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A B S T R A C T 

High-redshift ( z ∼ 1) galaxy clusters are the domain where environmental quenching mechanisms are expected to emerge 
as important factors in the evolution of the quiescent galaxy population. Unco v ering these initially subtle effects requires 
exploring multiple dependencies of quenching across the cluster environment, and through time. We analyse the stellar mass 
functions (SMFs) of 17 galaxy clusters within the GOGREEN and GCLASS surv e ys in the range 0 . 8 < z < 1 . 5, and with 

log ( M/ M �) > 9 . 5. The data are fit simultaneously with a Bayesian model that allows the Schechter function parameters 
of the quiescent and star-forming populations to vary smoothly with cluster-centric radius and redshift. The model also fits 
the radial galaxy number density profile of each population, allowing the global quenched fraction to be parametrized as a 
function of redshift and cluster velocity dispersion. We find the star-forming SMF to not depend on radius or redshift. For the 
quiescent population ho we ver, there is ∼ 2 σ evidence for a radial dependence. Outside the cluster core ( R > 0 . 3 R 200 ), the 
quenched fraction abo v e log ( M/ M �) = 9 . 5 is ∼ 40 per cent , and the quiescent SMF is similar in shape to the star-forming 

field. In contrast, the cluster core has an ele v ated quenched fraction ( ∼ 70 per cent ), and a quiescent SMF similar in shape 
to the quiescent field population. We explore contributions of ‘early mass-quenching’ and mass-independent ‘environmental- 
quenching’ models in each of these radial regimes. The core is well described primarily by early mass-quenching, which we 
interpret as accelerated quenching of massive galaxies in protoclusters, possibly through merger-driven feedback mechanisms. 
The non-core is better described through mass-independent environmental-quenching of the infalling field population. 

Key words: galaxies: clusters: general – galaxies: evolution – galaxies: general – galaxies: high-redshift. 
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 INTRODUCTION  

he observed bimodality of galaxies in colour (Strate v a et al. 2001 ;
lanton et al. 2003 ; Baldry et al. 2004 ; Mateus et al. 2006 ),

tar formation rate (Brinchmann et al. 2004 ; Elbaz et al. 2007 ;
rammer et al. 2011 ; McGee et al. 2011 ; Renzini & Peng 2015 ),
nd morphology (Cattaneo et al. 2006 ; Driver et al. 2006 ; Mignoli
t al. 2009 ) has established that the process of transformation from
ctively star-forming to passive (quenching) is an important feature 
f late-time galaxy evolution. This bimodality is present from the 
ocal Universe through to cosmic noon, and is strongly dependent 
n the galaxy’s stellar mass (Kauffmann et al. 2003 ; Baldry et al.
004 ; Bundy et al. 2006 ; Ilbert et al. 2010 , 2013 ), and its local
nvironment (Balogh et al. 2004a , b ; Kauffmann et al. 2004 ; Baldry
t al. 2006 ; Muzzin et al. 2012 ). Foundational results over the past
ew decades have found that these dependencies may be separable 
n the local Universe, suggesting a corresponding bimodality in the 
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rocesses that cause quenching (Baldry et al. 2006 ; Peng et al. 2010 ;
uzzin et al. 2012 ; Kova ̌c et al. 2014 ). Mass-dependent quenching

s attributed to internal processes, such as active galactic nuclei 
AGN) (Silk & Rees 1998 ; Croton et al. 2006 ; Fabian 2012 ), or
tellar feedback mechanisms (Dekel & Silk 1986 ; White & Frenk
991 ; Hopkins, Quataert & Murray 2012 ). Environmental-dependent 
uenching is attributed to external processes, with mechanisms that 
re caused by gravitational interactions of neighbouring objects 
Moore et al. 1996 ; Moore, Lake & Katz 1998 ; Bialas et al. 2015 ;
mith et al. 2015 ), or the interaction with the intra-group/cluster
edium (ICM) of the large-scale structure they are a part of (Gunn
 Gott 1972 ; Larson, Tinsley & Caldwell 1980 ; Balogh, Navarro &
orris 2000 ; Peng, Maiolino & Cochrane 2015 ). 
Quenching efficiency is also observed to be a function of redshift,

nd the apparent separability between mass and environment no 
onger holds at z � 0 (Balogh et al. 2016 ; Kawinwanichakij et al.
017 ; P apo vich et al. 2018 ; Pintos-Castro et al. 2019 ; van der Burg
t al. 2020 ). In particular, the work of Balogh et al. ( 2016 ) and van
er Burg et al. ( 2020 ) (hereafter vdB20 ) analysed massive galaxy
lusters at higher redshifts (0 . 8 < z < 1 . 4), with both finding a strong
is is an Open Access article distributed under the terms of the Creative 
h permits unrestricted reuse, distribution, and reproduction in any medium, 
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ass dependence for the environmental quenching component. This
ndicates that massive galaxies are preferentially quenched in clusters
n addition to the mass-dependency of field mass-quenching. 

Since the star-forming and quiescent galaxies have distinct stellar
ass function (SMF) shapes, an environment-dependent quenching
echanism should, in general, result in SMFs that also depend

n environment, such that the low-mass slope of the quiescent
MF should be steeper in dense environments, as it is locally (e.g.
eng et al. 2010 ). Ho we ver, vdB20 found no evidence for this.
his led them to suggest an alternative environmental quenching
echanism in high-redshift clusters that has a mass-dependence that

recisely mimics that of mass-quenching. Indeed, by analysing the
raction of quenched galaxies as a function of both cluster-centric
adius and redshift, Baxter et al. ( 2022 ) and Baxter et al. ( 2023 )
howed that the data are consistent with strongly mass-dependent
nvironmental quenching models. While these models lead to SMFs
hat are qualitatively similar to the observed cluster SMFs (Baxter
t al. 2022 ), there are still important differences, including a low-
ass slope for the quiescent galaxies that is steeper than observed.
ecent work by Gully et al. ( 2025 ) used additional observations of

our of these clusters, probing lower stellar masses. In this subset,
hey found a significant deviation from the field SMFs for the
uiescent population, with the cluster low-mass slopes being steeper,
s expected in environmental-quenching models. 

One possibility for why vdB20 did not observe the signature of
nvironment-quenching in the shape of the SMFs is that the analysis
as done on the full cluster ensemble, which spans a wide range

n halo mass and redshift. Galaxy populations are known to vary
ignificantly with cluster-centric distance (e.g. Pintos-Castro et al.
019 ; Baxter et al. 2023 ), and while the clusters have a range of
irial radii, the conclusions were based on an analysis of all galaxies
ithin 1 Mpc of the cluster core. Moreo v er, the clusters hav e mass

ompleteness limits that vary from system to system by an order of
agnitude. This warrants a closer look at how the data constrain the
MF parameters as a function of these properties. 
In this paper we fit the SMFs of 17 0 . 8 < z < 1 . 5 galaxy clusters

rom GOGREEN (Balogh et al. 2021 ) in a Bayesian manner that
llows the shape parameters of each population (star-forming and
uiescent) to independently vary with cluster-centric radius and
edshift. With indication of further dependencies from previous
iterature results (Lubin, Oke & Postman 2002 ; Poggianti et al. 2006 ;
antais et al. 2016 , 2017 ; Oh et al. 2018 ), we also constrain the

adial profiles of the quiescent and star-forming galaxies to find the
uenched fraction, and fit parameters that describe how it varies as a
unction of redshift and cluster velocity dispersion. 

The structure of the paper is as follows: In Section 2 we describe
he spectroscopic and photometric data used in our cluster sample,
ith the galaxy classification selection and sample weights applied,

s well as the data reduction and characterization of an additional
luster no v elly added to the sample. Section 3 presents the formalism
f our likelihood model, and its validation. We present our results
n Section 4 . In Section 5 we discuss our findings in the context of
revious literature and explore potential environmental quenching
athways. We summarize the work and give our conclusions in
ection 6 . 
In this work we adopt the � CDM cosmology parameters with
m = 0 . 3, �� = 0 . 7, and H 0 = 70 km s −1 Mpc −1 . All magnitudes

tated are in the absolute bolometric (AB) magnitude system. Any
ncertainties presented are given at the 1 σ level, unless otherwise
tated. 
NRAS 541, 409–428 (2025) 

a  
 CLUSTER  SAMPLE  DATA  

he data used in this study come from two surv e ys, the Gemini
bservations of Galaxies in Rich Early ENvironments (GOGREEN)

urv e y (Balogh et al. 2017 ) and the Gemini CLuster Astrophysics
pectroscopic Surv e y (GCLASS) (Muzzin et al. 2012 ). Together,

he surv e ys include 26 galaxy clusters, spanning a redshift range
f 0 . 87 < z < 1 . 46 (Balogh et al. 2021 ). In this study, we restrict
ur analysis to the 14 clusters drawn from the Spitzer Adaptation of
he Red Cluster Sequence (SpARCS) surv e y (Muzzin et al. 2009 ;

ilson et al. 2009 ; Demarco et al. 2010 ), and the three clusters
rom the South Pole Telescope (SPT) cluster surv e y (Brodwin et al.
010 ; F ole y et al. 2011 ; Stalder et al. 2013 ). The cluster centre
s defined as the location of the brightest cluster galaxy (BCG) of
ach cluster. There are two exceptions to this, SpARCS-1047 and
pARCS-1051, which have BCGs that are offset from the centre
f the cluster galaxy distribution, and so their centres are chosen to
atch the positions given in van der Burg et al. ( 2013 ). The virial

adius ( R 200 c ) for 14 of the clusters were taken from Biviano et al.
 2021 ), while the values for SpARCS-0219 and SpARCS-1034 were
aken from McNab et al. ( 2021 ). The calculation for SpARCS-1033
s described in Section 2.1.1 . 

All clusters in the sample include deep multiwavelength photom-
try using a variety of instruments, as well as substantial multiobject
pectroscopy using the Gemini GMOS spectrographs. The majority
f the clusters have imaging in the ugriz bands, the Y / J 1 and
 s bands, and all the IRAC channels, at depths that are slightly

hallower than COSMOS/UltraVISTA. The photometric redshifts
ere fit using the EAZY code (Brammer, van Dokkum & Coppi
008 ), and validated with available spectroscopic redshifts. After
pplying a small bias correction to the photometric redshifts to ensure
 mean �z of zero, the scatter is σz = 0 . 048, with 4.1 per cent outside

he ‘outlier’ limit of | �z| > 0 . 15, 
(

where �z = 

z phot −z spec 

1 + z spec 

)
( vdB20 ).

he high spectroscopic completeness ( ∼ 40 per cent) allows the
alculation of an accurate statistical membership correction to apply
o the photometric sample (see Section 2.3.1 ). The stellar masses for
ach galaxy were determined by fitting the observed spectral energy
istributions (SEDs) using the FAST code (Kriek et al. 2009 ), where
he SED was normalized to match the total K s -band magnitude. This
ssumed a Chabrier ( 2003 ) initial mass function, solar metallicity,
nd the dust law from Calzetti et al. ( 2000 ). 

The properties of all clusters in the sample are summarized in
able 1 . 

.1 GOGREEN/GCLASS DR2 and SpARCS-1033 

he data catalogues were taken from a preliminary version of the
econd public data release (DR2) of the GOGREEN and GCLASS
urv e ys. The main difference of DR2 compared with DR1 (Balogh
t al. 2021 ) is the addition of the cluster SpARCS-1033 to the
hotometric sample. The spectroscopy and redshifts for this cluster
ere included in DR1, but as the K -band imaging had not yet
een completed, the cluster was frequently excluded from previous
iterature, which analysed the DR1 sample. The image reduction,
bject catalogues, and characterization of this cluster are described
n Section 2.1.1 . The data for this cluster are then incorporated into
he data release structure following that of DR1. 

In addition, the DR2 release includes a number of minor additions
nd corrections. These are described in Balogh et al. (in preparation).
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Table 1. Overview of the 17 GOGREEN and GCLASS clusters and their properties. 

Cluster name RA 
BCG 
J2000 Dec. BCG J2000 Redshift σ los 

(b) R 200 
(c) M 200 K s , lim 

(d) M ∗, lim 

(d) N SF / N Q 
(e) 

[km s −1 ] [Mpc] [ log 10 M �] [mag AB ] [ log 10 M �] 

SpARCS-0034 8.67512 −43.1315 0.867 700 ± 150 0.61 13.8 21.53 10.42 15/13 
SpARCS-0036 9.18756 −44.1805 0.869 750 ± 90 1.21 14.7 22.11 10.53 37/34 
SpARCS-1613 243.311 56.825 0.871 1350 ± 100 1.72 15.2 22.55 9.97 114/113 
SpARCS-1047 ( a) 161.8893 57.68706 0.956 660 ± 120 0.99 14.5 22.68 10.17 39/39 
SpARCS-0215 33.84996 −3.72561 1.004 640 ± 130 0.89 14.4 21.73 10.45 31/23 
SpARCS-1051 ( a) 162.79675 58.30075 1.035 689 ± 40 0.95 14.5 24.17 9.35 44/35 
SPT-0546 86.6403 −53.761 1.0669 977 ± 70 1.22 14.8 23.47 9.64 104/96 
SPT-2106 316.5191 −58.7411 1.1307 1055 ± 85 1.24 14.9 23.19 9.79 95/122 
SpARCS-1616 244.1722 55.7534 1.156 782 ± 40 1.00 14.6 23.76 9.59 51/78 
SpARCS-1634 248.6542 40.3637 1.177 715 ± 40 0.88 14.5 24.01 9.50 35/46 
SpARCS-1638 249.7152 40.64525 1.196 564 ± 30 0.74 14.3 23.94 9.54 29/24 
SPT-0205 31.451 −58.4803 1.3227 678 ± 60 0.80 14.1 23.25 9.90 24/44 
SpARCS-0219 34.9315 −5.5249 1.325 810 ± 80 0.79 14.4 23.27 9.90 29/16 
SpARCS-0035 8.957 −43.206604 1.335 840 ± 50 1.01 14.7 23.81 9.70 89/36 
SpARCS-0335 53.7648 −29.48217 1.368 542 ± 30 0.76 14.4 22.91 10.07 32/13 
SpARCS-1034 158.706 58.30919 1.385 250 ± 30 0.24 12.9 24.22 9.55 7/13 
SpARCS-1033 158.3565 57.89 1.461 1090 ± 290 1.17 15.0 23.89 9.74 58/28 

Notes. a Clusters with offset BCGs, o v erridden with positions given in van der Burg et al. ( 2013 ). 
b Line-of-sight velocity dispersion and their 1 σ uncertainties for each cluster. All values from Balogh et al. ( 2021 ), with exception of SpARCS-1033. 
c Virial radii of each cluster. Values are all from Biviano et al. ( 2021 ), using the r 200 ,Mc profile combination, with the exception of SpARCS-0219 and 1034, 
which were taken from McNab et al. ( 2021 ), and SpARCS-1033 (calculated in this work). 
d The 80 per cent completeness limits, given in magnitude and stellar mass, respectively. Values are taken from vdB20 , with the exception of SpARCS-0034, 
0036, 1613, 1047, and 0215, which are taken from van der Burg et al. ( 2013 ), and SpARCS-1033 (calculated in this work). All values are based on the K s 

detection band, with the exception of SpARCS-0036, which uses the deeper J band. The stellar mass limits correspond to the quiescent population of each 
cluster. For the star-forming population, the limit extends down by 0.2 dex due to their smaller mass-to-light ratio, in accordance with vdB20 . Again, to follow 

consistency with vdB20 , we also set the global stellar-mass limit to be > 10 9 . 5 M �. 
e The number of star-forming and quiescent galaxies in each cluster, after all the cuts described in Section 2.2 and Section 2.3 , are applied. 
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Figure 1. Histogram of the line-of-sight velocity of spectroscopically 
confirmed cluster members of SpARCS-1033 and non-members within 1 
Mpc. The dashed lines show the velocity dispersion range of the cluster (see 
Section 2.1.1 ), and the solid line is a Gaussian distribution with this width. 
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.1.1 SpARCS-1033 

s part of the GOGREEN surv e y, images of the SpARCS-1033
eld were obtained with Subaru-HSC ( y, z), Subaru-SuprimeCam 

 g, i, r), and CFHT WIRCam ( J , K). Data were reduced as described
n vdB20 , and PSF-matched photometry was done by convolving 
ll images to 1.07 arcsec, which corresponds to the worst image 
uality among all the ground-based images for this cluster. K s -band- 
elected catalogues were obtained from the WIRCam image, with 
 limiting magnitude of 23.9 AB, corresponding to a stellar mass
imit of log M/M � = 9 . 74 ±0.03 (Appendix A ). As with the other
lusters, photometric redshifts were measured using EAZY , while 
he other physical parameters, like stellar mass, were measured using 
AST . This catalogue was then cross-matched with the spectroscopic 

edshift catalogue from Balogh et al. ( 2021 ). 
The line-of-sight velocity dispersion of SpARCS-1033 was cal- 

ulated using the standard deviation of eight spectroscopic cluster 
embers, defined as being within a projected distance of 1 Mpc 

nd having a redshift differential with the cluster centre of less than
.02. This gives a velocity dispersion of 1090 ± 290 km s −1 . The
istribution of cluster members and non-members in velocity space 
s shown in Fig. 1 . 

As previously mentioned, the virial radii for the rest of the clusters
ere taken from Biviano et al. ( 2021 ), who calculated them using

he MAMPOSSt method (Mamon, Biviano & Bou ́e 2013 ). Since 
here are few spectroscopic members for SpARCS-1033, using the 
ull dynamical analysis in Biviano et al. ( 2021 ) is not well justified.
nstead, we compute R 200 for SpARCS-1033 from the relation 

 200 = 

√ 

A 

100 

σLOS 

H ( z) 
, (1) 
here σLOS is the line-of-sight velocity dispersion, and where the 
ormalization constant A was determined by calculating a linear 
t between equation ( 1 ) and the Biviano et al. ( 2021 ) values for

he rest of the clusters in the sample. This fit is shown in Fig.
 , with the values having small residuals about the one-to-one
ine of agreement. Applying it to SpARCS-1033 yields a virial 
adius of 1.17 ± 0.35 Mpc, corresponding to a virial mass of
.33 ×10 14 M �. 
MNRAS 541, 409–428 (2025) 
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M

Figure 2. Comparison of R 200 values calculated using MAMPOSSt, and 
their equi v alent R 200 v alues calculated using equation ( 1 ). The v alue of the A 

parameter (see Section 2.1.1 ) was fit to minimize the difference between the 
two methods of calculation ( A = 2 . 91 ± 1 . 76). The blue points correspond 
to the 14 clusters analysed in Biviano et al. ( 2021 ). The red diamond shows 
the radius of SpARCS-1033 predicted from equation ( 1 ) (note that it is not 
included in the fit). The grey line shows the one-to-one agreement between 
the two methods. 
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Figure 3. Rest-frame U −V versus V − J colours for all cluster members with 
R < R 200 and M > M lim , respective to each cluster. The orange points are 
photometric members and the green points are spectroscopic members, with 
the gradient background showing the point density, regardless of member 
type. The black line indicates the distinction between star-forming and 
quiescent galaxies, given in equation ( 2 ). 

Figure 4. For the spectroscopic sample, we compare their photometric 
and spectroscopic redshift offsets with respect to their clusters. The green 
and yellow points represent galaxies that are identified as spectroscopically 
confirmed cluster members, as shown by the vertical dashed lines. The 
horizontal dashed lines represent the broader selection of candidate cluster 
members based on photometric redshifts. The red points are false positives: 
galaxies that would be identified as a candidate member based on their 
photometric redshift, but are spectroscopically confirmed non-members. The 
blue points are secure interlopers, outside the membership criteria based on 
either photometric or spectroscopic information. Only galaxies with a stellar 
mass M > M lim and within R < R 200 of their respective cluster are shown. 
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.2 Galaxy classification 

fter excluding stellar objects (those with the Star flag set to 1),
he sample of 17 cluster fields consists of 57 528 galaxies. 

Potential cluster members are identified by the difference in
edshift relative to the tabulated cluster average, �z i = 

z i −z clust 
1 + z i 

.
ollowing vdB20 , spectroscopic cluster members are defined as

hose with | �z spec | ≤ 0 . 02, which includes galaxies within two
o three times the typical cluster velocity dispersion. Candidate
hotometric cluster members are defined as those with | �z phot | ≤
 . 08, chosen so the number of false-positives is comparable to the
umber of false-ne gativ es, minimizing the membership correction
see Section 2.3.1 ). We also limit the analysis to galaxies within R 200 

f each cluster. This results in a sample of 2780 potential members. A
eight to correct for projection effects is described in Section 2.3.1 .
We classify galaxies as star-forming or quiescent based on the rest-

rame UVJ colours as described in vdB20 . Specifically, quiescent
alaxies are defined as 

 − V > 1 . 3 ∩ V − J < 1 . 6 ∩ U − V > 0 . 60 + ( V − J ) 

(2)

he rest-frame colour distribution and classification is shown in Fig.
 , where the rest-frame colours are plotted for galaxies with stellar
asses of M > M lim (the limiting stellar mass for each cluster, based

n limiting K s -band magnitudes – see Section 2.3.2 ), and projected
istances of R < R 200 from their cluster centre. Alternative colour
oundaries were also considered (e.g. Muzzin et al. 2013 ), but these
id not have a significant effect on our results and did not affect our
onclusions. 

.3 Sample weights 

.3.1 Membership correction factor 

or the galaxies with only photometric redshifts, we must correct
or the effects of interlopers and missing members. We do this
ollowing the procedure described in vdB20 , using the ∼ 40 per
NRAS 541, 409–428 (2025) 
ent of the sample that has spectroscopic redshifts to calculate a
orrection factor. For the spectroscopic subset we define ‘true’ cluster
embers as those with | �z spec | ≤ 0 . 02, and identify galaxies as

ither ‘secure member’,‘secure interloper’, ‘false ne gativ e’, or ‘false
ositive’ depending on the value of their | �z phot | . The distribution
f galaxies with spectra and their designations can be seen in Fig.
 . A membership weight for each photometric member i is then
etermined by identifying the five nearest galaxies in stellar mass
nd projected cluster-centric radius with spectroscopic redshifts.
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rom these five galaxies we compute a correction factor for the 
orresponding photometric candidate, as 

orr i = 

N ( secure member ) + N ( false ne gativ e ) 

N ( secure member ) + N ( false positive ) 
, (3) 

here the N ( X) terms are the number of each respective group out
f the five neighbours. In this way, we use the spectroscopic sample
o calculate a weight for every photometric galaxy, which depends on 
ts stellar mass and cluster-centric radius. Galaxies that are identified 
s spectroscopic members have their membership factor set to unity, 
egardless of their photometric classification. 

.3.2 Completeness weight 

e include a weight to correct for incompleteness in the photometric 
ample, based on the K s -band measurements of each galaxy. The 
eight is structured as the inverse of the completeness, and since 

he sample is constrained to where reco v ery is > 80 per cent (see
ppendix Section A ), the completeness weight is constrained from 

.0–1.25. The completeness value for a specific galaxy depends on 
ts K s -band magnitude, and the limiting K s magnitude ( K s ,li m ) of the
mage of its parent cluster. These limiting magnitude values of each 
luster are given in Table 1 , with the majority of the values and the
ssociated limiting cluster stellar mass ( M ∗,lim ) matching those from
dB20 , excluding the value for SpARCS-1033, which we calculate 
sing the same procedure (see Appendix Section A ). 

.3.3 Final sample and weights 

he o v erall weight applied to each galaxy is the product of the
embership correction factor and the completeness weight, shown 

n the relation 

 i = Corr i × 1 

Compl ( K s,i ) 
(4) 

The analysis in this paper is based on unbinned data, using the
eight of equation ( 4 ). When these unbinned fits are compared with
inned data (as in Figs 8 and 10 in Section 4 ), an additional correction
s needed to account for the variation of limiting cluster stellar mass
cross the sample clusters (see Column 9 in Table 1 ). Following
dB20 , this is done by applying an additional weight (to the binned
ata only): 

 i = 

∑ 

cl 

λcl 

⎛ 

⎜ ⎝ 

∑ 

cl 
M ∗,i >M ∗,lim,cl 

λcl 

⎞ 

⎟ ⎠ 

−1 

, (5) 

here λ is the cluster richness parameter as defined in vdB20 . 
he numerator is the sum of all cluster richness values, while the
enominator is the sum of richness values for clusters with a stellar
ass limit below the stellar mass of the galaxy the weight is being
 v aluated for. 

Follo wing v an der Burg et al. ( 2013 ) and vdB20 , our final
ample consists of all galaxies with a stellar mass abo v e the limit:
og [ M ∗/M �] > max 

(
9 . 5 , log M lim , cl 

)
, and with a K s magnitude 

arger than the limiting magnitude of their cluster (i.e. 1/Compl( K s )
 1.25). This results in 1606 cluster members, with 833 designated 

s star-forming and 773 designated as quiescent. The number of star-
orming and quiescent galaxies for each cluster are given in the final
olumn of Table 1 . 
 LIKELIHOOD  FUNCTION  FORMULATION  

.1 SMF parametrization 

e model the SMFs (the galaxy number density per stellar mass
nterval) with a single Schechter ( 1976 ) function of the form: 

( M)d M = 

d N 

d M 

d M = φ∗
(

M 

M 
∗

)α

exp 

(
− M 

M 
∗

)
d M 

M 
∗ . (6) 

o instead consider the number of galaxies per logarithmic mass 
nterval, φ′ = d N/ d log M , the form becomes: 

′ ( M) d log M = ln 10 φ∗
(

M 

M 
∗

)α+ 1 

exp 

(
− M 

M 
∗

)
d log M (7) 

e.g. Annunziatella et al. 2014 ; van der Burg et al. 2020 ) or,
onsidering a logarithmic mass ( M 

′ = log ( M)), the form becomes 

′ ( M 
′ )d M 

′ = ln 10 φ∗
[ 
10 ( M 

′ −M 
′∗)( α+ 1) 

] 
exp 

[ 
−10 ( M 

′ −M 
′∗) 
] 

d M 
′ (8) 

s in van der Burg et al. ( 2018 ). While equation ( 6 ) is the form used in
his work, all three forms are valid for use in the likelihood function
hown in Section 3.2.1 . 

In our model, the parameters M 
∗ and α, which parametrize 

he exponential cut-off and the low-mass slope, respectively, are 
xtended to become functions of cluster-centric radius, R and 
edshift, z, with a general form 

= α( R , z) (9) 

 
∗ = M 

∗( R, z) . (10) 

e propose a functional form for them as a linear combination of
edshift and radius terms 

( r ′ , z ′ ) = α◦ + αR r 
′ + αz z 

′ + αRz z 
′ r ′ (11) 

log M 
∗( r ′ , z ′ ) = log M 

∗
◦ + M 

∗
R r 

′ + M 
∗
z z 

′ + M 
∗
Rz z 

′ r ′ , (12) 

here r ′ = R/R 200 − 1, and z ′ = ( z − z ◦). This ensures that the SMF
arameters reduce to M 

∗
◦ and α◦ when R = R 200 and z = z ◦. We

entre our sample at z ◦ = 1 . 1, the mean redshift of our clusters. 

.2 Likelihood function 

e define our model likelihood function as L = 

∏ N 

i= 1 L i , where L i 

s the likelihood calculated for each galaxy and is constructed as a
roduct of two terms, which independently constrain the shape of 
he mass functions and the population normalization for each galaxy 
ype, respectively: 

 i,x = L M,i,x × L R,i,x , (13) 

here i is the galaxy index, and the galaxy type (quiescent or
tar-forming) is specified by x = { Q, SF } . We present each term
eparately below. 

.2.1 Stellar mass dependence, L M,i,x 

he first term of equation ( 13 ) considers a galaxy in a given cluster
l, with a redshift z, at a fixed radius R, and determines how likely
hat galaxy would be drawn from a mass distribution with a given set
f SMF shape parameters. Following Malumuth & Kriss ( 1986 ) and
egerle, Hoessel & Ernst ( 1986 ) we have the form 

 M,i = 

φ( M i )d M ∫ ∞ 

M lim 
φ( M)d M 

= 

1 
M 

∗
(

M 

M 
∗
)α

exp 
(− M 

M 
∗
)

d M 


 ( 1 + α, M lim /M 
∗) 

. (14) 
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ote that the normalization parameter, φ∗ (in equation 6 ), cancels
ut, leaving a function that depends only on the parameters M 

∗ and
. dM is a constant that is irrele v ant for maximizing the likelihood,
o we drop it for simplicity. 

To reiterate, while not explicitly shown in the equation abo v e,
he parameters α and M 

∗ are functions of cluster-centric radius R,
edshift z, and galaxy type x, as described in Section 3.1 . 

.2.2 Radial dependence, L R,i,x 

he second term of equation ( 13 ) gives the likelihood of finding
alaxy i, of type x, at a given radius R, in cluster cl. This is assumed
o depend only on the radial distribution of that galaxy type, in that
luster – not the stellar mass. Like equation ( 14 ), we begin with the
eneral form: 

 R,i,x = 

2 πR i ς ( c x , R i )d R ∑ 

k= Q,SF 

∫ R max , cl 
0 2 πR ς ( c k , R)d R 

. (15) 

We assume the radial profile ς , as a projected NFW ( Łokas &
amon 2001 ), with a different concentration parameter for the

uiescent and star-forming populations: c Q and c SF , respectively.
o separate out the normalization from the radial dependence we
rite the projected surface density as 

( c x , R i ) = 
 
∗
x 
( c x , R i ) . (16) 

Having a different profile for each population expands the de-
ominator to be the sum of the integrals of these profiles, with the
orm 

 R,i,x = 

2 π
 ∗x 
( c x ,R i ) R i d R 
∫ R max , cl 

0 2 π
 ∗
Q 


( c Q ,R ) R d R + 

∫ R max , cl 
0 2 π
 ∗

SF 

( c SF ,R ) R d R 

= f q ( cl i ) 

 ∗x 

 ∗

Q 


( c x ,R i ) R i d R 
∫ R max , cl 

0 
( c Q ,R ) R d R 
, (17) 

here 

 q ( cl i ) = 

∫ R max , cl 
0 2 π
 ∗

Q 

( c Q ,R ) R d R 

∫ R max , cl 
0 2 π
 ∗

Q 

( c Q ,R ) R d R + 

∫ R max , cl 
0 2 π
 ∗

SF 

( c SF ,R ) R d R 

= 

∫ R max , cl 
0 
( c Q ,R ) R d R 

∫ R max , cl 
0 
( c Q ,R ) R d R + 


 ∗
SF 


 ∗
Q 

∫ R max , cl 
0 
( c SF ,R ) R d R 

, (18) 

efines the quenched fraction for cluster cl i . The radial variation
n the quenched fraction is then determined by the concentration
arameters. 
Writing out the likelihood function explicitly for the quiescent and

tar-forming populations gives us the forms 

 R,i,Q = f q ( cl i ) 

( c Q ,R i ) R i dR 

∫ R max , cl 
0 
( c Q ,R ) R d R 

(19) 

 R,i ,S F = 

[
1 − f q ( cl i ) 

]

( c SF ,R i ) R i dR 

∫ R max , cl 
0 
( c SF ,R ) R d R 

. (20) 

t can be seen that the radial likelihood term depends only 1 on the
arameters f q , c Q , and c SF . The relative normalization term 
 

∗
SF /
 

∗
Q 

s not explicitly present in equations ( 19 ) and 20 but is subsumed by
 q . 
We further parametrize and expand the quenched fraction term to

e a function of redshift and cluster velocity dispersion (which we
NRAS 541, 409–428 (2025) 

 The o v erall normalization of the quiescent population for each cluster, 
 
∗
Q , 

ould also be fit as a set of free parameters. That was not done within this 
ork, but in principle it would allow for a self-consistent measurement of the 

ichness of each cluster. 

t  

s  

t  

S  

s  

C

se as a proxy for dynamical mass), with the form 

 q ( cl) = f q, ◦(1 + z ′ ) q a (1 + q b σ
′ ) (21) 

here σ ′ = ( σi /σ◦) 3 and z ′ = ( z i − z ◦), with z i and σi being the re-
pective redshift and velocity dispersion of the cluster cl i correspond-
ng to galaxy i. Again we take both z ◦ and σ◦ to be representative of
he median of the sample at z ◦ = 1 . 1 and σ◦ = 500 km/s . 

The function ς ( c, R) and its corresponding integral over R have
nalytic expressions. We use the form from Łokas & Mamon ( 2001 ,
lthough a similar form can be found in Bartelmann 1996 ); ho we ver,
e use the slightly different notation of equation ( 16 ), with a variable

hange of r = R/R 200 , with 

( c, r ) = 

1 − | c 2 r 2 − 1 | −1 / 2 
h (1 /cr) (

c 2 r 2 − 1 
) , (22) 

here c = R 200 /r s is the concentration parameter, and 

 ( x) = 

{
cos −1 ( x) if r > 

1 
c 

cosh −1 ( x) if r ≤ 1 
c 

. (23) 

The integral over R can be solved analytically, again using the
orm from Łokas & Mamon ( 2001 ): ∫ R 

0 

( R ) R d R = 

R 
2 
200 

c 2 

[ 

h 

(
1 
cr 

)
∣∣c 2 r 2 − 1 

∣∣1 / 2 + ln 
( cr 

2 

)] 

, (24) 

which, when e v aluating to the limit of R = R 200 simplifies to ∫ R 200 

0 

( R ) R d R = 

R 
2 
200 

c 2 

[ 

h 

(
1 
c 

)
∣∣c 2 − 1 

∣∣1 / 2 + ln 
( c 

2 

)] 

. (25) 

.2.3 Combined likelihood 

he final likelihood is the product of the mass and radial likelihood
erms. The likelihood for a quiescent galaxy is shown below, given
n a logged form to match the output used in our fitting routine: 

log L i,Q = log 

[
1 

M 
∗

(
M i 

M 
∗

)α

exp 

(
− M i 

M 
∗

)
d M 

]
+ log 

[

( c Q , R i ) R i 

]

− log 
 

(
1 + α, 

M lim(cl) 

M 
∗

)

+ log f q ( cl) − log 

[∫ R max , cl 

0 

( c Q , R ) R d R 

]
, (26) 

here the top two lines contain quantities that have to be e v aluated
or every galaxy (again remembering that α and M 

∗ are e v aluated for
he specific R i and z i of each galaxy), and the bottom line contains
uantities that have to be e v aluated once for each cluster. 
For the star-forming galaxies, the form is slightly altered: 

log L i ,S F = log 

[
1 

M 
∗

(
M i 

M 
∗

)α

exp 

(
− M i 

M 
∗

)
d M 

]
+ log [ 
( c SF , R i ) R i ] 

− log 
 

(
1 + α, 

M lim(cl) 

M 
∗

)

+ log [1 − f q ( cl)] − log 

[∫ R max , cl 

0 

( c SF , R ) R d R 

]
. 

(27) 

This likelihood structure results in nine free parameters to be fit
or each population (quiescent and star-forming), in addition to the
hree parameters in f q . This results in a total of 21 parameters for
he whole model. The priors and posteriors for each parameter are
hown in Table 2 . The high number of parameters were not expected
o all be informative for the sample size we have. As discussed in
ection 4.3 , we explore a minimal set of these parameters and test the
ignificance of additional parameters using the Bayesian Information
riterion (BIC). 
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Table 2. An o v erview of the 21 parameters, their prior ranges, and their best- 
fitting posterior values with their 1 σ /68 per cent confidence limits. The prior 
ranges all correspond to flat priors. ( a) The upper range of the prior for f q, ◦ is 
set as a hyperprior so the o v erall f q term is less than 1 (see Section 3.4 ). 

Parameter Prior Posterior 

α◦,Q [ −10, 10] −0 . 65 + 0 . 29 
−0 . 26 

α◦,SF [ −10, 10] −1 . 23 + 0 . 20 
−0 . 20 

αR,Q [ −10, 10] −0 . 33 + 0 . 42 
−0 . 40 

αR,SF [ −10, 10] −0 . 05 + 0 . 33 
−0 . 34 

αz,Q [ −10, 10] 1 . 54 + 1 . 55 
−1 . 52 

αz,SF [ −10, 10] 0 . 40 + 1 . 26 
−1 . 14 

αRz,Q [ −10, 10] 1 . 20 + 2 . 23 
−2 . 34 

αRz,SF [ −10, 10] 0 . 22 + 2 . 06 
−1 . 99 

M 
∗
◦,Q 

[5, 30] 10 . 66 + 0 . 12 
−0 . 12 

M 
∗
◦,SF [5, 30] 10 . 79 + 0 . 18 

−0 . 15 

M 
∗
R,Q 

[ −10, 10] −0 . 26 + 0 . 18 
−0 . 18 

M 
∗
R,SF [ −10, 10] −0 . 24 + 0 . 30 

−0 . 30 

M 
∗
z,Q 

[ −10, 10] −0 . 52 + 0 . 61 
−0 . 61 

M 
∗
z,SF [ −10, 10] −0 . 26 + 0 . 84 

−0 . 85 

M 
∗
Rz,Q 

[ −10, 10] −0 . 12 + 0 . 95 
−0 . 90 

M 
∗
Rz,SF [ −10, 10] 0 . 42 + 1 . 58 

−1 . 64 

c Q [0, 20] 5 . 98 + 1 . 09 
−0 . 91 

c SF [0, 20] 2 . 07 + 0 . 42 
−0 . 39 

f q, ◦ [0, 1 ( a) ] 0 . 49 + 0 . 03 
−0 . 03 

q a [ −5, 5] −0 . 41 + 0 . 25 
−0 . 23 

q b [ −5, 5] 0 . 00 + 0 . 01 
−0 . 01 
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Figure 5. The red and blue points show the surface number density of 
cluster galaxies in our sample as a function of cluster-centric radius for the 
quiescent and star-forming populations, respectively. The shaded curves show 

the results of our full model and 1 σ confidence region, determined by fitting 
the unbinned data. These fits are compared with the profiles measured by 
Biviano et al. ( 2021 ) on a subset of these data, using a different method. 
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.2.4 Weight incorporation 

n the likelihood described here, we assume that the sample is
omplete and unbiased o v er the cluster areas A , and for all stellar
asses M abo v e the rele v ant stellar mass limit. This requires
eighting the photometric sample for incompleteness as described 

n Section 2.3 , and these weights are incorporated in the likelihood
s in vdB20 : 

log L = 

N g ∑ 

i= 1 

w i 

[
log L M,i,x + log L R,i,x 

]
. (28) 

.3 Model validation 

e tested the validity of the model by generating mock data 
orresponding to a specific set of parameters, and assessing the ability 
f the model to reco v er those parameters. 
First, galaxies from a range of cluster-centric radii were chosen by 

rawing from the probability density functions (PDFs) of projected 
FW profiles, according to the concentration parameters. We sample 
 set of discrete redshifts corresponding to the simulated clusters, 
hich are chosen to match the redshifts of the clusters in our data.
he radius and redshift of each galaxy then specifies α and M 

∗

ccording to our parametrization, and a stellar mass is drawn from
he corresponding Schechter function PDF. This gives mass, radius, 
nd redshift values for each galaxy in the mock sample. 

The entire set of 21 parameters was then fit to each sample, regard-
ess of the size of the chosen set of mock sample parameters. This
llowed us to validate that the model could reco v er all parameters
orrectly, ev en if the y were set to null values. The true parameter
alues were consistently reco v ered within 1 σ of the fit uncertainties.
ultiple realizations of the same mock sample parameter sets were 
t to confirm there was no bias within the parameter reco v ery. 

.4 Fitting the data 

e fit the 21 parameter model to the sample of 1606 galaxies
escribed in Section 2 using the MCMC Ensemble sampler EMCEE 
F oreman-Macke y et al. 2013 ). The input for the model is the set of
alaxy stellar masses, cluster-centric radii, and their parent cluster 
edshifts. Other inputs include the stellar mass limit and virial radius
f each cluster. The fit was completed using 50 walkers, and 3000
terations after the burn-in period of 1000 iterations. The posterior 
alues and their 1 σ distributions are given in Table 2 , along with the
rior ranges they were e v aluated on. 
The priors were set as uniform distributions with conserv ati ve

anges such that they were not dominating the parameter space the
osteriors converged on, as can be seen in the complete corner plot
n Fig. B4 . The ranges and initial values for the parameters not
art of the radial/redshift α/M 

∗ expansion were moti v ated by the
t values of the models in vdB20 and Biviano et al. ( 2021 ). In
ddition, to ensure that the o v erall quenched fraction remains within
he physically moti v ated bounds of [0,1], we introduce a hyperprior
f the upper limit of the normalization term f q, ◦, which enforces the
nequality f q, ◦ < 1 / 

[
(1 + z ′ ) q a (1 + q b σ

′ ) 
]

(see equation 21 ). 

 RESULTS  

e begin this section with Section 4.1 , where we examine some key
ntegrated properties of the clusters, and compare these with previous 
orks. In Section 4.2 we focus on the main objective of this work,

nd present the results on how the shape of the SMFs depends on the
luster-centric radius and on the redshift of the cluster members. 

.1 Radial profiles and quenched fraction 

ig. 5 shows the global surface density profiles of the quiescent and
tar-forming populations, defined by their respective concentration 
MNRAS 541, 409–428 (2025) 
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M

Figure 6. Global quenched fraction dependence on stellar mass, for all radii 
R < R 200 and redshifts. The uncertainties on the binned points correspond to 
the binomial confidence intervals. The dashed line and grey shaded regions 
show the quenched fraction values of field galaxies in the redshift range 
of the sample, following the fits from McLeod et al. ( 2021 ), and their 1 σ
uncertainties. The figure is omitting the three highest mass bins of the sample 
as neither the field nor the cluster quenched fractions are usefully constrained 
at those masses. 
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Figure 7. Quenched fraction as a function of cluster-centric radius. The 
sample is split into two bins based on the mean redshift of the sample ( z � 

1 . 12). For clarity, the high-redshift points are slightly horizontally offset. The 
quenched fraction profiles (equation 18 ) are e v aluated at the mean redshift 
values their redshift bins. The uncertainties on the binned points are their 
corresponding binomial confidence intervals, and the shaded region around 
the fits are the 1 σ parameter uncertainties. The field value is set to the global 
field quenched fraction value from McLeod et al. ( 2021 ), at the mean redshift 
of our sample, and down to our stellar mass limit. 
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alues. Overlaid are the profiles described by the best-fitting concen-
ration values in Biviano et al. ( 2021 ), which was done on a subset of
ur cluster sample and with the same galaxy type definition. There
s good agreement between their quiescent concentration value and
urs (5.1 ± 0.9 and 6.0 ± 1.0, respectively), but a > 2 σ discrepancy
etween their star-forming value and ours (0.7 ± 0.4 and 2.07 ±
.4, respecti vely). Ho we ver, in their work they also split their data
nto two redshift bins, and for the higher redshift bin they fit a
tar-forming concentration value that is more consistent with ours
1.5 ± 1.0). Also, their sample does not include the three highest
edshift GOGREEN clusters that our sample does (SpARCS-0219,
pARCS-1034, and SpARCS-1033). Finally, they use the BCG for

he position of all their cluster centres, whereas we adopt different
entres for SpARCS-1047 and SpARCS-1051. Nevertheless, the
uiescent profile has a steeper slope than the star-forming in both
ets of parameters, which corresponds to a quiescent-dominated core
egion ( f q > 0 . 5), as shown explicitly in later figures. 

Fig. 6 shows the quenched fraction within R 200 of the sample as
 function of stellar mass. There is a strong correlation such that the
uenched fraction increases from ∼20 per cent at the mass limit of the
ample, to almost entirely quenched at the highest masses. This trend
s consistent with the form found in vdB20 and other studies (Peng
t al. 2010 ; Muzzin et al. 2012 ; van der Burg et al. 2018 ). The values
re compared to the quenched fractions from the field SMFs from
cLeod et al. ( 2021 ), e v aluated at the mean redshift of our sample.

he cluster quenched fraction is ele v ated abo v e the field levels at all
tellar masses, and is significantly ele v ated at log M 

∗ < 10 . 75. 
Fig. 7 shows the quenched fraction as a function of cluster-

entric radius. The galaxies are split into two redshift bins, with
he analytic function being e v aluated for the mean redshifts of
ach. Both redshift bins show an inverse radial correlation, with
he quenched fraction increasing with proximity to the cluster core.
his is consistent with trends observed in this (e.g. Baxter et al. 2022 )
nd other samples, including at z = 0 (Vulcani et al. 2013 ; Haines
t al. 2015 ; Kawinwanichakij et al. 2017 ; Pintos-Castro et al. 2019 ),
nd is qualitatively consistent with the observed trend for quenched
NRAS 541, 409–428 (2025) 
raction to increase with increasing local density (Kauffmann et al.
004 ; Peng et al. 2010 ). The observed trend is compared with the
lobal quenched fraction of the field (e v aluated at the mean redshift
nd o v er the same stellar mass range as our sample), from McLeod
t al. ( 2021 ). The quenched fraction of the outer regions of the
lusters is ∼ 40 ± 10 per cent, larger than the field ( ∼ 25 per cent)
ut at low significance. This difference increases rapidly towards the
ore, where the cluster quenched fraction reaches ∼ 70 per cent. The
edshift split of the fit functions indicates a small ( < 5 per cent) but
tatistically insignificant normalization increase in quenched fraction
or all radii with a decrease in redshift. Further analysis of trends with
edshift and cluster velocity dispersion are explored in Appendix B . 

.2 SMF fits 

o demonstrate how well our model is able to fit the SMFs of cluster
opulations as a function of cluster-centric radius and redshift, we
rst divide each population (quiescent and star-forming) into six
ub-populations: two radial regimes (0 < R/R 200 ≤ 0 . 45 and 0 . 45 <
/R 200 ≤ 1 . 0), and three redshift regimes (0 . 86 < z ≤ 1 . 05, 1 . 05 <
 ≤ 1 . 25, and 1 . 25 < z ≤ 1 . 46), all of which have approximately
qual sample sizes. We plot the binned number density as a function
f mass for each subset, and o v erlay the mass function from the full
odel but with the global α and M 

∗ parameters e v aluated at the
ean radius and redshift of each sub-sample. We also fit a Schechter

unction with no radial or redshift dependency (see equation 6 ) to
ach subset, which we call the ‘simple model’, giving a comparison
t. Within these plots, the errors on the SMF binned points are
oisson errors with the relative magnitude of their weights taken

nto account. 

.2.1 Star-forming population 

ig. 8 shows the six sub-populations of the star-forming galaxies,
ith binned galaxy number density by stellar mass. Overlaid are
oth the full model and simple model fits to each sub-sample. The
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Figure 8. Binned number density of star-forming galaxies against their stellar mass for two radial bins and three redshift bins. Overlaid is the comparison of 
the complete model (the dark-blue ‘Full Model’ fit) e v aluated at the mean z and R/R 200 of each group (which are stated in each sub-figure). For comparison, we 
show a non-radial and non-redshift dependent Schechter function fit for just the population in each subgroup (the light-blue ‘Simple Model’ fit). The colours of 
the title boxes match the colours used for the respective populations in Fig. 9 . The two models are fully consistent with one another, but the full model is better 
constrained, as expected since it is derived from the full data set. Also shown are the SF field SMFs from McLeod et al. ( 2021 ), e v aluated at the mean redshift 
of, and normalized to, each subgroup, in order to have a visual comparison between their shapes. 
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Figure 9. The best-fitting α and M 
∗ values and their 1 σ and 2 σ uncertainties 

for the star-forming population. The parameter values are e v aluated for the 
mean radial and redshift values of the four edge sub-populations in Fig. 8 , 
to show the extent of the parameter space explored. The star-forming field 
values from McLeod et al. ( 2021 ) are also shown, with the light blue and pink 
triangles corresponding to the lowest and highest redshifts of our sample 
redshift range, respectively. The field 1 σ uncertainties are the same scale as 
the plot icons. There is no significant variation in the shape of the SMF for 
this population, as a function of environment or redshift. 
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wo fits are consistent with one another, but the full model fits are
etter constrained, especially at the low- and high-mass ends. This 
s a reflection of the additional information the complete model has 
rom its access to the entire sample. 

Fig. 9 shows the α and M 
∗ best-fitting values and their 1 σ and

 σ contours. The parameters are sho wn e v aluated at the mean z and
/R 200 for each of the four edge populations in Fig. 8 , with Low-
 corresponding to the left-most column, High-z to the right-most 
olumn, and Core and Non-core corresponding to the top and bottom 

o ws, respecti vely. These groups were chosen to show the extent of
he explored parameter space of the full model. Also shown are the
alues of the field (e v aluated at the edge of the sample redshift range
sing the McLeod et al. ( 2021 ) fits), with the statistical uncertainties
f the field given in their error bars (note that for the star-forming
opulation the errors are on the scale as the plot icons). These
ncertainties do not include systematic uncertainties that might be 
resent, for example in the definitions of star-forming and quiescent 
rom UVJ colours). F or e xample, results from Muzzin et al. ( 2013 ),
ho use a different UVJ selection cut, find the SF α field values to be
1.2, compared to ∼−1.5 from McLeod et al. ( 2021 ). Considering

his, the figure shows that the cluster α and M 
∗ values are not only

onsistent with the field values, but are also consistent through both 
he redshift and radial ranges. These results indicate that the star-
orming populations in the clusters do not significantly depend on 
nvironment or redshift within the sample, and are consistent with 
heir field counterparts. 

.2.2 Quiescent population 

ig. 10 follows the same form as Fig. 8 , but instead shows the
ix sub-populations of the quiescent galaxies, along with the full 
odel and simple model fits for each sub-sample. Again both fits
re consistent with each other, with the major difference that the full
odel fits are better constrained than the individual simple model 
ts, in particular at the low-mass end. This is due to the additional
MNRAS 541, 409–428 (2025) 



418 G. Hewitt et al. 

M

Figure 10. Same form of Fig. 8 , but showing the binned number density against stellar mass for the quiescent galaxy population (again through two radial bins 
and three redshift bins). Overlaid is the comparison of the complete model (the red ‘Full Model’ fit) e v aluated at the mean z and R/R 200 of each group (which 
are stated in each sub-figure). For comparison, we show a non-radial and non-redshift-dependent Schechter function fit for just the population in each subgroup 
(the pink ‘Simple Model’ fit). The colours of the title boxes match the colours used for the respective populations in Fig. 11 . There is good agreement between 
the different model fits and the binned data. Also shown are the Q field SMFs from McLeod et al. ( 2021 ), e v aluated for the mean redshift of, and normalized to, 
each subgroup, in order to have a visual comparison between their shapes. 

Figure 11. Same form of Fig. 9 , but showing the best-fitting α and M 
∗

values for the quiescent population, along with their 1 σ and 2 σ uncertainties. 
The parameter values are evaluated for the mean radial and redshift values of 
the four edge sub-populations in Fig. 10 to show the extent of the parameter 
space explored. The quiescent field values from McLeod et al. ( 2021 ) (and 
their 1 σ uncertainties) are also shown, with the light-blue and pink triangles 
corresponding to the lowest and highest redshifts of our sample redshift range, 
respectively. There are no significant variations in model parameters for this 
full model, though there is a weak trend for a dependence on cluster-centric 
radius (core versus non-core). 
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nformation that the model gained from its access to the entire
ample. 

In the same form as Fig. 9 , Fig. 11 shows the o v erall α and M 
∗

est-fitting values for the individual Schechter parameters for the
NRAS 541, 409–428 (2025) 
uiescent population. The values and their 1 σ and 2 σ contours are
gain subdivided into four groups, evaluated for the mean z and
/R 200 of the edge sub-populations in Fig. 10 . The subpopulations

re consistent with the McLeod et al. ( 2021 ) field values (again
aking into account the systematic errors – although there is more
onsistency in the literature for these values, with Muzzin et al.
 2013 ) finding a quiescent α values of −0.17), however, there is
 1 σ evidence for a trend with radius. At all redshifts, quiescent

alaxies in the core exhibit a slightly more positive α and a larger
 
∗ than cluster galaxies outside the core. This will be explored

urther in the next section. 

.3 Constraining parameters and � BIC 

s mentioned in Section 3.2.3 and as is evident through the uncertain-
ies on some of the parameters in Table 2 , not all of the parameters
e fit for are informative. In particular, many of the parameters

hat describe the radial and redshift dependence of α and M 
∗ are

onsistent with zero. Since the inclusion of extra parameters lead
o increased uncertainties, this may obscure any physically rele v ant
rends. 

Thus, in order to constrain the parameter set to the most sig-
ificant parameters of the model, we first limit the model to a
implified base set of parameters that are expected to be informa-
ive: 

[
c r , c b , α◦,r , α◦,b , M 

∗
◦,r , M 

∗
◦,b , f q, ◦

]
. This base model assumes

 global α and M 
∗ value that is independent of radius and redshift

n both the star-forming and quiescent populations, a concentration
alue for the radial profiles of each population, and a fixed quenched
raction term that is independent of redshift or velocity dispersion.
tarting from this base model, we then add additional parameters
nd validate their significance through the difference in the BIC
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Table 3. Select combinations of model parameter subsets, along with their 
BIC value and their � BIC value relative to the ‘Base’ combination (given in 
Section 4.3 ). 

Parameter 
combination BIC value � BIC 

Base 5096.20 N/A 

Base + αR,Q 5092.93 3.27 
Base + M 

∗
R,Q 

5090.23 5.97 
Base + αz,Q 5103.52 −7.32 
Base + M 

∗
z,Q 

5101.86 −5.66 
Base + αRz,Q 5103.48 −7.28 
Base + M 

∗
Rz,Q 

5102.51 −6.31 
Base + αR,SF 5102.52 −6.32 
Base + M 

∗
R,SF 5101.67 −5.47 

Base + αz,SF 5103.40 −7.20 
Base + M 

∗
z,SF 5102.40 −6.20 

Base + αRz,SF 5103.25 −7.05 
Base + M 

∗
Rz,SF 5102.39 −6.19 

Base + q a 5098.34 −2.14 
Base + q b 5101.56 −5.36 
Base + αR,Q + M 

∗
R,Q 

5097.12 −0.92 
Base + αz,Q + M 

∗
z,Q 

5108.52 −12.32 
All parameters 5178.85 −82.65 
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Figure 12. Same form as Fig. 11 , but showing the best-fitting α and M 
∗

values for the quiescent population (and their 1 σ and 2 σ uncertainties) for 
the model with only radial parameters for the quiescent SMF shapes (the ‘Base 
+ αR,r + M 

∗
R,r ’ model within Table 3 ). The centre, mid-cluster, and edge 

populations are e v aluated at 0, 0.5, and 1 R 200 of the clusters. The quiescent 
field values from McLeod et al. ( 2021 ) (and their 1 σ uncertainties) are shown, 
with the light-blue and pink triangles corresponding to the lowest and highest 
redshifts of our sample redshift range, respectively. In this restricted model, 
a strong dependence with environment is observed, with > 2 σ significance 
across the virialized range. 
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easurements of each model ( � BIC). The BIC quantifies significant 
mpro v ement of the model through the addition of parameters by
enalizing models by the size of their parameter space, with a form
f k ∗ ln ( N ) − 2 ln ( L ), where N is the sample size, k is the number of
arameters, and L is the likelihood of that specific model (Schwarz 
978 ). 
A variety of parameter combinations were explored, with their BIC 

nd � BIC values given in Table 3 . A rough interpretation of � BIC
alues is that ne gativ e values indicate no evidence for significant
mpro v ement of the model with additional parameters, 0 <� BIC < 2
ndicates weak evidence of significant impro v ement, 2 <� BIC < 6 in-
icates moderate evidence of significant impro v ement, 6 <� BIC < 10
ndicates strong evidence of significant impro v ement, and � BIC > 10
ndicates very strong evidence of significant improvement with 
dditional parameters (Raftery 1995 ). 

We find only two-parameter configurations that yield a positive 
 BIC: the addition of the radial component in the quiescent α

xpansion, and the addition of the radial component in the quiescent 
 
∗ expansion, which both individually present moderate evidence 

or a significant impro v ement with their addition. We interpret this
s moderate evidence that the shape of the quiescent SMF varies 
ith location in the cluster, as already indicated in Fig. 11 . Because
f the strong de generac y between the α and M 

∗ parameters, it is
ifficult to isolate which one drives this trend. In fact, including both
arameters in the model results in a slightly ne gativ e � BIC relativ e
o the Base model. Ho we ver, despite their degeneracy, the parameters
ave different physical interpretations and only adding one of them 

ould lead to misleading conclusions. We therefore elect to explore 
 model in which both parameters are free. 

Fig. 12 shows the quiescent α and M 
∗ values for the model 

hat only has the radial Schechter expansion parameters (the ‘Base 
 αR,r + M 

∗
R,r ’ model in Table 3 ). Here the Centre and Edge

egions are e v aluated at the extreme radial limits ( R/R 200 = 0 and
/R 200 = 1), in order to show the maximum extent of the explored
arameter space (we define the radial extent of the cluster core as
 < 0 . 3 R 200 ). We now observe a 2 . 1 σ separation between these

wo populations. We also show the parameter values at half the virial
adius, corresponding to a Mid-cluster population. This demonstrates 
oth the smooth transition of the trends, and how the parameter
rror constraints change across our sample range. Specifically, the 
arameters are better constrained for the middle population, because 
his is where most of the data is. Importantly, the parameters for the
entre population are inconsistent with the field at the 3 . 8 σ and the
 . 6 σ levels for the low-z and high-z values, respectively. 

.3.1 Total SMFs 

he results from Fig. 7 show an increased quenched fraction 
ompared to the field throughout the clusters, and especially in the
ore. This, coupled with the similarities of the individual Schechter 
arameters of the quiescent SMFs with the field means the total SMFs
f the clusters must also vary with environment. This is shown in Fig.
3 , where we present the combined star-forming and quiescent SMFs
f the centre and edge populations, and the field. This figure shows
hat the edge SMF is similar in form to that of the field, while
he centre has a significantly different shape, with a much greater
raction of massive galaxies. This suggests the centre population can 
ot simply be formed from a direct quenching of the field population,
omething we explore further in Section 5.2 . 

 DISCUSSION  

.1 Comparison to literature 

hrough Figs 6 and 7 (and B1 ), we find that the quenched fraction
n these massive clusters is dependent on a galaxy’s stellar mass,
luster-centric radius, and redshift. This is consistent and expected 
ased on previous findings (Dressler 1980 ; Peng et al. 2010 ; Tomczak
t al. 2014 , 2017 ; Haines et al. 2015 ; Nantais et al. 2016 ; Jian et al.
017 ; Guglielmo et al. 2019 ; Pintos-Castro et al. 2019 ; Roberts
t al. 2019 ; Stott 2022 ), including previous analysis of this same
MNRAS 541, 409–428 (2025) 
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Figure 13. The total SMFs of the cluster centre (brown) and the cluster 
edge (green) with their respective 1 σ uncertainties. Also shown in black is 
the total field SMF based on the fits from McLeod et al. ( 2021 ). All three 
SMFs are normalized to have the same integrated SF SMF component. The 
curves therefore reflect the different shapes in total SMF, and also the different 
o v erall quenched fractions. At the cluster edge, the SMF is similar to the field 
SMF, while the cluster centre SMF has a significantly different shape from 

both. 
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ample (Muzzin et al. 2012 , 2013 ; van der Burg et al. 2020 ; Baxter
t al. 2022 , 2023 ). Using a simple model where mass-quenching
nd environmental-quenching are separable (e.g. Peng et al. 2010 ;
uzzin et al. 2012 ), it is assumed that the excess of quenched galaxies

n clusters is built up through a mass independent conversion of the
tar-forming population. If this model is correct, it is necessary that
he quiescent SMFs of cluster galaxies should be different from the
eld mass functions. Observations of low-redshift clusters indeed
nd a SMF difference, and this separable model is able to reproduce

he observations in the local Universe (Peng et al. 2010 ) (but see
ulcani et al. ( 2013 ) for alternative results). 
The initial analysis of GOGREEN clusters at higher redshift

resented a different result. vdB20 showed that both the quiescent
nd star-forming cluster SMFs at redshifts 1 . 0 < z < 1 . 4 have no
easurable difference from the shapes of their respective field

opulations. The conclusion they drew was that there must be some
hared mechanism in both environments that results in the observed
ass-dependent quenching, but at an enhanced rate in clusters to

chieve the elevated quenched fraction. They explore possibilities
ncluding an ‘early mass-quenching’ model with earlier formation
imes of the cluster member progenitors. 

In principle, evidence for this early mass-quenching could be
ound by measuring the ages of quiescent galaxies. This measurement
as made by Webb et al. ( 2020 ), who did confirm that cluster
uiescent galaxies are somewhat older than those in the field, as
xpected in this model, and different from what is expected in
n infall-driven environmental quenching scenario. Ho we ver, the
ample was too small to measure this difference as a function of
luster-centric radius. 

In contrast, there is also evidence that some quenching must
ccur later, during the assembly of the cluster. Werner et al. ( 2022 )
ho w that massi ve galaxies in GOGREEN are preferentially being
uenched in the infall regions around the clusters. Also, Edward et al.
 2024 ) analysed protoclusters at z > 2 and found that a substantial
mount of quenching must occur between then and z ∼ 1 . 5 to
atch the quiescent SMFs in GOGREEN clusters. Finally, Baxter
NRAS 541, 409–428 (2025) 
t al. ( 2022 , 2023 ) also analysed these same clusters and showed
he strong radial and mass dependence of the quenched fraction
ould be modelled with a mass-dependent, environmental quenching
echanism. In particular, Baxter et al. ( 2023 ) found two solutions,

orresponding to a ‘core-quenching’ scenario and a ‘starvation’
on-core scenario, though they ruled out the former as a dominant
echanism using the phase-space distribution of transition galaxies.
o we v er, the y did not explore in detail the extent to which this could

xplain the shape of the quiescent SMF as a function of environment.
t is evident from these results that multiple quenching modes may
a ve b uilt up the quenched population in these clusters, and the
bility of our model to fit trends through radius and redshift is well
uited to distinguish between them. 

In Fig. 9 we show that the fits for αSF and M 
∗
SF are invariant as a

unction of radius and redshift, as well as consistent with their related
eld values. This result is consistent with expectations from both

he previously mentioned quenching models, and has been seen in
revious work through various redshift and environmental conditions
Calvi et al. 2013 ; Ilbert et al. 2013 ; Vulcani et al. 2013 ; Annunziatella
t al. 2014 ; Bundy et al. 2017 ; P apo vich et al. 2018 ; Kawinwanichakij
t al. 2020 ). 

Ho we ver, when we allow αQ and M 
∗
Q 

to vary with cluster-centric
adius, we do find a moderately significant difference with environ-
ent, as shown in Fig. 12 . A significant difference in SMF shape

elative to the field is observed, but only at the cluster centre. This
ifference was therefore not apparent in the global SMFs analysed by
dB20 . It is also rele v ant that when we allow the extra freedom for the
odel to account for an important radial dependence, the parameter

ncertainties increase. The restricted (radial-independent) model of
dB20 would therefore also lead to underestimated uncertainties and
n o v erestimate of the significance of their null result. Finally, we
ote that recent work (Gully et al. 2025 ), which took advantage of
eeper, narrow-band data on a subset of four GCLASS clusters, did
nd evidence for a significant change in the low-mass slope of the
uiescent SMF relative to the field. 
While the redshift dependence of the full model is not found to

e significant, it is still important to understand how our results fit
n the context of the global quiescent population. P apo vich et al.
 2018 ) analysed a sample of galaxies in various environments o v er a
edshift range of 0 < z < 2. They use survey data from ZFOURGE
Straatman et al. 2016 ) and NMBS (Whitaker et al. 2011 ), which both
o v er random fields o v er a combined area of ∼1,800 arcmin 2 . They
lso include results from Tomczak et al. ( 2014 ), which independently
easured the SMF parameters of the total quiescent population

sing an earlier version of the ZFOURGE data set. The results
rom their analysis show that the shape of quiescent SMFs in low-
ensity environments do not evolve with redshift, while the SMF
hape in higher densities begins to deviate from the ‘field’ at z < 1
similar results are also found in Davidzon et al. 2016 ). Our study
robes the redshift regime where this transition occurs. It should be
oted ho we v er, that since their data co v er field galaxies and not rich
tructures as our sample does, their highest density quartile is more
kin to our lowest density regime (the cluster non-core/edge). 

In Fig. 14 we adapt and add the results from both our full model
nd the radial model results to fig. 4 from P apo vich et al. ( 2018 ),
here they show their fits of Schechter parameters for low- and
igh-density regimes of quiescent galaxies. Fig. 14 shows that our
t values follow their total and highest density results very well.
otably, both the α and M 

∗ values of our sample are consistent with
heir ‘field’ values at the high-redshift bins of our sample, while
oth differ significantly from the field at the low-redshift bins. Fig.
4 also shows that the core/centre have α values more consistent
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Figure 14. Best-fitting values for quiescent M 
∗ ( left ) and α ( right ) parameters in various environments through redshift. This figure is an adaptation of fig. 4 in 

P apo vich et al. ( 2018 ), and shows their best fits from ZFOURGE, NMBS, and the related Tomczak et al. ( 2014 ) results. We compare our full parameter model 
results (blue stars) from the four edge populations in Fig. 10 (the same used in Fig. 11 ). The red stars show the radial model results for the two populations used 
in Fig. 12 , with those points placed at the median redshift of the sample. While all the data points generally follow the trend of open points for lower density, 
and closed points for higher density, our ‘Non-core/Edge’ sample represents an environment more similar to the other ‘highest density’ samples in the figure. 
The dark grey points show the quiescent field parameter values from McLeod et al. ( 2021 ) and the grey shaded regions represent the mean range of parameter 
values for the ‘lowest density’ environments. 
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ith the field, while the non-core/edge have M 
∗ values that are more

onsistent with the field. We explore the physical interpretation of 
his in Section 5.2 . 

.2 Simple quenching pathway model 

he results discussed in Section 5.1 support the idea of two separate
hannels for increasing the quenched fraction in z ∼ 1 clusters, as
as been suggested in the literature (Poggianti et al. 2006 ; Wild et al.
016 ; Socolo vsk y et al. 2018 ; van der Burg et al. 2020 ; Webb et al.
020 ; Baxter et al. 2023 ). At the cluster edge, a mildly enhanced
uenched fraction appears qualitatively consistent with expectations 
rom a mass-independent environmental-quenching of infalling star- 
orming galaxies, leading to a steeper α for the quenched population. 
n the other hand, the centre appears to have a quiescent α value
ore similar to the field, but with a much larger quenched fraction,

nd notably a highly ele v ated characteristic mass that is significantly
ifferent from the field. 
Similar to the experiment in Papovich et al. ( 2018 ), we consider a

imple model which considers the cluster quiescent SMF to be a com-
ination of the field quiescent SMF and the field star-forming SMF.
n their work they apply various mass-dependent and independent 
uenching profiles to the star-forming SMF in order to explore the 
fficacy of the mass-independent environmental-quenching model 
Peng et al. 2010 ; Kova ̌c et al. 2014 ). In our model, we aim to explore
he relative importance between the environmental quenching model 
rom Peng et al. ( 2010 ) and the ‘early mass-quenching’ model
roposed in vdB20 . We parametrize the importance of the early 
ass-quenching model with the coefficient A Q applied to the field 

uiescent SMF, and the importance of the environmental-quenching 
odel with the coefficient B SF applied to the field star-forming SMF.
he functional form of our model is given as 

( M) Q,C = A Q φ( M) Q,F + B SF φ( M) SF ,F , (29) 

here φ( M) Q,C is the cluster quiescent population, φ( M) Q,F is the
uiescent field population, and φ( M) SF ,F is the star-forming field 
opulation. The o v erall normalization of this combination is set by
equiring the integral of φ( M) Q,C to be equal to that of the observed
ata (or more specifically the parametrized fit). This ensures the total
uenched fraction of our model matches that of the data, and means
here is only one free parameter in our model (either A Q or B SF ). 

The left panel of Fig. 15 shows the SMF of the quiescent cluster
entre and three different model combinations, each with increasing 
evels of environmental-quenching ( B SF = 0.0, 0.1, 0.3). With the
entre having an α value more consistent with the quiescent field 
alue (see Fig. 12 ), it is unsurprising that any major addition of an
nvironmental-quenching component will lead to a low-mass slope 
hat diverges from the values observed in the cluster centre. Ho we ver,
ven in the case where the model is dominated entirely through early
ass-quenching ( B SF = 0.0), the model is unable to reproduce the

igh-mass quiescent population, which is due to the larger M 
∗ value.

o account for this, we consider models where M 
∗ is larger for the

ass-quenched field population that ends up in the cluster. This is
hown in the middle panel of Fig. 15 , where the mass-quenched field
 
∗ is increased by a factor of 0.24 dex, which is approximately the

ncrease we see in the centre from the field values (Fig. 12 ). With this
hange we are able to reproduce the observ ed SMF well. Moreo v er,
odels that include significant levels of environmental-quenching 

up to B SF ≈ 0.15–0.35) are still consistent with the data. In both
f these figures, the value of A Q is much higher than unity. This
eflects the much higher quenched fraction in the cluster cores, and
urther shows the quiescent centre SMF has a similar shape to the
eld, but with a higher normalization. This appears consistent with 

he interpretation of vdB20 and Webb et al. ( 2020 ), that the cluster
ore is dominated by quiescent galaxies that quenched similarly to 
he field, but with greater efficiency. 

The right panel of Fig. 15 shows the equivalent experiment 
without the increase in field M 

∗) but e v aluated for the cluster edge
e gion. F or this population we find that without an environmental-
uenching component, the shape of the predicted SMF does not 
eproduce the observed trend. In the other two model combinations 
e decrease the early mass-quenching component, which allows 

or increased levels of environmental-quenching. The model that 
ncludes only environmental-quenching ( A Q = 1 . 0, B SF = 0 . 39),
MNRAS 541, 409–428 (2025) 
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M

Figure 15. A simple experiment to observe the significance of two independent quenching pathways in different z ∼ 1 cluster environments. The first 
component (enhanced mass-quenching) is represented by a multiple of the field quiescent SMF, and the second (environmental quenching) is represented by 
a mass-independent fraction of the field star-forming SMF (best-fitting values for both from McLeod et al. 2021 ). We quantify the relative importance of each 
pathway using the normalization coefficient A Q and B SF , respectively (see equation 29 ). The coloured dashed lines show different coefficient combinations 
explored to replicate the observed quiescent cluster population in each subplot (solid red curve with 1 σ errors), with their coefficient values indicated in the 
legends. All combinations are constrained so the total SMF has the same integral as the cluster SMF within our sample stellar mass range ( M ∗ > 10 9 . 5 M �). Left : 
various combinations to replicate the quiescent cluster centre SMF. None of the models are able to fully describe the data. Middle : same as the left panel, but the 
M 

∗ value of the enhanced mass-quenching population has been increased by 0.24 dex (see Section 5.2 ). In this case the model provides a good match to the data. 
It requires a large enhancement relative to the field ( A Q � 1), yet still allows for significant levels of environment quenching (up to B SF ≈ 0.15–0.35). Right : 
various combinations to replicate the quiescent cluster edge SMF. This population is well represented without any enhancement in mass-quenching ( A Q ≈ 1), 
and allows a significant amount of environmental quenching ( B SF � 0 . 4). 
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oes the best at reproducing both the low-mass and high-mass
egimes of the observed SMF. This indicates that the edge region
s dominated by environmental-quenching, and requires a minimal,
f any, early mass-quenching component. 

.3 Interpretation 

y considering the cluster populations as a function of cluster-centric
adius, our work provides a way to reconcile some of the apparently
iscrepant results in the literature for the early evolution of cluster
alaxies. While the outer regions are dominated by galaxies that
uenched recently ( z � 3) during cluster assembly (e.g. Baxter et al.
022 ; Werner et al. 2022 ; Edward et al. 2024 ), the galaxies in the
ore were quenched much earlier, in the protocluster phase, via an
ccelerated mass-quenching mechanism (e.g. van der Burg et al.
020 ; Webb et al. 2020 ). 
The origin of massive quenched field galaxies (those produced

hrough ‘mass-quenching’) is still a matter of ongoing research, but
 majority are likely produced through AGN feedback (Croton et al.
006 ; Hopkins et al. 2008 ; Fabian 2012 ; Cicone et al. 2014 ; Bremer
t al. 2018 ), potentially fed by rich gas mergers (Kocevski et al. 2012 ;
an et al. 2016 ; Mechtley et al. 2016 ; Shah et al. 2020 ; Xie et al.
024 ). A natural interpretation of the enhanced quiescent population
n our cluster centre could therefore be an enhanced efficiency of
erger-driven AGN feedback, as suggested by Pontzen et al. ( 2017 )

nd Davies, Pontzen & Crain ( 2022 ). Tomczak et al. ( 2017 ) found a
assive quiescent galaxy excess within the highest density regimes

f their sample (ZFOURGE) just as we did, and explored models of
 alaxy–g alaxy merging to help explain the discrepancy. Their merger
odel increased both the α and M 

∗ values of their fits, allowing for
etter fits of their highest density populations. Results from Rudnick
t al. ( 2012 ) showed that as many as four mergers per quiescent
alaxy are necessary for the quiescent SMF shape of z = 1 . 6 clusters
o match that of z ≈ 0 . 6 clusters (Rudnick et al. 2009 ). 

The plausibility of mergers playing a role alongside early mass-
uenching increases with the evidence that the massive galaxies
n the GOGREEN/GCLASS clusters were self-quenched or pre-
NRAS 541, 409–428 (2025) 
rocessed prior to infall (Webb et al. 2020 ; Werner et al. 2022 ).
he progenitors of cluster galaxies form within protoclusters, in
hich the most massive galaxies are approximately twice as massive

s those in comparably selected field samples (Steidel et al. 2005 ;
atch et al. 2011 ; Koyama et al. 2013 ; Cooke et al. 2014 ). When
easured explicitly, protocluster SMFs have enhanced M 

∗ values,
ith an increase of 0.2–0.4 dex from the field fits (Cooke et al. 2014 ;
dward et al. 2024 ), which is consistent with the increase of 0.24 dex
e find necessary in our quiescent core model. Some protocluster
bservations have also shown strong AGN fraction enhancements,
n addition to that caused by their o v erdensity of high-mass galaxies
Lehmer et al. 2013 ; Krishnan et al. 2017 ; Espinoza Ortiz et al.
024 ; Vito et al. 2024 ). This is consistent with some evidence that
he AGN fraction in clusters increases more rapidly with redshift than
he field (e.g. Martini et al. 2013 ; Bufanda et al. 2017 ; Hashiguchi
t al. 2023 ). Combined with moderate velocity dispersions that allow
or significantly enhanced merger rates (Lotz et al. 2013 ; Giddings
t al. 2025 ), the conditions that protoclusters provide could explain
oth the mechanisms that allow for greater efficiency of early mass-
uenching, as well as an increased presence of high-mass quenched
alaxies. 

There is the caveat, ho we ver, that the early mass-quenching
echanisms may not be happening in protoclusters at all. Simulation

esults indicate protoclusters have equi v alent star formation rates as
he field at z > 3, but peak at earlier times (Chiang et al. 2017 ;

uldrew, Hatch & Cooke 2018 ). Muldrew et al. ( 2018 ) note that this
arlier peak is due to star formation being suppressed in protoclusters
t z < 3, rather than being enhanced at earlier times. Additional
imulation results from Ahad et al. ( 2024 ) find that protoclusters
ave a biased population of infall galaxies, such that many of the
alaxies supposed to be quenched by the protocluster could instead
e explained through ‘pure’ secular processes. Nevertheless, if this
ere the case the outcome would remain the same, with the cluster

ore population still being composed of these massive quenched
 alaxies, reg ardless of their exact quenching locations. 
The cluster edge region follows a quenching model more similar to

hat described in Peng et al. ( 2010 ). This might be expected as these
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alaxies are likely to originate in less-biased regions of the Universe, 
here the progenitor population may be more representative of 

he low-density field population. The later build-up of the deep 
ravitational potential and ICM then creates an environment that 
llows for the typical mass-independent environmental-quenching 
rocesses (e.g. ram-pressure stripping, strangulation, interaction- 
riven star formation or AGN activity) to become more efficient. 
ome of these mechanisms may also operate in the o v erdense infall
egions of these growing systems (e.g. Haines et al. 2012 , 2015 ;
oulouridis & Bartalucci 2019 ; Koulouridis, Gkini & Drigga 2024 ). 
he efficiencies of these processes are proportional to the local 
ensity of the ICM (or more explicitly t q ∝ ρ−1 / 2 , McGee, Bower
 Balogh 2014 ), so it is also expected that these processes would

e even more efficient in the cluster centre. Fig. 15 shows that, even
hough the centre is dominated by enhanced mass-quenching, it is still 
onsistent with significant environment quenching of B SF � 0 . 35, 
omparable to the constraints in the edge regions. 

.4 Considerations and future work 

t is common to include Eddington bias (Eddington 1913 ) into 
MF modelling to account for stellar mass uncertainties, which can 
ignificantly alter the shape of the SMF. This was neglected in our
MF fits in the present work because it requires a good understanding
f mass uncertainties as a function of mass, redshift and galaxy type.
f included, this would potentially increase the size of the posterior
ncertainties, and change the fit values for α and M 

∗. However, we
xpect the dependence of M 

∗ on environment that we find would 
ot be strongly affected, as long as the mass uncertainties are not
hemselves strongly environment-dependent. 

The large variation in the global quenched fraction of the cluster 
ample as a function of redshift and cluster velocity dispersion indi-
ates there are likely other dependencies that are primarily driving 
his scatter. The model in this work is robust and efficient enough to
xplore additional relationships and parametrizations of the evolution 
f cluster SMFs, including parameters related to the dynamical state 
f clusters. Ho we ver, this implementation is currently limited by the
ample size. This limitation will soon be mitigated with upcoming 
arge-field surv e ys such as Euclid and LSST, which have the potential
o observe local clusters through to high- z protoclusters (Brough et al.
020 ; Euclid Collaboration 2025 ). These surv e ys will primarily rely
n photometric redshifts, and deep, wide-field spectroscopy will be 
equired to assess cluster membership the way we have done for the
OGREEN and GCLASS clusters. Two examples of complementary 

urv e ys are CHANCES and MOONRISE. CHANCES will use the 
MOST telescope to obtain the spectra for all log [ M/M �] > 10 . 0
embers of 50 galaxy clusters at 0 . 07 < z < 0 . 45 (Sif ́on et al. 2024 ),

nd MOONRISE will use the MOONS instrument on the VLT to 
btain spectra for potentially half a million galaxies at 0 . 9 < z < 2 . 6
Maiolino et al. 2020 ). 

Throughout this work, it is apparent that the emergence of the 
on ventional en vironmentally quenched population occurs primarily 
t low stellar masses, and is reflected in the α parameter. This param-
ter is still poorly constrained in our fits, due to the limited depth of
he imaging and the sample size. This demonstrates the necessity of
cquiring even deeper photometry for clusters in any future samples 
see also Gully et al. 2025 ). F or e xample, in field quiescent galaxies,
n upturn in the SMF (often interpreted as due to environmental 
uenching) is only observed at M ∗ � 10 9 . 5 M �(McLeod et al. 2021 ).
A major conclusion of this work is that protoclusters might have a

ignificant effect on shaping the SMFs of clusters within the redshift
ange of our sample. Extending this analysis to z > 2 is necessary
o observe the build-up of massive quenched galaxies which become 
he progenitors of the cluster core galaxies, and in turn explore
he potential mechanisms that are causing them to quench. Further 
bservations of increased merger rates as well as enhanced AGN 

ractions would help with the understanding of the results from this
 ork. This w ould add to the current body of previous w orks, which
ave found evidence of elevated mass quenched populations within 
rotoclusters (Muldrew et al. 2018 ; Hill et al. 2022 ; McConachie
t al. 2022 ; Edward et al. 2024 ; Tanaka et al. 2024 ). 

 CONCLUSIONS  

n this work we measure the SMFs down to a mass limit of
og ( M/M �) = 9 . 5 for 17 galaxy clusters in the redshift range of
 . 8 < z < 1 . 5 from the GOGREEN and GCLASS surv e ys. We
arametrize the α and M 

∗ parameters of the star-forming and 
uiescent galaxies to be themselves functions of cluster-centric radius 
nd redshift, and parametrize the total quenched fraction within 
 200 to be a function of redshift and cluster velocity dispersion. We

ompare our results with a field sample, and model the contribution
f environmental quenching models for the quiescent populations at 
wo radial regions. Our main findings are: 

(i) The cluster quenched fraction depends significantly on both 
tellar mass and cluster-centric radius. It increases strongly with 
alaxy stellar mass and proximity to the cluster core, and is ele v ated
rom the field values (McLeod et al. 2021 ) for all mass and radii,
ith the core having highly ele v ated v alues (Figs 6 and 7 ). This is

onsistent with the results previously found with subsets of the same
ata (Muzzin et al. 2012 ; van der Burg et al. 2020 ; Baxter et al. 2023 ).
(ii) There is a weak low-significance trend of decreasing quenched 

raction with redshift o v er 0 . 8 < z < 1 . 5 (Fig. 7 ), and no dependence
f quenched fraction on cluster velocity dispersion. There is a sig-
ificant cluster-to-cluster variation in the quenched fraction beyond 
ny correlation with these variables. 

(iii) The SMFs of the star-forming galaxies in our clusters show 

o radial or redshift dependence, and are consistent with field values
Fig. 9 ). 

(iv) The SMFs of the quiescent galaxies in our sample show no
ignificant evidence for redshift dependence, and ∼ 2 σ evidence 
or radial dependence (Figs 11 and 12 ). The BIC indicates that a
odel in which α or M 

∗ vary with radius is preferred with moderate
ignificance o v er one in which the y are both constant. It also indicates
 more complex model does not significantly improve the fit. 

(v) The cluster centre has a high quenched fraction ( ∼ 70 per cent)
nd a quiescent galaxy SMF that is similar in shape to that of the
uiescent field, but with a M 

∗ parameter that is ∼ 0 . 24 dex larger.
his is indicative of the mass-dependent ‘early mass-quenching’ 
odel proposed by van der Burg et al. ( 2020 ), in which protocluster

alaxies are quenched in a manner similar to field galaxies, but at an
ccelerated rate. 

(vi) At the edge of the cluster, the ele v ated quenched fraction
elative to the field is instead due primarily to an excess of low-
ass quiescent galaxies, leading to the steeper (more ne gativ e) α,

haracteristic of mass-independent ‘environment-quenching models’ 
e.g. Peng et al. 2010 ). 

(vii) With a simple toy model (Fig. 15 ) we show that the quiescent
MF throughout the cluster is consistent with up to ∼ 40 per cent
ontribution from environment quenching. Deeper data are required 
o impro v e constraints on α and establish this fraction with more
recision. 
MNRAS 541, 409–428 (2025) 
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In conclusion, the high quenched fraction relative to the field in
hese z ∼ 1 clusters is dominated by the core population, which
ppears to have formed through an accelerated mass-quenching
echanism similar to what occurs for central galaxies. Ho we ver,
e cannot rule out a significant ( � 40 per cent) contribution from

nvironmental quenching. Future studies based on large wide-field
urv e ys (e.g. from Euclid and LSST), and combined with accurate
edshift measurements (e.g. CHANCES and MOONRISE), should
e able to probe the transition of dominant quenching models from
rotoclusters to massive low-redshift clusters. 
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Figure A1. Reco v ery rate of injected mock sources against their intrinsic 
magnitudes. The limiting magnitude is set as the value where the reco v ery 
rate is 80 per cent (solid grey line), with the value of 24.15 mag shown 
with the dashed grey line. This form is the ‘naive completeness’, without the 
inclusion of magnitude bias and Eddington bias. 
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PPENDIX  A:  MAGNITUDE  LIMIT  AND  

OMPLETENESS  

As mentioned in Section 2.1.1 , we followed the same procedure
or SpARCS-1033 as the other clusters in vdB20 , where the limiting
agnitude is based on the reco v ery rate of mock sources that are

njected on the raw K s -band image. We created the mock sources
sing the GALSIM software (Rowe et al. 2015 ), with all the sources
aving the same S ́ersic = 1 light profile. The rest of the parameters
re randomly drawn from uniform distributions, with the magnitudes 
n the range of 15–28, the half-light radii in the range of 1–3 kpc, the
llipticities in the range of 0.0–0.2, and all of random orientation.
 total of 30 000 mock sources were injected across 60 sets of

he raw image, so not to alter the underlying characteristics of the
riginal image. The sources are reco v ered using SEXTRACTOR (Bertin
 Arnouts 1996 ), and the individual reco v eries of each run are

tacked to give the overall completeness curve, as seen in Fig. A1 . 
Following the definition in vdB20 , the limiting magnitude is 

et where the mock source reco v ery rate is 80 per cent. For the
urve shown in Fig. A1 , this corresponds to a magnitude of 24.15
ag AB . This curve shows the recovery of intrinsic magnitudes, and
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M

Figure A2. Binned difference between the reco v ered and injected magni- 
tudes of the injected mock samples against their reco v ered magnitudes. The 
fit shows the tendency for SEXTRACTOR to measure sources as fainter than their 
true values, especially at higher magnitudes. 

Figure A3. Relation to approximate the stellar mass for the 11 GOGREEN 

clusters given in vdB20 , plotted against the redshift of each cluster. The black 
dashed fit line allows us to extend the relation to the redshift of SpARCS-1033, 
and solve for its limiting stellar mass. 
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Figure B1. The fit quenched fraction as a function of redshift, e v aluated 
on the mean cluster velocity dispersion of the sample ( σ = 891 km s −1 ). 
The errors are the 1 σ parameter uncertainties. The binned points show 

the quenched fraction of the individual 17 clusters in the sample and their 
corresponding binomial confidence intervals. The field reference corresponds 
to the fit quenched fraction function from McLeod et al. ( 2021 ). 

Figure B2. The modelled quenched fraction as a function of cluster velocity 
dispersion, including the ±1 σ parameter uncertainties. The binned quenched 
fraction of the individual clusters is also plotted, with the vertical errors being 
their confidence intervals, and their uncertainties in velocity dispersion as 
their horizontal errors, matching those given in Balogh et al. ( 2021 ). 
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o is missing two main sources of bias. The first is a magnitude
ias, which corrects for the discrepancy between the reco v ered and
ntrinsic magnitudes of the mock sources, with the binned points and
t shown in Fig. A2 . The second is Eddington bias, which affects

he completeness distribution, especially the steep slope at higher
agnitudes, with the random magnitude scatter resulting in more

ainter sources scattering into the bins of brighter sources (Eddington
913 ). The correction factors for both biases were matched with
hose in vdB20 , leading to a minor correction and giving a limiting
agnitude value of 23.89 mag AB for SpARCS-1033. 
Using the corrected magnitude limit we can calculate the stellar
ass limit of the cluster. Given the small range of redshift and

imiting masses of the cluster sample, we can estimate the mass limit
f SpARCS-1033 via a simple extrapolation of the full FAST -derived
ts completed for the other clusters in vdB20 . Using the stellar mass
nd magnitude limits, we can create a redshift-dependent relation
hat approximates the cluster’s mass-to-light ratios ( M ∗/L ) of the
orm log M lim + 0 . 4 K s ,li m = log 

(
M ∗
L 

) + log (4 π ) + 2 log ( D L ) . By
lotting this relation for each GOGREEN cluster through their
NRAS 541, 409–428 (2025) 
edshift, as shown in Fig. A3 , we are able to fit this trend and extend
o the redshift of SpARCS-1033 and solve for its limiting stellar mass
f 9.74 ± 0.03 log M � (with all cluster values stated in Table 1 ). 

PPENDIX  B:  QUENCHED  FRACTION  TRENDS  

ND  CORNER  PLOT  

The weak redshift evolution of the quenched fraction indicated
n Fig. 7 is shown explicitly in Fig. B1 , compared with the field
rom McLeod et al. ( 2021 ). The fits to our data show the cluster
uenched fraction, inte grated o v er all radii and stellar masses,
s significantly higher than the field at all redshifts, by about 25
er cent. This result is also consistent with the previous literature
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Figure B3. Binned sample points and the fit functional form of the quenched 
fraction as a function of cluster-centric radius. The sample is split into two 
velocity dispersion bins on the mean velocity dispersion of the sample ( σ � 

891 km s −1 ). The function is e v aluated at the mean redshift of the cluster 
( z � 1 . 1), and shows the 1 σ parameter uncertainties. The errors on the binned 
points are their binomial confidence intervals. 
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e.g. Peng et al. 2010 ; Muzzin et al. 2012 ; Lee et al. 2015 ;
alogh et al. 2016 ; Kawinwanichakij et al. 2016 ; Paccagnella et al.
016 ; P apo vich et al. 2018 ; Pintos-Castro et al. 2019 ), including
ork on this sample (Baxter et al. 2022 ). Also shown is the
inned quenched fraction values of the individual clusters. The 
ispersion they exhibit is large compared to the trend with redshift,
hich indicates that redshift is not the dominant factor driving 

luster-to-cluster variations. In addition, the significant scatter is 
ully captured by the uncertainty in the model. 

We also consider a potential dependence of quenched fraction on 
alo mass. We use the velocity dispersion values (see Section 3.2.2 )
s a proxy for the dynamical mass of the clusters. Fig. B2 shows
he quenched fraction as a function of velocity dispersion, and like
ig. B1 , shows the relationship against the quenched fraction of the

ndividually binned clusters. We find no significant dependence of 
lobal quenched fraction on cluster velocity dispersion, and again 
he large variation on a cluster-to-cluster basis indicates velocity 
ispersion is not the main parameter to describe these differences. 
e also found no significant difference in the quenched fraction 

adial trends of clusters based on their velocity dispersion, as shown
n Fig. B3 . 
MNRAS 541, 409–428 (2025) 
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M

Figure B4. Complete corner plot of the full model sample fit, corresponding to the values in Table 2 . The 16, 50, and 84 percentiles (the 1 σ and mid-point 
values) are shown with the vertical dashed lines in the 1D histograms, and the 2D histograms show the 1 σ and 2 σ contours. The plot was constructed using the 
CORNER software (F oreman-Macke y 2016 ). 
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