explore further the physical interpretation
f these trends with environment in Section 4 . 
The BH mass fraction f BH shows a modest but significant differ-

nce of 0.4 dex in the median values. Together with the complete lack
f EQGs with f BH < 10 −3 provides a clear case for the importance
f rapid early BH growth and subsequent AGN activity for early
alaxy quenching. 
f dust sho ws dramatic dif ferences between EQGs and non-EQGs.
e do not show it, but also the H 2 and H I mass fractions also show

trong differences, in the sense that EQGs have much lower cold gas
ontents; this follows expectations for galaxies that are selected to
e with lower star formation. These properties are likely not to be
ausal but emergent from the various physical processes that quench
NRAS 537, 1849–1868 (2025) 
he galaxies. The lower dust contents are likely a reflection of the
eating or removal of cool gas, which causes spallation of dust. 
The morphological differences seen in κ are somewhat trickier to

nderstand. This could arise from minor mergers, which can disrupt
iscs, which cannot regrow or re-settle owing to AGN feedback. It
ould in fact be predictive in the sense that EQGs have undergone
ore mergers. Ho we ver, a more likely scenario is that it is emergent

rom quenching, which prevents the accretion of colder gas settling
nto a rotating disc configuration. As a result the high merger rates
t high redshift are able to disrupt the rotation without regrowing a
isc, resulting in low rotational support. 
The histograms of Eddington fractions are also substantively dif-

erent, with the EQGs showing an order of magnitude lower median
 Edd than the rest of the cluster B population. Importantly, the median
alue among EQGs lies below the threshold of f Edd = 0 . 02 which in
IMBA-C signals the onset of full-speed AGN jet feedback along with
GN X-ray feedback. This strongly suggests that EQGs distinguish

hemselves from otherwise similar non-quenched galaxies by having
ore energetic AGN feedback. In Section 6.2 , we will show this is

ndeed the case. 
Finally, we examine whether EQGs live in hotter environments.
e measure this using T cgm 

, which is defined to be the mean mass-
eighted temperature of all gas within the EQG’s halo that is below

IMBA-C ’s star formation threshold density of n H < 0 . 13 cm 

−3 . One
ight expect that halo heating from AGN feedback causes starvation

f the central galaxy that leads to quenching (e.g. Croton et al. 2006 ),
ut the histograms show no difference between EQGs and non-EQGs
ithin cluster B. We do not show halo mass among these properties,
ut halo mass is also negligibly different, suggesting that the CGM
emperature is set primarily by halo mass rather than any effects
f feedback. Hence if AGN feedback is the cause of quenching as
ndicated from the f Edd histograms abo v e, then it is not doing so by
eating the entire halo. 
Overall, our UMAP analysis suggests that compared to the o v erall

opulation of galaxies, EQGs tend to be more massi ve, li ve in denser
nvironments, and have lower rotational support. However, if we
ocus on just the galaxies in cluster B which all broadly share these
 v erall characteristics, then EQGs stand out for having high f BH and
ow f Edd , but not for having higher stellar masses or living in hotter
r denser environments. They also have somewhat lower rotational
upport and lower dust masses, which are likely to be caused by the
uenching process but represent interesting testable predictions for
uture observations. 

 P RO G E N I TO R S  A N D  DESCENDANTS  O F  

Q G S  

aving examined the prominent features of quiescent galaxies at
he time of selection at high redshift, we now turn our attention to
nderstanding the history and fate of individual EQGs in order to
ain insights into the processes responsible for quenching, as well
s to understand their evolution to z = 0. To do this, we determine
he progenitors and descendants of each EQG selected at a particular
edshift, by matching up the galaxies in earlier and later snapshots
hat have sufficient number of star particles in common, then taking
 stellar mass-weighted average of those galaxies. In order to have
 stable definition of the evolution of descendants of EQGs, we
ollow Zheng et al. ( 2022 ) who define star-forming galaxies as having
SFR > 

1 
τH 

and quiescent galaxies as those with sSFR < 

0 . 2 
τH 

, where
H is the Hubble time at a given redshift. With this definition, we
an also define a ‘rejuvenating’ galaxy following a similar scheme
s Zheng et al. ( 2022 ) as one that after initially quenching based on
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Figure 6. Evolution of selected physical properties of two among the most massive EQGs detected at redshift z = 3. The black solid line shows the sSFR, 
green dashed line shows the mass of the central BH, and the blue and red dotted lines show the threshold for rejuvenation (labelled SF) and quiescence (labelled 
Q), defined as sSFR < 1 τH and sSFR < 0 . 2 τH , respectively, following Zheng et al. ( 2022 ). We observe a common evolutionary trajectory: EQGs undergo early 
BH growth with the central BH transitioning to jet mode near redshift z = 4 as the growth of the BH slows down. We denote the transition to jet mode with a 
red plus and the red cross shows the moment when jet mode feedback accounts for > 50 per cent of the total BH feedback energy. Due to the strong AGN jet 
activity, the galaxy rapidly quenches to usually below sSFR = 10 −11 yr −1 often chosen as a quiescence threshold for observations. Some galaxies experience 
rejuvenation (left) after a period of quiescence lasting 200 − 1000 Myr. 
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he SFS definition we describe in Section 3 , later rises abo v e the
tar-forming threshold for a number of consecutive snapshots. We 
iscuss the sensitivity to the chosen number in Section 6.5 . 
In the following subsections, we begin with the analysis of the 

volution of two typical EQGs detected at z = 3. The common
attern across all EQGs in SIMBA-C is the very early growth of
 � and M BH with strong AGN jet activity, which peaks during the

uenching period. Informed by this, we consider the mean evolution 
f the entire quiescent population at redshifts z = 2, 3, and 4 and
ompare them to the star-forming massive galaxies at those epochs as
ell as distinguishing rejuvenating versus non-rejuvenating galaxies. 
e then quantify the rejuvenating EQG population, and explore 

ensitivity to our precise definition of rejuvenation. Finally, to 
etermine if EQGs retain features which distinguish them from other 
assive galaxies until today, we examine a UMAP projection of the 
 = 0 descendants of EQGs. 

.1 Examples of EQG evolution 

ig. 6 presents the evolution from z = 8 → 2 of two EQGs selected
t z = 3 that illustrate typical trajectories of EQGs in SIMBA-C . The
lack solid line shows the evolution of sSFR, which can be compared
o the dotted curves which show the evolving sSFR thresholds for
he star-forming and quiescent populations; when the black curve is 
bo v e the blue curve, it is star-forming, while it must drop below
he red curve to be quenched. The BH mass evolution is shown by
he green dashed line, with the scale along the right axis. Finally, we
ighlight when the BH passes the minimum mass threshold to allow 

et mode of M BH > 7 ∗ 10 7 − 10 8 M � with a red plus and where the
GN power comprises of at least 50 per cent arising from AGN jets

which we will refer to as ‘jet dominated’) with a red cross. A galaxy
sually becomes jet dominated right before, and remains as such 
ntil quenching. The vertical thin grey line highlights z = 3 which
s the time at which both galaxies are identified as EQGs. 

The two examples show representative cases from two groups. 
he left panel shows a rejuvenating galaxy, which returns to the
ain sequence after a brief quiescence period, while the right panel

hows a galaxy that is permanently quenched by z = 3, with minimal
tar formation all the way to z = 0 (though for clarity we only show
he evolution to z = 2). We will quantify the population fractions
ithin each group in Section 6.5 , but here we focus on these typical

ases. 
Both groups undergo very similar early evolution. Broadly, both 

how early rapid BH growth reaching M BH = 10 8 M � by z = 4 − 6.
he growth then slows down with the onset of stronger AGN

eedback, with the central BH reaching M BH ≈ 10 8 . 5 M � by the
ime of quenching, and further growth suppressed by AGN feed- 
ack. The left panel shows an example where at z ∼ 3 . 5, the BH
ndergoes a merger and thus has a rapid increase in mass just before
uenching; the right-hand example has no such major merger, with 
apid early growth driven by accretion. This illustrates that major 
ergers can be a factor in quenching in some cases, but it is not

equired. 
The sSFR remains stable during the early BH growth phase at

SFR ≈ 10 −8 . 5 yr −1 . Just prior to z = 3, the BH accretion rate slows
own, and AGN feedback transitions to jet mode due to the lower
ddington ratio. As the jet mode feedback begins to dominate, the
SFR rapidly declines to sSFR ≈ 10 −11 yr −1 , typical for quenched 
alaxies. The early quenching is fairly rapid, with galaxies com- 
leting the transition from star-forming: sSFR > 1 /τH , to quenched:
SFR ∼ 10 −11 yr −1 within � 100 Myr (i.e. two snapshots). 
MNRAS 537, 1849–1868 (2025) 
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It is interesting that in virtually ever case, we find that quenching
ccurs just after jet-mode AGN feedback becomes dominant. In both
ases we present, starting near z ∼ 4 − 5 when the hosted BHs reach
 BH ≈ 10 8 M �, the AGN feedback power is Ė jet ≈ 10 46 erg s −1 .
o we ver, this does not lead to quenching when such power is ejected

n lo w-velocity radiati ve mode, only when the high-velocity jet mode
urns on. We further find that in all cases the total energy deposition
eaches of order ∼ 10 59 erg prior to quenching, but we could not find
 more precise threshold of cumulative AGN energy abo v e which
uenching happens. Hence, we attribute quenching to be most closely
ssociated with the onset of jet-mode feedback in SIMBA-C , rather
han a BH feedback energy injection rate threshold or a cumulative
nergy deposition threshold. A recent study on ILLUSTRISTNG by
urinchi-Vendhan et al. ( 2024 ) show similar results, with the onset
f a kinetic AGN feedback mode and high-redshift environmental
actors playing the most significant role for early quenching. We
iscuss the role of environment in SIMBA-C in Section 6.2 . 
In the context of SIMBA-C ’s AGN feedback model, this points to

wo possibilities responsible for early quenching: first, that the jet
elocity rather than energy is a critical determinant for quenching,
r that the X-ray feedback which is commensurate with jet feedback
and is not enabled when the BH is in radiative feedback mode) is
rucial. At lower redshifts, X-ray feedback is critical for removing
esidual cold gas to produce fully quenched galaxies (Dav ́e et al.
019 ; Scharr ́e, Sorini & Dav ́e 2024 ). The same situation is probably
ccurring at high redshifts. The spherical nature of SIMBA-C ’s X-ray
eedback which pushes ISM gas outwards is likely important for
nabling the kinetic feedback to be ef fecti ve by lo wering the gas
ensity and hence increasing its entropy. Thus, it is probably the
ombination of jet and X-ray feedback that enacts early quenching. 

Right after quenching, there is a brief period of no AGN feedback,
ndicating no accretion onto the BH likely due to all available
aterial being remo v ed. The evolution of the two groups diverges

fter this period of inactivity. In the rejuvenating galaxy case gas
egins accreting again and star formation can restart, enough for the
alaxy to cross o v er the rejuv enation threshold and be identified as
 star-forming galaxy. There is a hint of a smaller merger which
auses an oscillation and eventual jump in the BH mass, which may
epresent a merger with a galaxy containing some cold gas. This
eignites jet feedback activity, which eventually quenches the galaxy
ermanently. Rejuvenation is typically short lived, usually lasting
00 − 500 Myr. Meanwhile, the non-rejuvenating case has a more
oring post-quenching evolution, and simply remains quenched with
ery little BH or stellar growth. 

The exact mechanism which differentiates rejuvenating and non-
ejuvenating galaxies is unclear from this analysis. Both experience
trong AGN jets of the same magnitude Ė AGN ≈ 10 46 and associated
-ray feedback, but only some are prevented from restarting star

ormation. There is some evidence that rejuvenation might be related
o mergers post-quenching, but examples that rejuvenate with only
ccretion also appear. This moti v ates a statistical approach employed
n the following section to consider the mean evolution of each group
gainst each other, as well as against non-quenching early massive
alaxies. 

.2 The early growth of EQGs 

n this section, we extend on the individual cases in the previous
ection to present a population-based approach to examining EQG
volution. We mainly focus on distinguishing between EQGs and
ther massive non-EQGs (i.e. from cluster A in the UMAP), and
e split EQGs into rejuvenating and non-rejuvenating populations
NRAS 537, 1849–1868 (2025) 
s well in order to explore whether there are any global physical
uantities which distinguish these. 
Fig. 7 shows the mean time evolution of quiescent galaxies

elected at z = 2, 3, and 4 split into rejuvenating (black solid
ine) and non-rejuvenating (red solid line) subpopulations, compared
ith other massive galaxies selected at those redshifts, split into

luster A (green dot–dashed line) and B (blue dashed line) based on
MAP embeddings, where cluster B contains all EQGs. We define

ejuvenation as a previously quenched galaxy being star-forming
or at least two consecutive snapshots, corresponding to � 50 − 100

yr at these redshifts. We show the mean sSFR, stellar mass, BH
ass, jet-mode AGN feedback energy Ė jet , and local mass density
ithin 1 cMpc to consider potential causes of early quenching and
 volution di vergent from other massi v e galaxies. Gre y v ertical lines
ark the time of selection of the given group. 
The sSFR of all these groups are comparable until ∼ 1 Gyr

efore early quenching events, and only then do the EQGs having
ncreasingly lower sSFR o v er the few hundred Myr prior to the
election redshift. This is similar for both z = 2 and 3 selection, while
t z = 4, the small number of EQGs preclude any strong conclusion.
nterestingly, the massive non-EQGs also show a drop in sSFR, but
ccurring about 1 Gyr behind the EQGs. Hence EQGs represent the
arly end of a population that will mostly quench by later epochs. 

Looking at the BH mass (second row), this shows differences to
uch earlier epochs. The EQGs experience accelerated growth from

ery early epochs ( z ∼ 7), with BHs growing on average much earlier
han in other massive galaxies. Indeed, the track followed by EQGs
hows an offset of a few hundred Myr, similar to the offset in the
SFR track. This highlights the major role of AGN feedback in the
arly galaxy quenching. 

Again there is little difference between the rejuvenating and
on-rejuvenating populations here besides the third column, z = 4
election, in which these rejuvenating galaxies tend to have a later,
ut much more rapid growth in BH mass before quenching – jumping
rom the star-forming curve to the quenched curve. 

The third row shows the SHMR. Here, we see another qualitatively
ifferent pattern: Starting at z ∼ 6 − 7, the EQGs tend to have high
tellar masses for their halo mass, but by the time of selection they
re very similar. After the quenching, this SHMR tends to be higher
or these blue lines. This is in agreement with the finding from Cui
t al. ( 2021 ), which shows that the earlier quenched red galaxies tend
o have lower stellar mass compared to these star-forming ones at the
ame halo mass. Again it seems like the non-EQG evolution lags the
QG one by a few hundred Myr. 
The fourth ro w sho ws the AGN kinetic feedback power being

eleased by the BH. The evolution is reminiscent of the SHMR, with
QGs having higher AGN feedback power before the selection time
nd slightly lower after. The AGN feedback power peaks just before
he quenching, driven by the large BHs and dropping accretion rates
as also reflected in the sSFR) within a few hundred Myr of the
election time. This gives rise to low Eddington ratios that transition
he BH into jet mode. Since SIMBA-C assumes a constant momentum
utput rate, the power thus scales with the ejection velocity, and
ence the high-velocity jet mode tends to dominate the energy budget
henever it is active. This high energy presumably enacts galaxy
uenching. 
In summary, comparing the EQG and non-EQG population growth

rends, it seems the main discriminating factor is that EQGs experi-
nce o v erall earlier growth of both their BH and stellar mass, even
elative to their halo mass. This early BH growth along with the
ubsequent drop in accretion (and hence SFR) just before quenching
esulting in low Eddington ratios that allow the EQG to go into
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Figure 7. Redshift evolution between z = 10 and 0 of chosen physical properties for the z = 2, 3, and 4 selections of massive quiescent and star-forming 
galaxies in SIMBA-C . The quiescent population is split into rejuvenating (black, solid) and non-rejuvenating (red, solid) based on crossing the star formation 
threshold of 1 

τH 
for at least two snapshots after initially quenching. Star-forming galaxies are divided into cluster A (green, dot–dashed) and cluster B (blue, 

dashed) based on the UMAP embedding, where cluster B contains EQGs. The z = 4 embedding does not split into two clusters, therefore all star-forming 
galaxies are shown as cluster A. We show the mean evolution of the entire population (solid line) with the associated standard deviation (shaded regions). z = 4 
data suffer from low statistics, with only nine EQGs. Local mass density (fourth row) is follows the previous scale of 1 cMpc. Overall the sSFR of quiescent 
galaxies falls below other massive galaxies 0 . 5 − 1 Gyr before being selected as quenched. They undergo an accelerated growth of the central BH (second row), 
likely due to their high-density environment. We observe some separation between the rejuvenating and non-rejuvenating populations near z = 6, respectively 
remaining in high-density environments and falling into low-density environments (third row), although the separation is not visible for the z = 2 selection. 
Just before quenching, we observe strong AGN jet-mode emissions (fourth row), with the z = 2 population experiencing much stronger AGN activity. Cluster 
B star-forming galaxies show significant similarities to the EQG trajectories, but slightly delayed. 
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Figure 8. Distribution of z = 3 (bottom row) and z = 5 progenitors (top row) of EQGs (red solid line) against cluster B non-EQGs (blue dashed line) and 
cluster A (green dot–dashed line) galaxies for local mass density at 300, 1, and 3 cMpc. Cluster B galaxies tend to be in higher density environments than cluster 
A, corresponding to their higher mass. EQGs follow a surprising trend: their progenitors at z = 5 are in higher density environments especially at lower scales, 
while at time of identification at z = 3 they lie in lower density environments than other massive galaxies. This could point to the importance of high-mass 
mergers causing early quenching. 
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et-mode AGN feedback with its commensurate X-ray feedback,
hich then quenches the galaxy as illustrated by the examples in the
revious section. The next natural question is, what drives the earlier
rowth for these specific galaxies? We examine this question next. 

.3 The role of environment in EQGs 

he bottom row of Fig. 7 shows the evolution of the mean local
nvironmental density around these galaxy populations. Here, we
how the evolution for the 1 cMpc aperture, as before. Note that at z =
 and 3, the red (non-rejuvenating EQGs) and green (rejuvenating
QGs) lines essentially o v erlap. 
At the time of quenching, the difference in environments of EQGs

nd non-EQGs is minimal, at least at z = 2 and 3 where the statistics
re good; this confirms what we saw in Section 5 . Ho we ver, at
ny earlier epoch back to z ∼ 8, EQGs clearly live in more dense
nvironments, regardless of aperture, as seen in Fig. 7 . The difference
etween the EQG and non-EQG populations begins right around the
ame time as the differences in SHMR and M BH , suggesting a causal
orrelation (see Cui et al. 2021 , for more discussions). Hence it
ppears that environment, and particularly early environment, is a
 ey f actor in determining whether a galaxy will be an EQG. 
Fig. 8 explores this connection to environment more quantitatively.

his shows the normalized histogram of galaxies for three samples:
QGs (red solid lines), cluster B non-EQGs (blue dashed lines), and
NRAS 537, 1849–1868 (2025) 
luster A (green dot–dashed lines). We show this at two representative
edshifts: the second row shows the time of EQG selection at z = 3,
hile first row shows their progenitors in an earlier epoch at z = 5.
e vary the aperture o v er 0 . 3 , 1 , and 3 cMpc (left to right panels)

o test sensitivity to this value, but the general trends are similar
egardless. 

Cluster A galaxies (green lines) live in less dense environments
han cluster B galaxies, either EQG or non-EQG. This is expected
ecause cluster A galaxies tend to be lower mass, and hence reside
maller density peaks in the mass distribution. Hence, as mentioned
arlier, we find a clear mass–density relation. This is true both at
 = 3 and 5. 

Comparing the EQGs (red) and non-EQGs (blue) illustrates our
arlier qualitative statement that EQGs tend to live in less dense
nvironments at z = 3, as shown by the red solid line being shifted
o lower o v erdensities relativ e to the blue solid line. Ho we ver, at
 = 5, this ordering is reversed, and the EQG progenitors actually
ive in more overdense regions than their comparable-mass z = 3
rogenitors. 
We can thus surmise that it is the denser early environment of

QGs that is driving the accelerated growth, and thereby the early
uenching. What is interesting, ho we ver, is that this environmental
ifference mostly disappears by the time of quenching. The simplistic
linear) view of structure formation is that all density perturbations
row similarly, so early denser environments will al w ays stay denser.
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The o v erall trend remains the same, With rejuvenation being much more 
likely at higher redshifts. 
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ut in actuality this is not al w ays true, and EQGs seem to arise from
 special case where an early dense environment allows rapid growth, 
ut as it transitions to a lower density regime, this enables the AGN
eedback to be more ef fecti ve in removing gas and thus quenching
he galaxy. 

.4 Rejuv enating v ersus non-rejuv enating EQGs 

o far we have considered the differences between non-EQGs and 
QGs, where we did not distinguish EQGs based on whether they 

ejuvenate mainly because this seemed to make little difference 
n their global e volution. Ho we ver, in detail there are some small
ifferences that may point towards the cause for why some EQGs
ejuvenate and others do not. 

The red and green lines in Fig. 7 show the global mean evolution
f non-rejuvenating and rejuvenating EQGs, respectively. The differ- 
nces between these are much less obvious relative to the non-EQGs. 
articularly, the earlier evolution of these two samples seem to be 
ssentially exactly identical, at least at z = 2 and 3. At z = 4, there
re more significant differences, but the small sample (nine EQGs) 
ake it difficult to assess the robustness of those trends. 
Remarkably, there is not even much difference in the post-selection 

SFR; there is only a hint at z = 3 and 4 that rejuvenating galaxies
ave higher sSFR. This is somewhat surprising because rejuvenation 
y definition implies a higher sSFR. In point of fact, it appears that
he sSFR of the combined sample of rejuvenating galaxies is not 
articularly higher, and that individual galaxies rejuvenate at various 
imes but never dominate the overall population. There is some hint 
t z = 3 , 4 that the sSFR is slightly higher immediately after the
election time, but this difference disappears by z = 2. 

The BH masses are also quite similar, although at z = 2, there is
 hint that non-rejuvenating galaxies have slightly larger BHs. This 
ay provide somewhat more energy deposition that is able to quench 

alaxies more permanently . Similarly , there is not much difference 
n the SHMR, although again there is a hint at z = 2 , 4 that non-
ejuv enaters hav e slightly higher SHMR. 

Environment also does not show large differences, but rejuvenating 
QGs seem to live in slightly denser environments. Going back to 

he examples in Fig. 6 , the denser environment could contribute to
n enhanced merger rate that, at least in that one example, seems
o correlate with both quenching (by growing a large BH) and 
ubsequently rejuvenation (from possibly merging with a gas-rich 
alaxy). The AGN feedback energy input is also not very different, 
lthough there is a hint that at least at z = 4, the rejuvenating EQGs
ave a higher cumulative energy input. 
The lack of differences in global properties of rejuvenating versus 

on-rejuvenating EQGs suggests that it is some stochastic process 
hat determines whether a galaxy rejuvenates. The most likely 
andidate is mergers which brings in fresh fuel to re-ignite star
ormation temporarily, as hinted by the example shown in Fig. 6 .
o we ver, we have also found many cases where there is no obvious
erger associated with rejuvenation, so it could also be a rapid set of
inor mergers or infalling gas clouds. At lower redshifts, stellar mass

oss and cooling flows have been postulated to spark rejuvenation, 
ut it is unclear these would have sufficient time to operate in the
arly universe. 

.5 Rejuvenation fractions 

ig. 9 shows the fraction of quiescent galaxies that rejuvenate at 
ny point after being selected as quenched at a given redshift. We
reviously defined rejuvenation as a period of at least two consecutive 
napshots when a previously quenched galaxy has sSFR > 

1 
τH 

and 
resent fractions for different minimum required length, which we 
how as the black line. The red and blue lines show the result
f changing this definition to just 1 (red) or 3 (blue) consecutive
napshots. For reference, the time between snapshots close to 
 = 4 , 3 , 2 , and 1 is 48, 60, 81, and 120 Myr. 

There is some sensitivity related to this definition; including 
horter rejuvenations increases the fraction by a factor of � 1 . 5 ×.
ncreasing the minimum required duration of rejuvenation decreases 
he rejuvenating fraction at all redshifts by a similar factor. Thus one

ust be careful in comparing among predictions of rejuvenating 
ractions, or to observations. Unfortunately given our snapshot 
adence, we cannot be more precise in our quantification, but none
he less we can identify some general trends that are likely to hold
egardless of the specific definition. 

A clear trend is that rejuvenations at higher redshifts are much
ore common and very frequent with f rejuvenating > 0 . 3 at z ≥ 2,

alling quickly at lower redshifts to less than 5 per cent of z = 0 . 5
alaxies e xperiencing rejuv enation by z = 0. One factor may be
hat there is less time to z = 0 from lower redshifts which could
otentially lower f rejuvenating , but in actuality rejuvenation typically 
appens fairly quickly after quenching if it happens. Hence, the 
ropping rejuvenation fraction is probably a physical effect, related 
o the fact that at higher redshifts gas is denser with more gas-rich
ergers which is able to resuscitate star formation in galaxies more

ften. 

.6 z = 0 descendants of EQGs 

n interesting question is whether EQGs are systematically different 
rom other quenched galaxies by z = 0, by virtue of their early
uenching. We explore this question by constructing a new set of
MNRAS 537, 1849–1868 (2025) 
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Figure 10. Selected AlignedUMAP embeddings of descendants of z = 3 massive central galaxies ( M � > 10 9 . 5 M �). Models were trained on all snapshots from 

z = 9 . 642 to 0. Data points are coloured based on the clustering as described in Section 5 , with descendants of cluster A galaxies in green, EQGs in red, and 
non-EQG cluster B galaxies in blue. We observ e a gradual loss of coherence of the re gion comprised by descendants of EQGs: by z = 2, the y spread throughout 
the region composed of other cluster B galaxies; by z = 1 . 5, there is significant mixing between descendants of clusters A and galaxies with formation of new 

structure; by z = 0, galaxies form two distinct clusters with no relation to the initial groups. This strongly suggests that early quenching is quickly ‘forgotten’, 
with little categorical difference between descendants of cluster A, and cluster B non-EQGs and EQGs by z = 1 . 5. 
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lignedUMAP models for the evolving data set of EQGs and similar
assive galaxies. In AlignedUMAP, models for a series of data sets

or a given set of objects are trained together, in this case the time-
eries of the progenitors and descendants of z = 3 massive central
alaxies ( M � > 10 9 . 5 M �) – the same population as discussed in Sec-
ion 5 – from z = 9 . 642 to 0. We use ali gnment w i ndow s i ze and
lig nment reg ulari s ati on = 0 . 01 as AlignedUMAP parameters, 

eaving all other parameters unchanged to Section 5 . By z = 0 many
alaxies have merged, so the total number of descendants is fewer
han the selection population at z = 3. 

Fig. 10 shows selected AlignedUMAP embeddings from z = 3
o 0, with colours corresponding to previously defined groups:
escendants of cluster A (green), and cluster B non-EQGs (blue)
nd EQGs (red). The o v erall morphology of the UMAP is different
han before because the training set has changed, but it is still the
ase that at z = 3, the three groups still occupy very distinct regions
n the UMAP space. 

Evolving forward in time, we see a steady decoherence of the three
roups identified at z = 3. By z = 2 . 5, a few EQGs begin to spread
cross the region populated by non-EQG cluster B galaxies; at z = 2,
here is even some mixing between clusters A and B galaxies. From
 = 2 → 1, the descendants of EQGs are increasingly mixed in the
eneral population and fail to form an identifiable distinct region
ithin the embedding. From z = 1 → 0, we see the emergence of
 new (lower) cluster in the UMAP, separating off from the main
pper cluster; this turns out to host galaxies that are quenched (at
hat epoch). By z = 0, there are now two distinct UMAP clusters,
ith descendants of the original clusters A and B, and EQGs spread

oughly evenly across them. 
EQGs thus become less distinct in UMAP space and start to spread

hroughout the embedding as the number of quenched galaxies
ncreases with time. This suggests that EQGs are not particularly
NRAS 537, 1849–1868 (2025) 
pecial even among quiescent galaxies, only among the first to go
hrough a similar quenching process. 

The two new clusters at z = 0 are strongly identified by the
resence of gas and dust within the galaxy. The bottom cluster
alaxies have no gas or dust and tend to be fully quenched, while
he upper cluster contains galaxies with relatively high gas fractions
 gas > 10 −2 and some still star-forming galaxies. Interestingly, many
QGs appear within the upper z = 0 cluster, indicating they have
ubstantial cold gas, dust, and sometimes star formation. 

In sum, while EQGs are strongly distinct in sSFR at z = 3, we
bserv e that cate gorical differences between their descendants and
hose of other massive galaxies disappear fairly quickly over time.
QGs do not end up as the most massive galaxies and/or with the

argest BHs by z = 0, and indeed some can even rejuvenate and end
p star-forming by z = 0. 

 C O N C L U S I O N  

n this paper, we analysed the properties and evolution of EQGs
n a new (100 h 

−1 Mpc ) 3 , 2 × 1024 3 -particle run of the SIMBA-C
imulation (Hough et al. 2023 ). This model tweaks SIMBA in several
mportant ways, yielding impro v ed agreement with ke y observ ed
emographics. We identify EQGs as those lying 4 σ below the
tar-forming main sequence at selected redshifts. We compare this
efinition to an observationally motivated definition based on galaxy
hotometry from Gould et al. ( 2023 ) and find that the resulting
tatistics are very similar, and at z = 3, these correspond roughly
o an sSFR threshold of 10 −10 yr −1 . Using this definition, we find
ubstantial numbers of EQGs in SIMBA-C as early as z = 5 . 02. In
his work, we explore the nature of these EQGs, how they differ
n properties relative to galaxies that are otherwise similar but not



Early quenched galaxies in SIMBA 1865 

q  

t  

E

o  

2
q
t
b
t  

f
d

S  

m  

f  

s
t
f

p  

s  

E  

s  

l
e
h
f
E  

h  

d
t
l  

d

3  

∼  

t  

a
h  

t
E
a  

j  

T  

r
e

p  

6
h
p  

o
r

o
t  

i
O  

s
t

d  

a  

r

3
f  

c  

T  

t
T  

e
a

g
B  

f  

i
d
i
l  

c

 

s  

m  

t  

r  

d  

e  

t  

t  

d  

X  

d  

fi  

s  

c  

t  

w
l
t  

t
s

 

s
t  

h  

t
r  

a  

e
s  

t  

t  

s  

e

A

D  

b  

A
C  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/537/2/1849/7977027 by W
estern C

ape U
niversity user on 15 M

ay 2025
uenched, and the history and fate of EQGs. Our goal is to combine
hese investigations into a coherent story for the origin and nature of
QGs in the SIMBA-C simulation. 
Our findings can be summarized as follows: 

(i) SIMBA-C produces a reasonable number of EQGs. 1 per cent 
f all galaxies at z = 4, 5 per cent at z = 3, and 17 per cent at z =
, the majority with 10 −10 < sSFR < 10 −11 yr −1 and some highly 
uenched sSFR < 10 −11 yr −1 . When using a photometric selection 
o do an apples-to-apples comparison with observations, SIMBA-C 

roadly agrees with observations at z � 4, but slightly underpredict 
he number density at z � 4 by a factor of 2 ×. This may be a genuine
ailing of the model, or else a manifestation of the finite volume which 
oes not include the rarest objects. 
(ii) Comparing to observations broken down by stellar mass, 

IMBA-C predicts that the first EQGs are not necessarily the most
assive at that epoch, and there is a hint in SIMBA-C that the quenched

raction actually drops with M � at the highest masses which is also
een in observations. The fraction of quiescent galaxies grows with 
ime steadily in all stellar mass bins, accelerating for M � > 10 11 M �
or z < 2 . 5. 

(iii) We utilize UMAP to visually e v aluate the distinguishing 
roperties of EQGs in SIMBA-C . We find an increased BH to
tellar mass ratio to be one of the key features of EQGs, with all
QGs having M BH 

M � 
> 10 −3 and the median 0.3 dex higher than other

imilarly massiv e galaxies. The y also hav e less rotational support,
ess dust, lower Eddington ratios, and live in slightly less dense 
nvironments. In contrast, relative to other massive non-EQGs, they 
ave a similar M � and halo gas temperature, indicating that these 
eatures are not defining characteristics of EQGs. As noted before, 
QGs are not the highest M � galaxies, instead the first EQGs
ave M � ≈ 10 10 . 5 M �. We argue that the morphological and dust
ifferences are likely to be consequences of early quenching, while 
he higher BH fractions and lowered Eddington ratios that typically 
ie below the threshold for AGN jet and X-ray feedback are the
rivers of early quenching. 
(iv) Examining the evolution of individual EQGs selected at z = 

, we see a consistent pattern that BHs grow quickly until they reach
10 8 M � at z ∼ 4 . 5. This lowers the Eddington ratios sufficiently

o result in the onset of AGN jet feedback, which together with
ssociated X-ray feedback drives rapid quenching within a couple of 
undred Myr. The AGN power peaks as high as 10 46 erg s −1 , and
he cumulative AGN feedback energy is typically ∼ 10 59 −60 erg for 
QGs. These trends holds for both galaxies that quench permanently, 
nd those than later rejuvenate. The onset of jet and X-ray feedback
ust prior to quenching occurs in virtually every EQG in SIMBA-C .
he lack of an increase in the CGM temperature points towards X-

ay feedback, which acts locally and spherically, but with a modest 
nergy input, being key for quenching. 

(v) Examining the evolution statistically relative to the non-EQG 

opulation, we find that the evolution of EQGs diverges early on ( z �
) from otherwise comparable galaxies. At z > 4, EQGs progenitors 
ave higher BH masses, higher SHMRs, emit more AGN kinetic 
o wer, and li ve in denser environments. Curiously, by the actual time
f selection, all these quantities become much closer to or inverted 
elative to the non-EQG population. 

(vi) Rejuvenating EQGs are not strongly distinct in their evolution 
f global properties relative to non-rejuvenating EQGs. Ho we ver, 
here is a hint particularly at z � 3 that rejuvenating systems live
n slightly denser environments versus non-rejuvenating systems. 
ur e xample rejuv enating galaxy had sev eral jumps in BH mass

uggesting mergers both near the time of quenching and near the 
ime of rejuvenation, but there are many examples rejuvenations that 
o not show such merger signatures. None the less, it appears that
ccretion of a significant gas reservoir in some form is crucial for
ejuvenation; it is unlikely to be a smooth process. 

(vii) Rejuvenation is quite common at early epochs, with � 

0 per cent of all quenched galaxies at z ≥ 3 eventually rejuvenating 
or at least some period of time. The rejuvenation fractions drop pre-
ipitously to wards lo w redshifts, reaching ∼ 5 per cent at z = 0 . 5.
he exact number is sensitive to the definition of rejuvenation, cau-

ioning comparisons among various models or versus observations. 
he trend with redshift is expected under the idea that galaxies in the
arly Universe are subject to more interactions, mergers, and clumpy 
ccretion. 

(viii) An AlignedUMAP analysis of descendants of z = 3 massive 
alaxies reveals that the categorical differences are quickly lost. 
y z = 2 descendants of EQGs are not obviously distinguishable

rom descendants of similar massive galaxies, and by z = 1 . 5, the
nitial structure is completely lost, with significant mixing between 
escendants of cluster A, cluster B non-EQGs and EQGs. This 
ndicates that the memory of early quenching largely disappears by 
ow redshifts, and in fact some z = 3 EQGs end up with substantial
old dust, gas, and star formation at z = 0. 

Our results highlight an o v erall picture where EQGs occur in
pecial environments that are o v erdense relativ e to that of similar-
ass systems at early epochs, but end up being comparably dense by

he time of quenching. In such cases, the high early o v erdensity fuels
apid BH growth, leading to an earlier onset of AGN jet feedback
ue to lower Eddington ratios. Ho we ver, at the time this turns on, the
nvironment is no longer strongly o v erdense, which allows the gas
o be e v acuated more easily, resulting in rapid quenching. We expect
hat this occurs due to a combination of the AGN jet feedback which
eposits energy into the immediate vicinity of the galaxy, as well as
-ray feedback which turns on when the gas fractions are low and
rives out or destroys any remaining cold gas from the system. We
nd that the AGN feedback power consistently peaks at ∼ 10 45 erg
 

−1 , and the cumulative AGN energy from EQGs is ∼ 10 59 ±1 erg. The
ombination of these processes results in the destruction of most of
he dust in the galaxy, as well as suppressing further accretion which
ould sustain a rotationally supported disc leading to more elliptical- 

ike morphologies. A significant fraction of these EQGs rejuvenate, 
hough that fraction drops quickly to lower redshift, and by z = 0,
he galaxies that were EQGs are not obviously distinguishable from 

imilarly massive early non-quenched galaxies. 
Our results suggest that the observations of EQGs are not a

trong challenge to modern galaxy formation models, at least in 
heir current numbers. This is in agreement with other studies of
igh- z quenched galaxies, such as Remus & Kimmig ( 2023 ) in
he MAGNETICUM simulation, who likewise found similar levels of 
ejuvenation as that seen in SIMBA-C . Our predictions are limited
t the highest redshifts by SIMBA-C ’s simulation volume, since very
arly quenching specifically occurs in the rarest regions that are 
trongly o v erdense at the earliest epochs. As observations continue
o accumulate on the properties of EQGs, this will provide further
ests of the model. None the less, our initial analysis of EQGs here
uggests that SIMBA-C is a viable platform to elucidate the origin and
volution of EQGs. 
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PPEN D IX  A :  U M A P  INPUT  A N D  

A R A M E T E R S  

ll UMAP models presented in this work are trained on 
he same set of 62 quantities available in CAESAR : ngas, 
star, nbh, sfr, sfr 100, bhmdot, bh fedd, 
asses: [gas, stellar, dust, bh, HI, H2], 
adii: [gas 20, gas hm, gas 80, stellar 20, 
tellar hm, stellar 80, bh 20, bh hm, bh 80, 
aryon 20, baryon hm, baryon 80, total 20, 
otal hm, total 80], metallicities: [stel- 
ar], velocity dispersions: [gas, stellar, 
h, baryon, total], rotation: [gas kappa rot, 
tellar kappa rot, baryon kappa rot, to- 
al kappa rot], ages: [mass weighted, 
etal weighted], local mass density: [300, 
000, 3000], local number density: [300, 
000, 3000], masses (halo): [gas, stellar, 
ust, bh, HI, H2, total], virial quantities 
halo): [circular velocity, spin param, 
emperature, m500c, r500c] . For their full description, 
ee the CAESAR documentation. 

For completeness, we present a simple AlignedUMAP 

arameter search as Fig. A1 . We train four sets of
odels (columns) with ali gnment w i ndow s i ze = 1 and 
lig nment reg ulari s ati on = 10 −3 to e v aluate the ef fects of 
arying the most impactful parameters: n ne ighb ors , mi n di s t , 
epuls i on s t rengt h and the RobustScaler qua ntile ra nge . The 
arameters of each model are shown on each panel. The embeddings
re coloured by the groups as identified in Section 5 , with cluster A
alaxies in green, EQGs in red, and cluster B non-EQGs in blue. The
mbedding highlighted with a black border shows the final selection 
f parameters, chosen for the clearest visual distinction of clusters 
 and B as well as the tight grouping of EQGs. The most significant
arameters for the shape and substructure of the UMAP embeddings 
re n ne ighb ors and qua ntile ra nge as expected, with cluster B 

isappearing for n ne ighb ors ≥ 100. As the two cluster structure 
ith EQGs isolated to a single region is very consistent across our

xplored parameter space, we conclude the embedding is stable and 
eliable. 
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Figure A1. AlignedUMAP exploration of the impact of parameters on the UMAP embedding shape and substructure for z = 3 massive galaxies. Data points 
are coloured as defined in Section 5 , with cluster A galaxies in green, EQGs in red, and cluster B non-EQGs in blue. The selected parameters are highlighted 
with a black border, chosen for the spatial separation between clusters A and B as well as low EQG spread within cluster B. 
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