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A B S T R A C T 

We present an analysis of the galaxy stellar mass function (SMF) of 14 known protoclusters between 2.0 < z < 2.5 in 

the COSMOS field, down to a mass limit of 10 

9.5 M �. We use existing photometric redshifts with a statistical background 

subtraction, and consider star-forming and quiescent galaxies identified from ( NUV − r ) and ( r − J ) colours separately. Our 
fiducial sample includes galaxies within 1 Mpc of the cluster centres. The shape of the protocluster SMF of star-forming galaxies 
is indistinguishable from that of the general field at this redshift. Quiescent galaxies, ho we ver, sho w a flatter SMF than in the 
field, with an upturn at low mass, though this is only significant at ∼2 σ . There is no strong evidence for a dominant population of 
quiescent galaxies at any mass, with a fraction < 15 per cent at 1 σ confidence for galaxies with log M ∗/ M � < 10.5. We compare 
our results with a sample of galaxy groups at 1 < z < 1.5, and demonstrate that a significant amount of environmental quenching 

must take place between these epochs, increasing the relative abundance of high-mass (M ∗ > 10 

10 . 5 M �) quiescent galaxies by 

a factor � 2. Ho we ver, we find that at lower masses (M ∗ < 10 

10 . 5 M �), no additional environmental quenching is required. 

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

bservations of the galaxy stellar mass function (SMF), primarily
rom photometric redshift surv e ys, hav e demonstrated that most of
he stellar mass in the Universe forms by z ∼ 2 (e.g. Dickinson et al.
003 ; Rudnick et al. 2003 , 2006 ; Ilbert et al. 2013 ; Muzzin et al. 2013 ;
avidzon et al. 2017 ; Leja et al. 2020 ; McLeod et al. 2021 ; Santini

t al. 2022 ; Taylor et al. 2023 ; Weaver et al. 2023 ). These studies
ave shown that the shape of the SMF for star-forming galaxies alone
volves only weakly with redshift below z ∼ 2, and therefore that
ubsequent growth via star formation must cease for a significant
umber of galaxies. This process, known as quenching, leads to
 gradual accumulation of non-star forming, passively evolving
alaxies. Peng et al. ( 2010 ) showed that the evolution of SMFs o v er
 < z < 2 can be matched by an empirical model in which galaxies
uench with a probability that is proportional to their star formation
ate (SFR). Other authors have shown that this can be achieved
ith a quenching probability that is more fundamentally related to
alo mass (Dekel & Birnboim 2006 ). This empirical model is often
eferred to as mass quenching, and is likely driven in part by energy
njection due to AGN (Silk & Rees 1998 ; Hopkins et al. 2006 ) and
upernova feedback (Dekel & Silk 1986 ; Ceverino & Klypin 2009 ). 
 E-mail: ahedw ard@uw aterloo.ca 

i  

t  

c  

w  

Published by Oxford University Press on behalf of Royal Astronomical Socie
Commons Attribution License ( https:// creativecommons.org/ licenses/ by/ 4.0/ ), whi
Galaxies are also affected by their environment, and processes like
am pressure stripping (Gunn & Gott 1972 ; Poggianti et al. 2017 ),
tarvation (Larson, Tinsley & Caldwell 1980 ; Balogh, Navarro &

orris 2000 ), and galaxy mergers (Springel, Di Matteo & Hernquist
005 ) can lead to environmental quenching and an excess fraction
f passive galaxies in high-density regions (e.g. Blanton et al. 2005 ;
etzel, Tinker & Conroy 2012 ), such as galaxy clusters (Lewis et al.

002 ; G ́omez et al. 2003 ) and galaxy groups (McGee et al. 2011 ). 
Baldry et al. ( 2006 ) and Peng et al. ( 2010 ) showed that the fraction

f quenched galaxies at z = 0 depends separably on mass and
nvironment. The simplest interpretation is that the ef fecti veness of
nvironmental quenching is independent of galaxy mass. Ho we ver,
bserv ations have sho wn that this separability does not hold at higher
edshifts (e.g. Kawinwanichakij et al. 2017 ; Pintos-Castro et al.
019 ). F or e xample, an analysis of clusters at 0.8 < z < 1.5 in
he GCLASS (Gemini CLuster Astrophysics Spectroscopic Surv e y)
nd GOGREEN (Gemini Observations of Galaxies in Rich Early
nvironments) surv e ys (Balogh et al. 2021 ) shows that the e xcess
uenched fraction in clusters relative to the field is strongly mass
ependent (Balogh et al. 2016 ; van der Burg et al. 2020 ). In particular,
or massive galaxies only, the excess of quenched galaxies relative to
he field is as high as it is in the local Universe. The stellar populations
n these galaxies are also very old (Webb et al. 2020 ), indicating that
hey likely ceased forming stars long before they were part of a rich
luster. This is consistent with earlier work by Thomas et al. ( 2005 ),
ho show that most star formation in early-type galaxies located
© 2023 The Author(s). 
ty. This is an Open Access article distributed under the terms of the Creative 
ch permits unrestricted reuse, distribution, and reproduction in any medium, 
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n high-density environments is expected to have happened between 
 < z < 5. This may partly be attributed to a ‘preprocessing’ that
ccurs in groups and filaments long before galaxies are accreted 
nto massive clusters (e.g. Reeves et al. 2021 ; Werner et al. 2022 ).
lternatively, or in addition, there may be a ‘primordial’ population 
f massive quiescent galaxies that were formed during the very 
arliest stages of cluster assembly (see also Poggianti et al. 2006 ).
or quiescent galaxies with lower stellar mass, � 10 10.5 M �, there

s strong evidence that their star formation ceased much later, upon 
rst infall into a massive cluster (Muzzin et al. 2014 ; McNab et al.
021 ), leading to a more gradual build up of quiescent galaxies in
lusters (e.g. Gilbank & Balogh 2008 ). Alternatively, Baxter et al. 
 2022 , 2023 ) showed that an accretion-based quenching model could
ork at all masses if the quenching time-scale is dependent on mass,

uch that massive galaxies quench more quickly and earlier than less
assive galaxies. 
By definition, primordial quenching would have occurred within 

rotoclusters – the o v erdense, pre-virialized volumes at z � 2 that
ill eventually collapse and form massive clusters. These volumes 

re very large, and only modestly overdense (Muldrew, Hatch & 

ooke 2015 ; Chiang et al. 2017 ). Direct observation of the galaxy
opulation in these regions is required to decouple the primordial 
uiescent population from later accretion-driven quenching. This is 
hallenging, as it requires a surv e y of galaxies o v er a wide area that
s unbiased (e.g. with respect to SFR and dust content) down to a
uf ficiently lo w stellar mass in order to study the regime at which
ccretion-driven quenching is dominant. The most accurate way to 
dentify protocluster members is exploiting a highly complete, deep 
pectroscopic surv e y abo v e z > 2, which does not yet e xist. Though
here have been spectroscopic observations of protoclusters abo v e 
his redshift (e.g. Yuan et al. 2014 ; Diener et al. 2015 ; Lee et al.
016 ; Wang et al. 2016 ; Darvish et al. 2020 ; McConachie et al.
022 ; Ito et al. 2023 ), these are insufficient in completeness, spatial
xtent, and depth. The alternative is to use photometric redshifts. 
he larger uncertainties associated with these redshifts, ho we ver, 
ean large samples are required so that the signal from these 
odest o v erdensities can be e xtracted in the presence of a dominant

ackground. 
For this reason we use the data from the Cosmic Evolution Surv e y

COSMOS; Scoville et al. 2007 ), the surv e y with the best photometric
edshifts o v er a cosmologically significant area. More specifically, 
e take advantage of the deep ( ∼ 26 AB) multiband photometry from

he COSMOS2020 catalogue (Weaver et al. 2022 , hereafter W22 ), 
o v ering ∼ 2 deg 2 . In this paper, we analyse the SMFs of quiescent
nd star-forming galaxies within 14 previously identified protoclus- 
ers in this field, selected from the catalogue of Ata et al. ( 2022 ) to
e at 2.0 < z < 2.5. In constructing the SMFs we largely follow the
ethodology described in Weaver et al. ( 2023 , hereafter W23 ). 
This paper is structured as follows. In Section 2 , we discuss the

alaxy sample selection and stellar mass completeness, as well as 
ow we select protocluster members given the photometric redshift 
recision. Our methodology for constructing the SMFs is presented 
n Section 3 , and the results are described in Section 4 . In Section 5
e discuss the implications of our findings, including a comparison 
ith plausibly descendent 1 < z < 1.5 group SMFs from Reeves

t al. ( 2021 ). 
All magnitudes are presented in the AB magnitude system (Oke 

974 ). We used the ‘vanilla’ � CDM cosmology model ( �m = 0.3,
� 

= 0.7, H 0 = 70 km s −1 Mpc −1 ). Stellar mass estimates are taken
rom COSMOS2020, which assumes a Chabrier ( 2003 ) initial mass
unction. We present uncertainties at the 1 σ level unless otherwise 
pecified. 
 DATA  

.1 COSMOS2020 sample selection 

ur data are taken from the COSMOS2020 catalogue ( W22 ),
ased on detections in a combined izYJHK s image. We restrict 
ur analysis to data within the UltraVISTA surv e y footprint (Mc-
racken et al. 2012 ) that are not in the bright star HSC-SSP
DR2 mask nor in the bright star Suprime-Cam mask. This region
orresponds to ∼ 1.278 deg 2 and is flagged in the catalogue as
LAG COMBINED == 0 . We also limit our sources to ones with 
hotometry measured by THE FARMER algorithm. THE FARMER , 
enceforth simply Farmer , is a software package that uses 
HE TRACTOR (Lang, Hogg & Mykytyn 2016 ) to model and create 
 full multiwavelength catalogue. Specifically, we take the photomet- 
ic redshifts, mass, and rest-frame magnitude measurements from the 
EPHARE (Arnouts & Ilbert 2011 ) in combination with Farmer . 
his is because this combination has been noted to have the best
hoto- z performance ( W23 , W22 ). 
This region selection leaves us with a subset of the catalogue

ith 746 976 entries. When we restrict this sample to galaxies
etween 1.8 < z < 2.7, we are left with 105 664 entries. This choice
f redshift range is informed by the precision of COSMOS2020 
hotometric redshifts (see Section 2.3 ) around our protocluster 
ample (2 < z < 2.5; see Section 2.4 ). We then select all objects
hat are abo v e the 5 σ IRAC channel 1 magnitude limit of 26
o ensure reliable stellar mass measurements. This magnitude cut 
emo v es 23 726 objects, leaving 81 938 galaxies. While this is a
arge cut, W23 note that ∼ 93 per cent of these sources are below
ur optimistic mass limit and thus will be excluded anyway (see
ection 2.2 ). To remo v e objects with poor photometric redshifts, we
estrict our analysis to ‘good’ fits ( lp chi2 best <5 ), removing 
nother 779 galaxies (0.95 per cent). We also require lp zPDF u68
nd lp zPDF l68 , the upper and lower 68 percentile confidence 
evels of the photometric redshift, respecti vely, to dif fer by < 1.0 to
nsure that our photometric redshifts are relatively accurate, further 
emoving 1653 galaxies (2.0 per cent) and leaving us with 79 506
alaxies in our sample. 

Colour–colour diagnostics are ef fecti ve at separating dusty star- 
orming galaxies from quiescent ones (Arnouts et al. 2007 ; Ilbert et al.
013 ). We use rest-frame colours provided in the W22 catalogue. In
ig. 1 we show the (NUV–r) and (r–J) colour distribution for our
ample. The use of rest NUV magnitudes in this diagnostic provides
ore sensitivity to age than the typical UVJ diagrams (Arnouts et al.

007 ; Martin et al. 2007 ). To split the total population into quiescent
nd star-forming galaxies, we use the definition of Ilbert et al. ( 2013 )
here galaxies with rest-frame colours such that ( NUV − r ) > 3( r −
 ) + 1 and ( NUV − r ) > 3.1 (hereby referred to as NUVrJ selection)
re considered quiescent. This selection approximates a cut in sSFR 

 10 −11 yr −1 (Ilbert et al. 2013 ; Davidzon et al. 2017 ), and is shown
s the green line in Fig. 1 . Note that at this redshift, the bimodality
n colour distribution is still apparent, though the two populations 
re not completely disjoint. We also caution that galaxies with very
ecently terminated star formation may still be classified as star- 
orming using the NUVrJ method (e.g. McConachie et al. 2022 ). 

.2 Mass completeness limit 

o find the mass completeness of the subset of COSMOS data
sed in this analysis, we take a similar approach to W23 , as
riginally presented in Pozzetti et al. ( 2010 ). W23 use the IRAC CH1
imiting magnitude to estimate the mass completeness, as described 
MNRAS 527, 8598–8617 (2024) 
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Figure 1. We show the NUVrJ colour–colour diagram for all galaxies in our 
sample between 1.8 < z < 2.7 abo v e our mass limit (see Section 2.2 ). The 
solid line shows the division between the quiescent and star-forming galaxies 
(Ilbert et al. 2013 ), with the quiescent population being abo v e this line and 
the star forming one below it. We use this definition throughout this analysis. 
N q and N sf are the number of quiescent and star-forming galaxies identified 
by this criterion, respectively. 
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urther below. This will o v erestimate the completeness, because red
bjects detected in IRAC CH1 may be missed in the detection
mage (Davidzon et al. 2017 , W22 ). Indeed, a comparison with
he deeper CANDELS (The Cosmic Assembly Near-infrared Deep
xtrag alactic Leg acy Survey; Grogin et al. 2011 ; Koekemoer et al.
011 ) catalogue shows that, at the determined 95 per cent mass
imit, only 75 per cent of CANDELS sources are reco v ered. A more
onserv ati ve choice is to use the K s band limit; this will underestimate
he completeness because the deep Subaru/HSC photometry will
llow the detection of galaxies below that limit. We therefore take
he approach of showing our results relative to both mass limits.
lthough IRAC CH1 is a significantly better tracer of stellar mass

or z � 2.5, at the redshifts of interest here K s is still acceptable. 
Following W23 , we bin the galaxies in redshift and identify a

utoff magnitude m cutoff that corresponds to the 30th percentile of
NRAS 527, 8598–8617 (2024) 

igure 2. Stellar mass completeness as a function of redshift for our COSMOS2
nd quiescent galaxies in the middle and right panels, respectively. The colour ind
ass completeness is determined following W23 , based on either the IRAC CH1

imit (conserv ati ve, sho wn as the magenta line), as described in the text. This is c
ellow-green line. At the furthest redshift considered in this analysis ( z ∼ 2.7), we a
own to ∼10 9.5 M � in our optimistic limit. 
agnitudes in that bin for each band. We then consider all galaxies
ith a magnitude fainter than m cutoff and re-scale their masses so

hat their apparent magnitude in a given band matches the limiting
agnitude: 

og 10 

(
M rescale 

M �

)
= log 10 

(
M ∗
M �

)
+ 0 . 4( m − m lim 

) , (1) 

here m is the magnitude in a given band, and m lim 

is the
imiting magnitude in that band (26.0 for IRAC CH1 and 25.7 for
VISTA Ks MAG ( W23 , W22 )). We then take our limiting mass
 lim 

to be the 95th percentile of the re-scaled mass distribution in
ach bin and fit a polynomial to these M lim 

as a function of redshift.
e do this for the total, star-forming, and quiescent populations. 
The mass completeness of our sample compared to the one

resented in W23 is shown in Fig. 2 . Given that our analysis is
estricted to protoclusters between 2 < z < 2.5 and the furthest
ssociated galaxies should be at roughly z = 2.7 (see Section
.3 ), we conserv ati v ely restrict our analysis to galaxies abo v e the
ass limit at this redshift. Using this, we obtain a IRAC CH1 -

ased mass completeness limit of log 10 M lim 

/ M � = 9.1 for the total
opulation, 9.5 for the quiescent population, and 9.1 for the star-
orming population. 

We take our aforementioned mass completeness values as our
ptimistic mass completeness limit. We follow the same procedure
n the K s magnitude band (which has a limiting magnitude of 25.7) to
i ve conserv ati ve mass completeness limits of log 10 ( M lim 

/ M �) = 9.9
or both the total and star-forming populations, and 10.0 for the qui-
scent population. We summarize our mass limits, both IRAC CH1
ased and K s based in Table 1 . Our final sample for galaxies with
og 10 ( M ∗/M �) > 9.5, abo v e the optimistic mass completeness limit
or quiescent galaxies, consists of 27 531 galaxies, of which 1890
re quiescent and 25 641 are star-forming. 

.3 Photometric redshifts 

e now consider the uncertainties on the photometric redshifts for
he redshift range of interest (1.8 < z < 2.7). In the following,
e define �z to be half the difference between the upper and lower
8 per cent confidence limits from the LePhare code as provided by
020 subsample in the left panel, with the sample restricted to star-forming 
icates the number of galaxies in each bin of redshift and stellar mass. The 
 magnitude limit (optimistic, shown as the red line) or the K s magnitude 

ompared with the IRAC CH1 -based completeness from W23 , shown as the 
re complete down to ∼10 10 M � in our most conservative limit, and complete 

 guest on 13 M
arch 2024
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Table 1. Stellar mass limits for each population. We first show both the IRAC CH1 -based and K s -based mass limits, evaluated at z = 2.7 for each 
population. We also show each mass limit as a polynomial function of redshift. 

Population log 10 (M lim 

/M �) at z = 2.7 log 10 (M lim 

/M �) fit 
IRAC CH1 K s IRAC CH1 K s 

Quiescent 9.5 10.0 −0.11(1 + z) 2 + 1.08(1 + z) + 6.93 −0.11(1 + z) 2 + 1.28(1 + z) + 6.83 
Star-forming 9.1 9.9 −0.07(1 + z) 2 + 0.89(1 + z) + 6.85 −0.09(1 + z) 2 + 1.27(1 + z) + 6.46 
Total 9.1 9.9 −0.06(1 + z) 2 + 0.80(1 + z) + 7.04 −0.08(1 + z) 2 + 1.19(1 + z) + 6.63 

Figure 3. Left: The dependence of �z/(1 + z) as a function of redshift and for galaxies in COSMOS2020 between 1.8 < z < 2.7 where �z is defined to be the 
mean distance between the upper 1 σ limit and the lower one. The dashed lines are the o v erall upper 2 σ of the identified sample o v er the whole redshift range 
shown, while the solid lines are the upper 2 σ limit in bins of redshift. We note a slight increase in �z as a function of redshift. At the midpoint of z = 2.25 the 
upper 2 σ value is �z ≈ 0.2 for star-forming galaxies and 0.3 for quiescent ones. Right: Similar, but for �z/(1 + z) as a function of stellar mass. There is a 
modest decrease with increasing mass, for quiescent galaxies. 
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22 . These uncertainties have been shown to represent the scatter 
etween photometric and spectroscopic redshifts well (see W22 , 
g. 13). Although the outlier fraction becomes large ( ∼ 20 per cent )
t the magnitude limit of the sample, most of these outliers are high
edshift ( z spec > 3) galaxies with z phot < 1, and thus do not impact
ur sample selection. Ho we ver we caution that spectroscopy at 2 <
 < 3 is very challenging from the ground, particularly for quiescent
alaxies, and samples are therefore biased. Therefore the photometric 
edshift uncertainties at the magnitude limit cannot be considered to 
e as well characterized as for the rest of the sample. 
In Fig. 3 , we show �z/(1 + z) as a function of redshift and mass for

alaxies in our sample after the selections described in Section 2.1 .
he precision of the photometric redshifts do not depend significantly 
n redshift or mass in this redshift re gime. F or the redshift range of
ur sample, 1.8 < z < 2.7, 95 per cent of all star-forming galaxies
ave �z/(1 + z) < 0.06, which corresponds to �z ≈ 0.2 at z =
.25, the midpoint redshift in this range. When considering quiescent 
alaxies, 95 per cent of all entries have a �z/(1 + z) < 0.09, which
orresponds to �z ≈ 0.3 at z = 2.25. 

.4 Cluster membership 

hile many z > 2 protocluster candidates have been identified 
n the literature, in general it is not possible to know for certain
hether these are true protoclusters in the sense that they will evolve

nto massive ( > 10 14 M �) virialized structures by z = 0. Recently,
ta et al. ( 2022 ) analysed constrained N-body (dark matter only)
imulations of the COSMOS density field, with initial fluctuations 
t z = 100 chosen to evolve into the 3D structure within the
entral square degree of the COSMOS field, as defined by e xtensiv e
pectroscopic redshifts. From fifty randomly selected realizations 
f these initial conditions, the simulations are evolved to z = 0 to
redict the final state of all protocluster candidates in this field. For
he present analysis, we consider only those protoclusters that have 
 high probability (generally > 80 per cent , with one exception) of
volving into massive clusters by z = 0 based on their analysis; these
re listed in Table 2 . We start with a summary of each protocluster,
hough more details can be found in Ata et al. ( 2022 ): 

ZFOURGE/ZFIRE: This system was first disco v ered using a 
ear-IR imaging surv e y with fiv e custom medium-bandwidth filters
Spitler et al. 2012 ), and was then confirmed by a spectroscopic
ollow up (Yuan et al. 2014 ). It was measured to have a velocity
ispersion of σ = 552 ± 52 km s −1 (Yuan et al. 2014 ). In all 50 runs
f the constrained simulations, this protocluster was found to evolve 
nto a Coma-like cluster of mass M vir = (1.2 ± 0.3) × 10 15 h −1 M �,
here h = 

H 0 
100kms −1 Mpc −1 . 

CC2.2: This protocluster was spectroscopically confirmed by 
arvish et al. ( 2020 ), following up a large relative overdensity at

his location (Darvish et al. 2017 ). Darvish et al. ( 2020 ) estimates
 virial mass of M vir = (1 − 2) × 10 14 M � for this structure at its
bserved redshift, z ≈ 2.2. In the constrained simulations, a cluster 
s found at this location 42 out of 50 times, with an associated mass
f M vir = (4.2 ± 1.9) × 10 14 h −1 M � by z = 0. 
MNRAS 527, 8598–8617 (2024) 
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Table 2. A revised version of table 1 from Ata et al. ( 2022 ), providing a list of successful protocluster candidates in the COSMOS2020 field. Each 
candidate was identified in constrained simulations in the COSMOS field as the location of an o v erdensity that is likely ( > 50 per cent) to evolve into a 
protocluster (Ata et al. 2022 ). 

Protocluster candidate RA (deg) Dec (deg) Redshift Projected z = 0 Mass 

ZFOURGE/ZFIRE 150.094 2.251 2.095 (1.2 ± 0.3) × 10 15 h −1 M �
CC2.2 150.197 2.003 2.232 (4.2 ± 1.9) × 10 14 h −1 M �
Hyperion 1 150.093 2.404 2.468 –
Hyperion 2 149.976 2.112 2.426 –
Hyperion 3 149.999 2.253 2.444 –
Hyperion 4 150.255 2.342 2.469 (2.5 ± 0.5) × 10 15 h −1 M �
Hyperion 5 150.229 2.338 2.507 –
Hyperion 6 150.331 2.242 2.492 –
Hyperion 7 149.958 2.218 2.423 –
COSTCO J100026.4 150.110 2.161 2.298 (4.6 ± 2.2) × 10 14 h −1 M �
COSTCO J095924.0 149.871 2.229 2.047 (6.1 ± 2.5) × 10 14 h −1 M �
COSTCO J100031.0 150.129 2.275 2.160 (5.3 ± 2.6) × 10 14 h −1 M �
COSTCO J095849.4 149.706 2.024 2.391 (6.6 ± 2.3) × 10 14 h −1 M �
COSTCO J095945.1 149.938 2.091 2.283 (4.3 ± 2.4) × 10 14 h −1 M �
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Table 3. The number of quiescent, star-forming, and total galaxies in each 
selection of d R and d z . Most of the analysis in this paper is based on the fiducial 
sample A, as a good balance between completeness and purity. Selected 
results for the other samples are provided in Appendix B and Table B1 . 

Selection Alias d R , d z N q N sf N tot 

A Fiducial 1.0, 0.2 32 431 463 
B Core 0.5, 0.2 10 118 128 
C Wide 1.5, 0.2 51 833 884 
D Core-complete 0.5, 0.3 13 162 175 
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Hyperion (1-7): The Hyperion protoclusters were individually
ound by several studies (Casey et al. 2015 ; Chiang et al. 2015 ;
iener et al. 2015 ; Lee et al. 2016 ; Wang et al. 2016 ) before a

onnection between them was made by Cucciati et al. ( 2018 ), which
ound the system had an estimated total mass of 4.8 × 10 15 M � o v er
 volume of ∼ 60 x 60 x 150 cMpc 3 at z ∼ 2.45. It was originally
ypothesized that this collection of seven density peaks will evolve
nto a supercluster by z = 0, with the various peaks virializing
y redshift z ∼ 0.8 − 1.6 (Cucciati et al. 2018 ). Ho we ver, the
onstrained simulations show that by z = 0, four virialized clusters
merge and form a filamentary group of clusters with a total mass
f M vir = (2.5 ± 0.5) × 10 15 h −1 M � spanning (65 ± 10) h −1 Mpc.
his projected structure is expected to be similar in spatial extent and
ass to the Coma/A1367 filament in the local Universe (Fontanelli

984 ). 
COSTCO protoclusters: The COnstrained Simulations of The

Osmos field (COSTCO) protoclusters are a set of protoclusters
ound purely through the constrained simulations suite presented
n Ata et al. ( 2022 ). While they do not have strong o v erdensities
hroughout 2 < z < 2.52, they are extended structures that collapse
nto Virgo-like clusters ( ∼10 14.5 M �) by z = 0. 
OSTCO J100026.4 + 020940 has previously been identified as an
 v erdensity (Lee et al. 2016 ). Recently, Dong et al. ( 2023 ) noted that
he large scale gas associated with this protocluster has been heated
ar higher than expected. 
OSTCO J095945.1 + 020528 is found to collapse into a cluster only
7 out of 50 times, though in 40 of those simulations it still results
n a substantial o v erdensity at z = 0. COSTCO J095945.1 + 020528
s just south of Hyperion and might become a substructure of it.
idal disruptions by Hyperion may be the reason why this does not
ollapse into an independent virialized structure in all cases (Ata
t al. 2022 ). 

We identify candidate cluster members by selecting all galaxies
ithin a projected radius d R and a photometric redshift range d z . For

ufficiently large d R , these volumes for neighbouring clusters will
artially o v erlap. Since the d z must be large enough to accommodate
he significant photometric redshift uncertainties, the volume will be
uch larger than the physical volume occupied by the cluster, and
ill include many non-cluster members. These must be corrected

tatistically, which requires an accurate volume calculation. This is
one using a Monte Carlo approach. We take a ‘box’ of Cartesian
NRAS 527, 8598–8617 (2024) 
pace surrounding the clusters, and uniformly populate it with 10 7 

oints. We first remo v e all the points outside the UltraVISTA
ectangle (McCracken et al. 2012 ), or in masked regions. We
hen take the fraction of points inside protocluster cylinders and

ultiply it by the volume of the box to measure the volume of
he protoclusters. For example, for our fiducial cluster volume (see
able 3 ) which has properties d R = 1 Mpc and d z = 0.2, there are ∼
750 points inside the protocluster volume. This gives us a volume
f ∼ 192 000 ± 2200 Mpc 3 assuming a Poisson counting error. This
recision of ∼1 per cent is sufficient that it does not dominate our
rror budget. 

 STELLAR  MASS  F U N C T I O N S  

.1 Methodology 

o determine the observed number densities, we bin our data by mass
nd weight each bin by dividing the count by bin size and volume
orresponding to the region in question. We take the uncertainty of
his to be simply the square root of each count for the respective bins
ivided by the associated volume. 
To fit the unbinned data abo v e the stellar mass limit, we closely

ollow the parametric maximum-likelihood method (Sandage, Tam-
ann & Yahil 1979 ). We will fit our data with a double (Schechter

976 ) function, as defined in Baldry, Glazebrook & Driver ( 2008 ),
n terms of M = log 10 ( M ∗/ M �): 

( M ) = ln (10) · exp ( −10 ( M −M 

∗) ) · 10 ( M −M 

∗) 

·
[ 
φ∗

1 · 10 ( M −M 

∗) α1 + φ∗
2 · 10 ( M −M 

∗) α2 

] 
, (2) 
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Table 4. The mass limits and cluster-centric radius for each work shown in Fig. 12 . We present the cluster-centric 
radius in units of physical Mpc, where available. 

Work Mass limit [log 10 ( 
M ∗
M � )] Clustercentric radius 

Ando, Shimasaku & Momose ( 2020 ) 9.5 0.5 Mpc 
Ando et al. ( 2022 ) 10 0.5 Mpc 
Balogh et al. ( 2016 ) 10.5 1 Mpc 
Cooke et al. ( 2016 ) 10.7 ∼1 Mpc 
Ito et al. ( 2023 ) 10.3 1 Mpc 
Kawinwanichakij et al. ( 2017 ) 10.2 
Lee-Brown et al. ( 2017 ) 10.2 0.6 Mpc 
McConachie et al. ( 2022 ) 10.5 2.3 Mpc 
Nantais et al. ( 2017 ) 10.3 1 Mpc 
Pintos-Castro et al. ( 2019 ) 10.2 0.4 R/R 200 

Quadri et al. ( 2012 ) 10 0.4 Mpc 
Rodr ́ıguez-Mu ̃ noz et al. ( 2019 ) 10 0.2 Mpc 
van der Burg et al. ( 2020 ) 9.5 1 Mpc 
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Figure 4. We compare the total field SMF at 2 < z < 2.5 (solid line) with 
measurements from McLeod et al. ( 2021 ), Santini et al. ( 2022 ), Muzzin 
et al. ( 2013 ), and W23 . The results are generally consistent with one another, 
though there is some variation at the high-mass end. Note there is a small 
difference in redshift ranges considered, as McLeod et al. ( 2021 ) and Santini 
et al. ( 2022 ) are presented for data between 2.25 < z < 2.75, while Muzzin 
et al. ( 2013 ), W23 and this work are between 2 < z < 2.5. See Appendix A2 
for a presentation using different redshift bins. The hatched region represents 
the mass range between our conserv ati ve and optimistic mass completeness 
limits, as discussed in Section 2.2 . 
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here φ( M ) is the number of galaxies per Mpc 3 per dex and M 

∗ =
og ( M 

∗/ M �) is the characteristic mass. The parameters α1 and α2 

re the high- and low-mass slopes, respectively, with corresponding 
ormalizations φ∗

1 and φ∗
2 . This is ef fecti vely adding together two 

chechter functions with the same M 

∗. We then assign a probability
o each galaxy, as first presented in Oegerle, Hoessel & Ernst ( 1986 )
nd Malumuth & Kriss ( 1986 ): 

 i ≡ p( M i ) = 

φ( M i ) ∫ ∞ 

M lim 
φ( M )d M 

. (3) 

he likelihood of any given model is defined as the sum of the
ogarithms of the individual probabilities for each galaxy considered. 

e determine the parameters M 

∗, α1 , α2 and the ratio φ∗
2 /φ

∗
1 via 

n MCMC chain. The o v erall normalization φ∗
1 is set by forcing the

ntegral of the function above the mass limit to equal the number
ensity of galaxies in the sample. We set our uniform priors to be
1 ⊆ [-3, 1.5], α2 ⊆ [-3, -1], M 

∗ ⊆ [9.5, 12], and φ∗
2 /φ

∗
1 ⊆ [0, 

.5]. While these priors for α1 and M 

∗ are broad and uninformed, 
he choice of α2 and φ∗

2 /φ
∗
1 are specifically moti v ated to ensure the

econd component corresponds to any low mass upturn, rather than 
ther possible deviations from a single Schechter function at high 
ass. 
To measure the protocluster SMFs, we measure the SMF in a 

olume centred on the protoclusters (see Section 4.1 ). Ho we ver, as
escribed in Section 4.1 , this region is heavily contaminated with 
eld galaxies. To accommodate this, we adjust equation ( 2 ): 

( M ) = φf ( M ) + φc ( M ) , (4) 

here the f and c subscripts are for the field and cluster contributions
o the protocluster volume, respectively. Both φf ( M ) and φc ( M )
re double Schechter functions as in equation ( 2 ). We measure φf 

or the full field sample (see the next section). We then can measure
c by fitting for equation ( 4 ), determining the parameters M 

∗
c , α1, c ,

2, c and the ratios φ∗
2 ,c /φ

∗
1 ,c and φ∗

1 ,f /φ
∗
1 ,c . We then determine φ∗

1 ,c 

n the same way we set φ∗
1 . 

This allows us to determine intrinsic protocluster SMF to each 
unbinned) population. We also consider the binned data for each 
opulation, measured by subtracting the field component in each 
in. This is described further in Section 4.2 . 

.2 Field stellar mass function and comparison to literature 

n Fig. 4 , we sho w the deri v ed field SMFs observ ed in our subsample
f the COSMOS2020 surv e y at 2 < z < 2.5. This definition of the
field’ is simply everything in our sample, which includes both low-
nd high-density regions. We recover closely the result presented 
n W22 , as expected since we are using the same catalogue. This
lso agrees reasonably well with the total SMFs presented in Muzzin
t al. ( 2013 ), McLeod et al. ( 2021 ), and Santini et al. ( 2022 ) at a
imilar redshift. Our results show some sensitivity to the redshift 
ange of the field sample, which has been chosen to correspond well
o the redshift distribution of our protocluster sample, as described 
n Appendix A1 . 

We make the same comparison for the quiescent population in 
ig. 5 . While our results are in good agreement with Muzzin et al.
 2013 ) and W23 , both McLeod et al. ( 2021 ) and Santini et al. ( 2022 )
nd significantly larger numbers of quiescent galaxies, especially 
t low stellar masses. Although the redshift ranges do not match
xactly, we show in Appendix A2 , Fig. A3 , that this does not account
or the dif ference. Dif ferences in the definition of quiescent galaxies
re also unlikely to be the explanation. While Santini et al. ( 2022 )
MNRAS 527, 8598–8617 (2024) 
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Figure 5. We compare the quiescent field galaxy SMF at 2 < z < 2.5 (solid 
line) for our selected sample with those from W23 , McLeod et al. ( 2021 ), 
Santini et al. ( 2022 ), and Muzzin et al. ( 2013 ). Note that Muzzin et al. ( 2013 ) 
and Santini et al. ( 2022 ) use UVJ colours to define quiescent galaxies, while 
the others (including our work) use NUV rJ . Also, the McLeod et al. ( 2021 ) 
and Santini et al. ( 2022 ) results are for a different redshift range of 2.25 < 

z < 2.75. See Appendix A2 for a presentation using different redshift bins 
and colour selections. The hatched region represents the mass range between 
our conserv ati ve and optimistic mass completeness limits, as discussed in 
Section 2.2 . 
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Figure 6. The relative contrast is shown as a function of cluster radius d R 

and redshift selection d z , with our selections (see Table 3 ) indicated by the 
crosses. Our fiducial sample at d R = 1 Mpc and d z = 0.2 has a contrast of 
∼50 per cent, and is indicated by the darker cross. A higher contrast is found 
at smaller d R and d z , at the expense of a less complete sample. Note that d R 

is in physical units, not comoving. 
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but draw from 1.7 < z < 2.8 instead. We still restrict our analysis to M ∗ ≥
10 9.5 M �. 

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/527/3/8598/7459937 by guest on 13 M
arch 2024
nd McLeod et al. ( 2021 ) use UVJ colours, rather than the NUV rJ
election that we adopt, we show in Figs A3 and A4 that this choice
oes not make a significant difference to the quiescent SMF that
e derive (see also Gould et al. 2023 ). Furthermore, Muzzin et al.

 2013 ) also use a UVJ definition, and their result is similar to ours.
osmic variance is estimated to account for an uncertainty of only
20 per cent for the Santini et al. ( 2022 ) and McLeod et al. ( 2021 )

amples, which is small relative to the � 70 per cent difference
etween SMFs. We have checked, using three independent samples
f ∼1000 arcmin 2 (corresponding to the surv e y area in Santini et al.
022 ) within our sample of COSMOS data, that the cosmic variance
or the quiescent population is not significantly different than that of
he total o v er most of the mass range. It is possible that the difference
ies in the stellar mass or redshift estimates, though all studies use
imilar methods (e.g. parametric star formation histories, dust law,
tc.). Thus, the larger population of quiescent galaxies in McLeod
t al. ( 2021 ) and Santini et al. ( 2022 ) remains unexplained. If it is
ue to an incompleteness in COSMOS2020, we would expect that
o affect our target protocluster volumes (which are only modestly
 v erdense, see Section 4.1 ) similarly to the general field, in which
ase any impact on our conclusions based on the comparison of these
amples will be small. 

 RESU LTS  

.1 Protocluster contrast 

ue to the large selection volume necessitated by the photometric
edshift uncertainties (see Section 2.4 ), significant field contamina-
ion is expected. To quantify this, we measure the contrast of our
rotocluster sample relative to the field. We calculate the contrast
y finding the total number density of galaxies with log 10 ( M ∗/M �)
 10.5 in the protocluster selection volume, and subtract the field

ontribution within that volume from the global SMF. We then divide
his quantity by the o v erall field density to get the relative contrast.
NRAS 527, 8598–8617 (2024) 
n Fig. 6 we show how this contrast depends on the choice of d R and
 z .The contrast of our protocluster sample relative to a random field
s low, � 80 per cent. The physical o v erdensities are likely much
igher. F or e xample, if we assume that the protocluster galaxies are
ontained in a sphere of radius d R = 1 Mpc, this contrast corresponds
o a physical o v erdensity of ∼1600. 

Our fiducial protocluster selection of d R = 1 Mpc and d z = 0.2
s physically moti v ated. The radial extent is chosen to correspond
pproximately to the virial radius of descendent clusters at z ∼
.3, as discussed further in Section 5.3 . The d z = 0.2 selection is
hosen to correspond to the 95th percentile of photometric redshift
rror for star-forming galaxies, and is still close to the peak contrast
hown in Fig. 6 . In addition to the fiducial sample, we also consider
 ‘Core’ sample restricted to d R = 0.5 Mpc. The contrast of this
ample is higher, at the cost of a greatly reduced sample size (see
able 3 ). At the other extreme, we consider a ‘Wide’ sample with
 R = 1.5 Mpc. While it is known that protocluster structures can
 xtend to ev en larger distances (Chiang, Ov erzier & Gebhardt 2013 ;
uldrew, Hatch & Cooke 2015 ; Contini et al. 2016 ), field contam-

nation dominates in such a volume, making a comparable analysis
mpractical. Finally we consider a ‘Core-complete’ sample with d R =
.5 Mpc and d z = 0.3. 1 The larger redshift selection impro v es the
ompleteness of the sample for quiescent galaxies. The different sam-
les are listed in Table 3 , together with the number of quiescent and
tar-forming galaxies, as defined in Section 2.1 . The NUVrJ colour
istributions of each sample are shown in Appendix B , Fig. B1 . 

.2 Protocluster stellar mass functions 

n Fig. 7 , we show the SMFs for our fiducial selection. Both the
otal and star-forming and quiescent populations show a significant
 v erdensity relativ e to the av erage field, for log 10 ( M ∗/M �) � 11.
o we ver, while the shape of the star-forming galaxy SMF is similar
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Figure 7. The SMFs within the fiducial volume selection A containing the protoclusters, d R = 1 Mpc and d z = 0.2. The shaded region shows the 1 σ uncertainty 
about the best-fitting double Schechter function, which is fit to the unbinned data. The contrast relative to the general field is significant, for the total and 
star-forming population, at M ∗ < 10 11 M �. There is evidence for an excess of quiescent galaxies at low stellar masses in the protocluster volumes, relative to the 
field. The hatched region represents the mass range between our conserv ati ve and optimistic mass completeness limits, as discussed in Section 2.2 . 

Figure 8. The intrinsic SMFs for protocluster galaxies in the fiducial sample (A, Table 3 ) are shown for star-forming (left) and quiescent (right) galaxies. The 
binned measurements are shown as the blue points, with the blue shaded region representing the difference in the fits to the unbinned data. The SMF of the 
protocluster is presented in units of dex −1 cluster −1 (blue, left axis) since the physical volume occupied by the protocluster is unknown. For comparison we 
show the field SMF in red, and the associated y-axis range (red, on the right side of the panel, in units of dex −1 Mpc −3 ) has been chosen to facilitate comparison 
of the shapes of the two SMFs such that the field and cluster align near M 

∗. The shape of the SMFs of the star-forming population matches the shape of the field 
SMF well, given the uncertainties. However, the quiescent galaxy SMF has a qualitatively different shape from the field. While the number of quiescent galaxies 
in the field decreases monotonically towards lower masses, in the protocluster an upturn is seen, leading to a relativ e e xcess of quiescent galaxies at low mass. 
Similar plots for the other volume selections of Table 3 are shown in Appendix B . The grey hatched region represents the mass range between our conserv ati ve 
and optimistic mass completeness limits, as discussed in Section 2.2 . 
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o that of the field, the SMF for quiescent galaxies in this volume has
n o v erall flatter shape, indicating relativ ely more low-mass galaxies
han observed in the field. Note that here we are showing show
he fit for φ( M ) = φf ( M ) + φc ( M ), as shown in equation ( 4 ) and
iscussed in Section 3.1 . 
As discussed in Section 3.1 , we also measure the intrinsic pro-

ocluster SMF, φc . The results for our fiducial sample are shown 
n Fig. 8 , in units of dex −1 cluster −1 (left, blue axis). Note this
ormalization is per cluster rather than per unit volume, since 
he physical volume occupied by the o v erdensity within our large
ylinders is unknown. This is done by multiplying the SMF by the
rotocluster selection volume and then dividing by the number of 
lusters. For comparison we plot the corresponding field SMFs, here 
n units of dex −1 Mpc −3 (right, red axis). In this representation,
he relative normalization of the cluster and field curves has no
eaning since the units are not the same. To facilitate comparison
MNRAS 527, 8598–8617 (2024) 
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Figure 9. The distribution of the log of the ratio φ∗
2 /φ

∗
1 and parameter 

log( −α2 − 1) for both the protocluster (blue) and the field (red, dashed) 
quiescent populations. The curves show the 1, 2, and 3 σ contour levels. This 
parameter combination in the protocluster differs from that of the field at the 
∼2 σ level. 
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Figure 11. The quiescent fraction for galaxies within our fiducial volume 
selection (A). The field and cluster are statistically indistinguishable for 
log 10 ( M ∗/M �) > 10.5. At lower masses, the cluster sample shows a small 
excess of quiescent galaxies, though the statistical significance is low. Error 
bars on the binned data represent the 1 σ binomial confidence interval. The 
shaded region is derived from the double-Schechter function fits to the 
unbinned protocluster and field data shown in Fig. 7 . 
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f the shapes, we arbitrarily adjust the axis limits. This illustrates
ow the shape of the dominant star-forming population in the
rotocluster sample is indistinguishable from that of the field, with
 monotonically increasing number of galaxies towards lower stellar
ass. Ho we ver, the shape of the quiescent SMF in the protocluster is

ualitati vely dif ferent from that in the field. While both the field and
rotocluster SMF peak at log 10 ( M ∗/ M �) ≈ 10.75, the protocluster
MF does not drop off, instead showing signs of an upturn, leading

o a relative excess at log 10 ( M ∗/M �) < 10.5. 
To quantify the significance of the difference in the quiescent

alaxy SMFs between the protocluster and the field, we show the
onfidence intervals of the ratio φ∗

2 /φ
∗
1 and parameter α2 for both

opulations in Fig. 9 . These parameters characterize the low mass
pturn in the SMF, where we observ e qualitativ ely different SMFs in
he protocluster and field samples. Each distribution is generated
rom the MCMC chain, measured as described in Section 3.1 .
or display clarity we plot log( φ∗

2 /φ
∗
1 ) and log( −α2 − 1). This

hows a ∼2 σ difference in this parameter combination between the
rotoclusters and the field. We conclude, therefore, that the difference
NRAS 527, 8598–8617 (2024) 

igure 10. The intrinsic SMFs for each selection volume (Table 3 ). To clearly
ncertainty ranges on these figures. The hatched region represents the mass ran
iscussed in Section 2.2 . Individual results for each selection are shown in Append
n shapes at the low mass end is intriguing but not statistically
ignificant. 

We sho w ho w the intrinsic protocluster SMFs depend on our
ifferent selections in Fig. 10 . To allow a clear comparison of the
elative shapes on a single plot, we do not show the uncertainty
anges, which are especially large for the two Core samples. The best-
tting parameters for all double Schechter function fits are provided

n Table B1 . See Appendix B for more details and uncertainty ranges
or each sample. 

 DI SCUSSI ON  

.1 Excess of low-mass quiescent galaxies 

igs 7 and 8 show a moderately significant excess of low-mass
uiescent galaxies within the protocluster regions. To explore this
urther, in Fig. 11 we show the quiescent fraction for our fiducial
rotocluster sample (d R , d z = 1 Mpc, 0.2), after field subtraction.
 show the qualitative differences between volume selections, we omit the 
ge between our conserv ati ve and optimistic mass completeness limits, as 
ix B . 

t on 13 M
arch 2024
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Figure 12. The QFE (equation 5 ) for clusters and protoclusters in our work and the literature as a function of redshift. The mass and cluster-centric radius 
limits for each work are summarized in Table 4 . Most are representative of the population with M ∗ > 10 10 M �, with major exceptions noted in the legend. The 
blue and orange crosses represent our measurements, for the Fiducial and Core samples, respectively, for log 10 M ∗/M � > 9.5. 
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he fraction is generally quite low, with a 1 σ upper limit of ≈0.15
or stellar masses with log 10 ( M ∗/M �) < 10.75. For most of the
tellar mass range, and certainly for log 10 ( M ∗/M �) > 10.25, the field
nd protocluster population have quiescent fractions that are fully 
onsistent with one another, within the substantial 1 σ uncertainties. 
t lower masses we find evidence for a small excess in quiescent

raction, though the statistical significance is not high enough to 
ake strong claims, and larger samples will be required to confirm 

his. Almost all of these low-mass quiescent galaxies are from the 
FOURGE/ZFIRE protocluster (see Fig. B5 ), which is the most 
assive protocluster in our sample. We note also that the apparent 

xcess is in the mass regime where the sample may suffer some
ncompleteness, though we would expect this incompleteness to 
ffect the protocluster and field samples similarly. 

.2 Comparison with other protocluster literature 

s we discuss further in the following subsection, the lack of a
ominant quiescent population in these protoclusters is surprising. 
his result also contrasts with some recent claims for quiescent 
opulations in protoclusters at a similar redshift. In an analysis of
he cluster QO-1000 at z = 2.77, Ito et al. ( 2023 ) found 14 quiescent
alaxies abo v e mass log 10 ( M ∗/M �) > 10.5, with a number density
xcess of 4.2 σ and a quiescent fraction of 0.34 ± 0.11. Similarly, 
ndo, Shimasaku & Momose ( 2020 ) analyse 75 protocluster ‘cores’

t 1.5 < z < 3 in the COSMOS field, using pairs of massive galaxies
s tracers. They find a quiescent fraction of 0.17 ± 0.04, three times
arger than the field, for log( M ∗/M �) > 9. We note, though, that
his sample is dominated by systems at z < 2. At somewhat higher
edshift z ≈ 3.4, McConachie et al. ( 2022 ) disco v ered a couple of
rotoclusters, one of which has a very high quiescent fraction of
 . 73 + 0 . 27 

−0 . 17 among the most massive galaxies log( M ∗/M �) > 11.3. 
To compare with these and other studies, we consider the quenched
raction excess (QFE; van den Bosch et al. 2008 ; Wetzel, Tinker &
onroy 2012 ; Bah ́e et al. 2017 ; van der Burg et al. 2020 ). This
uantity shows the fraction of galaxies that are quenched in the high-
ensity protocluster region, but would expected to be star-forming in 
he field. This is given by: 

FE = 

f q , clus − f q , field 

1 − f q , field 
, (5) 

here f q, clus and f q, field are the cluster and field quenched fractions,
espectively. Since f q, field is quite small at this redshift, � 0.2, in
ractice this is not very different from f q, clus . 
We calculate the QFE for our sample and compare it to that of

ther works in the literature in Fig. 12 . We do this for both our
ducial (blue cross) and core (orange cross) samples, considering 
ll galaxies M ∗ > 10 9.5 M �. We measure a QFE of 0.03 + 0 . 04 

−0 . 03 in the
iducial sample, and 0.06 + 0 . 09 

−0 . 07 for the Core. While low, this is within
 2 σ of other high redshift studies such as McConachie et al. ( 2022 ),

to et al. ( 2023 ), and Ando, Shimasaku & Momose ( 2020 ). 
We noted previously that most of the low-mass quiescent 

alaxies in our sample come from the most massive system, 
FOURGE/ZFIRE. Considering only this protocluster, using our 
ducial parameters d R , d z = 1, 0.2, we measure a QFE of 0.13 + 0 . 12 

−0 . 11 

 v er the mass range 9.5 ≤ log 10 ( M ∗/M � ≤ 11.5). Over the same mass
ange, we measure a QFE of 0.00 + 0 . 04 

−0 . 03 for the rest of our protoclusters.
hese two measurements are consistent within 1 σ , but hint at a halo-
ass dependence that will require larger samples to confirm. 
Fig. 12 does not present a very clear trend, and the interpretation

s complicated by the dependence of QFE on stellar mass, local
ensity, or cluster-centric radius, and possibly halo mass. There is 
ome indication that a modest quiescent excess is already present in
ome protoclusters at 2 < z < 3, and that there is significant evolution
MNRAS 527, 8598–8617 (2024) 
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M

Figure 13. The orange curves show our fiducial protocluster SMF, for the total population (left) and quiescent galaxies (right), as presented in Fig. 8 . We project 
this to z = 1.3 by assuming that protoclusters increase in mass by a factor of five through accretion of field galaxies, as described in the text. This projection is 
shown as the blue curve. This is compared with the observed SMF of Reeves et al. ( 2021 ) groups between 1 < z < 1.5 (green dashed line). We additionally 
show the observed SMF of the overall GOGREEN cluster sample between 1 < z < 1.5 (van der Burg et al. 2020 ) as the red dotted line. Left: Our projected 
total SMF, while having a similar total integrated mass as that of the groups, has a different shape, with significantly more low mass galaxies. This implies 
significant merging and/or disruption of galaxies, as has been found in lower redshift studies (Rudnick et al. 2012 ) and simulations (Bah ́e et al. 2019 ). Right: 
The shape of the projected quiescent SMF agrees reasonably well with that in the descendent clusters, but with fewer high-mass galaxies. A large number of 
cluster galaxies at masses abo v e M ∗ > 10 10 . 5 M � must quench star formation in the 2 Gyr between z = 2.3 and z = 1.3. Ho we ver, for galaxies with masses 
below M ∗ < 10 10 . 5 M �, no additional quenching upon infall is required. 
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owards higher QFE in cluster cores already by z = 1.6, only ∼2 Gyr
ater. We explore this further in the following section. 

.3 Evolution of the quiescent population in clusters 

o compare our results with the z ∼ 1 descendents of these protoclus-
ers, we note that the average halo mass growth between z = 2.3 and
 = 1.3 is about a factor of 5 (Correa et al. 2015 ). Assuming the total
tellar mass grows by the same factor, we predict a total integrated
tellar mass, for galaxies with log M ∗/ M � > 9.5, of log(M ∗/ M �)

12 . 1 + 0 . 05 
−0 . 06 for the descendent system at z ∼ 1. From the total stellar

ass to halo mass relation at z ∼ 1 this corresponds to a halo mass
f log M 200 /M � ≈ 13.7 (Leauthaud et al. 2012 ; van der Burg et al.
014 ), corresponding to group-scale haloes. We therefore compare
ith the group sample from Reeves et al. ( 2021 ) at 1 < z < 1.5, which
ave halo masses between 13 . 65 ≤ log 10 (M 200 / M �) ≤ 13 . 93. These
roups are selected from the COSMOS (UltraVISTA; McCracken
t al. 2012 ; Muzzin et al. 2013 ) and SXDF (SPLASH-SXDF; Mehta
t al. 2018 ) photometric surv e ys, and hav e some spectroscopic
o v erage by GOGREEN. These systems have a total integrated stellar
ass of ∼12.0 log(M ∗/ M �) between 9 . 5 < log(M ∗/ M �) < 11 . 75,

omparable to the projected mass of our protocluster descendents. 
We therefore project our protocluster SMFs to z = 1.3, assuming

hey grow by a factor of 5, by adding sufficient field galaxies
o increase the total stellar mass by this factor. We assume the
eld is represented by the 1 < z < 1.5 field SMF that we
easure in COSMOS. This ensures that the accreted population

volves identically to the field, with no additional environmentally
ri ven e volution. Because of this large mass gro wth, the pro-
ected SMF shape is dominated by that of COSMOS z ∼ 1 field
alaxies. 

The result is shown in Fig. 13 , compared with both the 1 < z

 1.5 groups described abo v e, and the more massive GOGREEN-
nly sample from van der Burg et al. ( 2020 ). While our projected
NRAS 527, 8598–8617 (2024) 
MF has a similar normalization to the groups sample, the shapes
f the SMFs are different, as the observed z = 1 groups have far
e wer lo w-mass galaxies than the projection. This may indicate that
 significant amount of merging and disruption occurs among cluster
embers during this time, as expected (Bah ́e et al. 2019 ). An alternate

xplanation would be that clusters do not grow through the unbiased
ccretion of field galaxies (Ahad et al. 2023 ). 

When considering just the quiescent population (right panel,
ig. 13 ), the predicted number of high-mass ( M ∗ > 10 10.5 M �)
uiescent galaxies in our projection is about five times lower than
hat is observed in the z = 1 groups. Additional processes are

herefore required to build up massive quiescent galaxies in these
roups, with mergers a plausible explanation. Ho we ver, at lo wer
asses ( M ∗ < 10 10.5 M �), the observed abundance of quiescent

alaxies in z = 1 groups is consistent with, or even larger than, our
rojections. This implies that no additional quenching upon infall is
equired. This is somewhat surprising, as McNab et al. ( 2021 ) found
rom an analysis of post-starburst galaxies that low mass galaxies in
assive z = 1 clusters have been only quenched recently, upon infall.
his may be evidence for a halo mass dependence on environmental
uenching. The GOGREEN clusters studied in McNab et al. ( 2021 )
re about ∼5 times more massive than the groups in Reeves et al.
 2021 ), on average. Possibly low mass galaxies at this redshift
re ef fecti vely quenched by environment only when accreted into
uf ficiently massi ve structures. 

.4 Future work 

ost of the protoclusters included in our sample were originally
dentified based on an o v erdensity of star-forming galaxies (e.g.

ang et al. 2016 ). It is possible that this selection is biased against
rotoclusters with a high fraction of quiescent galaxies. For example,
O-1000 only has a ∼1 σ excess of star-forming galaxies, and would
ev er hav e been identified as a protocluster by just looking at the
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tar-forming population (Ito et al. 2023 ). Moreo v er, the COSTCO
rotoclusters are noted to be mild o v erdensities at this redshift epoch,
nd are projected to be relati vely lo w-mass clusters by z = 0 (Ata
t al. 2022 ). In contrast, we find e vidence that the most massi ve
ystem in our sample, ZFOURGE/ZFIRE, may have a significantly 
arger quiescent population than the rest of the sample (see Fig. B5 ),
hough the uncertainties are too large to be definitive. Our results are
imited by statistics, and much larger samples are therefore needed. 
he Euclid deep fields will co v er an area > 20 times larger than

he COSMOS subset used in this study (Sartoris et al. 2016 ) and
ill reach a similar 5 σ depth (26 mag) as COSMOS for the Y , J ,

nd H filters (Euclid Collaboration 2022 ). Scaling from our present 
ample size of 14 protoclusters in a ∼2 de g 2 re gion, the resulting
ncertainties on the derived protocluster quiescent fraction can be 
educed by a factor of ∼5. Even better results can be expected from
he Nancy Grace Roman Space Telescope ( NGRST ), which will co v er
n area that is ∼40 times larger than the Euclid Deep Fields, to greater
epth. 
Additionally, at these high-redshifts where protoclusters lie, better 

hotometric redshift precision is important to reduce line-of-sight 
ncertainties. The upcoming COSMOS-Web catalogues will help 
ith this, as they are expected to be much deeper, reaching 5 σ depths
f 27.5–28.2 magnitudes in the four NIRCam filters used, spanning 
0.54 de g 2 (Case y et al. 2023 ). The Hyperion structure lies in this
eld, and its fainter members are expected to be mapped for the
rst time (Casey et al. 2023 ). Ultimately, ho we ver, the largest gains
ill be with spectroscopy. A deep slitless prism surv e y with NGRST

o v ering just 10 de g 2 could identify ∼15 000 protocluster galaxies
Rudnick et al. 2023 ). 

 C O N C L U S I O N S  

e measure the SMFs for the total, star-forming, and quiescent 
alaxy populations in protoclusters between 2 < z < 2.5 in the
OSMOS field. These are compared with a comparably selected 
eld sample and are estimated to be complete down to a mass limit
f log( M lim 

/M �) = 9.5. We use these SMFs to measure the efficiency
f environmental quenching in protocluster regions as opposed to the 
eld. Our main findings are: 

(i) On a scale of 1 Mpc we find a significant o v erdensity of
alaxies in fields centred on the protocluster sample. The shape of
he protocluster total SMF, and that of the dominant, star-forming 
opulation, is consistent with that of the field (Fig. 7 ). 
(ii) The shape of the protocluster quiescent SMF is different from 

he field. It is flatter than the field at low masses, with a relative
xcess of galaxies M ∗ < 10 10 M � (Fig. 8 ). This difference is only
ignificant at a ∼2 σ level, however (Fig. 9 ). 

(iii) The fraction of quenched galaxies in our fiducial protocluster 
election is indistinguishable from the field abo v e M ∗ > 10 10 M �.
o we ver, there is a small but significant excess (0 . 08 + 0 . 03 

−0 . 02 ) at lower
asses (Fig. 11 ). 
(iv) We compare the protoclusters with a sample of groups at 

 < z < 1.5 from Reeves et al. ( 2021 ). The total stellar mass of
hose groups within 1 Mpc is about a factor ∼5 larger than in the
rotoclusters. This is similar to the expected mass growth o v er this
ime (Correa et al. 2015 ). We calculate a projected descendent SMF
y assuming the protoclusters grow via accretion of field galaxies 
o the mass of the group sample, with no additional quenching. The
esulting shape of this projected SMF is significantly different from 

hat of the lower redshift sample, with an excess of galaxies with M ∗
 10 11 M � (Fig. 13 , left panel). This may indicate that significant
erging and/or disruption of galaxies takes place between z = 2.3
nd z = 1.3. 

(v) To match the observed quiescent SMF in the group sample, the
umber of massive quiescent galaxies must increase by about a factor
5 beyond what is predicted from the accretion of field galaxies,

etween 1.3 � z � 2.3 (Fig. 13 , right panel). Ho we ver, at lo w
asses (M ∗ < 10 10 . 5 M �), no additional quenching upon accretion is

ecessary, and in fact we project even more low-mass galaxies than
re observed in Reeves et al. ( 2021 ). This is surprising, as McNab
t al. ( 2021 ) shows that in the GOGREEN clusters, low-mass galaxies
re expected to have quenched more recently than high-mass ones. 
his can plausibly be explained by the much larger halo mass of the
OGREEN clusters having more of an environmental effect on low 

ass galaxies. 

We conclude that the SMF of galaxies within 1 Mpc of these
rotoclusters is similar to that of the field, with a small fraction of
uiescent galaxies. There is some evidence for a small excess of
ow-mass (log M / M � < 10) quiescent galaxies relative to the field,
hough this is of modest significance and may also be impacted by
ncompleteness. In any case, these are small in number, and most
f the quiescent galaxies that dominate rich clusters at 1 < z < 1.5
ust therefore have been quenched later, presumably upon accretion 

though see Ahad et al. 2023 , for an alternative explanation). The
ack of massive, primordially quenched galaxies is a surprise given 
he results of some other studies (e.g. McConachie et al. 2022 ). As we
ely on photometric redshifts with statistical background subtraction, 
he uncertainties for this small sample of 14 protoclusters are large,
specially for M ∗ > 10 11.0 M �. Future studies based on larger samples
e.g. from the Euclid deep fields) and with more precise and accurate
edshifts (e.g. from COSMOS-Web) should significantly impro v e 
pon these results. 
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Figure A1. The distribution of field and protocluster (fiducial selection, 
Table 3 ) photometric redshifts. Arrows indicate individual protocluster 
candidate redshifts (Table 2 ). As can be seen, the majority of protocluster 
galaxies lie in the 2 < z < 2.5 redshift range, as expected. Selecting a field 
sample in this same range helps us to ensure a similar redshift distribution as 
the clusters, by a v oiding the o v erdense structures between 1.8 < z < 2. 
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PPEN D IX  A :  FIELD  C O N S I D E R AT I O N S  

1 Redshift distribution of the field 

n this work, we define our ‘field’ to be all objects that match our cut
election (see Section 2.1 ) between 2 < z < 2.5. This differs from the
ange in which our candidate protocluster members are selected, 1.8 < 

 < 2.7. The broader range is necessary to accommodate photometric 
edshift uncertainties (see Section 2.3 ). The normalization of the field 
MF is some what sensiti ve to the redshift range, and we choose the
arrower 2 < z < 2.5 to better match the redshift distribution of the
rotocluster members. In particular, there are o v erdense structures at 
.8 < z < 2 that significantly perturb the field SMF when that range
s included. 

2 Field comparison 

n Fig. 4 we compared the total and quiescent SMFs in our field
ample to that measured in previous studies. As noted in the text,
here are some differences in how our sample is constructed relative 
o those comparison studies. Here we show the extent to which these
if ferences af fect the SMF measurements. First, in Fig. A2 we sho w
igure A2. We show the total SMF of our field sample in three redshift bins, chos
here is good agreement for M ∗ < 10 11 M �. 
he total SMF in three different redshift bins, 0.25 < z < 0.75, 1.25
 z < 1.75, and 2.25 < z < 2.75. The latter bin is different from
ur default field sample (2 < z < 2.5), chosen here to correspond
MNRAS 527, 8598–8617 (2024) 

en to correspond to those of McLeod et al. ( 2021 ) and Santini et al. ( 2022 ). 

om
/m

nras/article/527/3/8598/7459937 by guest on 13 M
arch 2024

http://dx.doi.org/10.1093/mnras/stab3484
http://dx.doi.org/10.1111/j.1365-2966.2012.21188.x
http://dx.doi.org/10.1088/2041-8205/795/1/L20


8612 A. H. Edward 

M

Figure A3. Similar to Fig. A2 , but for the quiescent population. As with our fiducial sample in Fig. 5 , the normalization of our observed SMF is lower than 
that of McLeod et al. ( 2021 ) and Santini et al. ( 2022 ), even when using the same redshift bin of 2.25 < z < 2.75. This difference also persists at lower redshift. 
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o the binning of McLeod et al. ( 2021 ) and Santini et al. ( 2022 ). In
eneral, the total SMF agrees well with both those works, as well
s that of Muzzin et al. ( 2013 ), in all three redshift ranges, for M ∗ <
0 11 M �. We also show the effect of using our default photometric
atalogue, Farmer , compared with the Classic . The difference is
argely negligible, especially at the z ≈ 2 epoch that is central to this
ork. 
Fig. A3 is similar, but for just the quiescent population. The lower

ormalization that we observ e relativ e to McLeod et al. ( 2021 ) and
antini et al. ( 2022 ) persists even when we use the same redshift

nterval 2.25 < z < 2.75, and also extends to the lower redshift interval
NRAS 527, 8598–8617 (2024) 
.25 < z < 1.75. We also observe that the choice of catalogue (the
efault, Farmer , compared with the Classic ) has a significant
mpact on the quiescent SMF at low stellar masses, as discussed by

22 and W23 . 
Finally, we consider the impact of selecting quiescent galaxies

rom a UVJ colour selection, rather than our default NUVrJ. The
esult is shown in Fig. A4 , for the same redshift bins as the
revious two figures. Again, the different choice in definition does not
emo v e the discrepanc y with McLeod et al. ( 2021 ) and Santini et al.
 2022 ). 
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Figure A4. As Fig. A3 , but where quiescent galaxies in our sample are defined from their UVJ colours, rather than the default NUVrJ. This does not remo v e 
the discrepancy with McLeod et al. ( 2021 ) or Santini et al. ( 2022 ), who also use a UVJ colour classification. 
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PPEN D IX  B:  STELLAR  MASS  F U N C T I O N S  IN  

IFFER ENT  VO LU MES  

n this section we show how the intrinsic protocluster SMFs depend 
n the different protocluster volume selections tabulated in Table 3 . 
hese can be compared with our fiducial results, in Fig. 8 . The
UVrJ colour distributions of each sample are shown in Fig. B1 .
he morphology of the colour distribution is similar for all samples, 
ith the primary difference being one of sample size. 
First, in Fig. B2 we show the Core sample, d R , d z = 0.5 Mpc,

.2. As with the fiducial sample, we observe a significant excess of
ow-mass protocluster galaxies, with an SMF that rises even more 
teeply to wards lo wer masses. In addition, there is a bump at M ∗ ∼
0 11.25 M �, corresponding to an excess of v ery massiv e galaxies that
s not seen in the wider selection. Also different from the fiducial
ample is the drop in the number of star-forming (and, hence, total)
alaxies at the lowest stellar masses. 

Next in Fig. B3 we consider the core-complete selection (d R , d z =
.5, 0.3). This is similar to the core sample just discussed, but with
 higher completeness due to the larger d z range, chosen to include
95 per cent of all quiescent galaxies in the cluster (See Section 
.3 ). The results are generally indistinguishable from Fig. B2 , though
he uncertainties on the quiescent SMF are larger due to the increased
eld contamination. This demonstrates that the narrower d z = 0.2
election used in our fiducial sample does not significantly bias the
esults against quiescent galaxies. 

Finally, in Fig. B4 , we show the Wide selection of d R = 1.5 Mpc
nd d z = 0.2. For this volume, the SMFs are in general much more
imilar in shape to that of the field. An excess of low-mass quiescent
alaxies is still apparent, though it is not statistically significant. 

We also look at the intrinsic protocluster SMF for galaxies with
election parameters d R = 1 Mpc, d z = 0.2 around just the most
assive protocluster in our sample, ZFOURGE/ZFIRE. We note that 

here are no quiescent galaxies abo v e 10 10 M �. Ho we ver, there is a
arge low-mass excess in this protocluster; all six quiescent galaxies 
n this selection have masses below M ∗ < 10 10.6 M �. Notably, this
umber of quiescent galaxies is about an order of magnitude larger
han the average per cluster when considering the full sample. 

We present the fit parameters for the intrinsic protocluster SMFs in
ach selection, as well as the fit parameters for the field in Table B1 .
MNRAS 527, 8598–8617 (2024) 



8614 A. H. Edward 

M

Table B1. Summary of best-fitting parameters for the double Schechter functions fit to each selection and population. The field is defined as everything 
between 2 < z < 2.5, and the fit to the intrinsic protocluster SMF φc are as described in Section 3.1 . M 

∗ is in units of log( M ∗/M �), and α1 and α2 are 
unitless. φ∗

1 and φ∗
2 are in units of dex −1 cluster −1 , except for the field, where it is presented in units of dex −1 Mpc −3 . 

Selection Alias Population M ∗ log φ∗
1 α1 log φ∗

2 α2 

Total 10.91 + 0 . 19 
−0 . 16 0.34 + 0 . 20 

−0 . 24 −0.72 + 0 . 41 
−0 . 63 −0.34 + 0 . 26 

−0 . 28 −1.64 + 0 . 36 
−0 . 27 

A Fiducial Quiescent 10.66 + 0 . 21 
−0 . 18 −0.15 + 0 . 11 

−0 . 14 0.16 + 0 . 61 
−0 . 52 −1.11 + 0 . 32 

−0 . 75 −1.21 + 0 . 15 
−0 . 43 

Star forming 10.95 + 0 . 19 
−0 . 16 0.28 + 0 . 17 

−0 . 28 −0.93 + 0 . 43 
−0 . 38 −0.74 + 0 . 47 

−1 . 07 −1.88 + 0 . 26 
−0 . 75 

Total 11.20 + 0 . 31 
−0 . 21 −0.45 + 0 . 27 

−0 . 31 −1.12 + 0 . 54 
−0 . 30 −1.10 + 0 . 34 

−0 . 51 −1.53 + 0 . 26 
−0 . 18 

B Core Quiescent 10.95 + 0 . 41 
−0 . 71 −0.66 + 0 . 17 

−0 . 28 −0.12 + 0 . 95 
−0 . 71 −1.54 + 0 . 30 

−0 . 57 −1.27 + 0 . 18 
−0 . 30 

Star forming 11.22 + 0 . 37 
−0 . 17 −0.58 + 0 . 19 

−0 . 30 −1.24 + 0 . 51 
−0 . 21 −1.29 + 0 . 34 

−0 . 45 −1.59 + 0 . 38 
−0 . 19 

Total 10.91 + 0 . 21 
−0 . 11 0.47 + 0 . 15 

−0 . 24 −0.91 + 0 . 30 
−0 . 46 −0.51 + 0 . 42 

−0 . 58 −1.90 + 0 . 32 
−0 . 33 

C Wide Quiescent 10.49 + 1 . 32 
−0 . 14 −0.17 + 0 . 05 

−0 . 39 0.60 + 0 . 59 
−0 . 66 −2.05 + 0 . 82 

−1 . 14 −1.81 + 0 . 65 
−0 . 95 

Star forming 11.00 + 0 . 17 
−0 . 14 0.24 + 0 . 20 

−0 . 23 −1.07 + 0 . 35 
−0 . 40 −0.43 + 0 . 32 

−0 . 56 −1.79 + 0 . 13 
−0 . 28 

Total 11.19 + 0 . 24 
−0 . 19 −0.54 + 0 . 23 

−0 . 27 −1.27 + 0 . 41 
−0 . 19 −1.18 + 0 . 33 

−0 . 48 −1.50 + 0 . 28 
−0 . 19 

D Core complete Quiescent 10.77 + 0 . 43 
−0 . 25 −0.60 + 0 . 12 

−0 . 22 0.17 + 0 . 82 
−0 . 72 −1.48 + 0 . 29 

−0 . 79 −1.27 + 0 . 18 
−0 . 37 

Star forming 11.25 + 0 . 31 
−0 . 23 −0.75 + 0 . 27 

−0 . 34 −1.39 + 0 . 43 
−0 . 19 −1.39 + 0 . 36 

−0 . 51 −1.57 + 0 . 37 
−0 . 20 

Total 10.87 + 0 . 04 
−0 . 03 −3.31 + 0 . 02 

−0 . 03 −0.74 + 0 . 12 
−0 . 18 −4.44 + 0 . 21 

−0 . 56 −2.05 + 0 . 12 
−0 . 34 

Field Quiescent 10.54 + 0 . 03 
−0 . 03 −3.92 + 0 . 002 

−0 . 004 0.46 + 0 . 09 
−0 . 09 −6.88 + 0 . 53 

−0 . 74 −1.30 + 0 . 23 
−0 . 48 

Star forming 10.90 + 0 . 05 
−0 . 05 −3.45 + 0 . 03 

−0 . 04 −0.80 + 0 . 26 
−0 . 17 −4.37 + 0 . 31 

−0 . 37 −1.98 + 0 . 16 
−0 . 20 

Figure B1. The (NUV- r ) versus ( r - J ) colour distribution is shown for each volume selection (Table 3 ). The division between quiescent and star-forming galaxies 
is shown as the solid line. We observe a distinct quiescent population in each selection volume. 
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Figure B2. We show the intrinsic protocluster SMFs for our core selection (d R = 0.5 Mpc, d z = 0.2), to be compared with our fiducial results in Fig. 8 . In this 
sample, the excess of low-mass quiescent galaxies is even more pronounced, with an SMF that increases steeply towards lower masses. There is also an excess 
of massive, quiescent galaxies, and a deficit of low-mass, star-forming galaxies. 

Figure B3. As Fig. 8 , but for the core-complete sample (d R = 0.5 Mpc, d z = 0.3). Results are very similar to the core sample shown in Fig. B2 . Uncertainties 
on the quiescent SMF are larger because the larger d z results in greater field contribution within the volume. 
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Figure B4. As Fig. 8 , but for the wide selection (d R = 1.5 Mpc, d z = 0.2). The SMF shapes are generally consistent with the field, though the flatter shape of 
the quiescent SMF in protoclusters is still present. 

Figure B5. As Fig. 8 , but for just galaxies with selection parameters d R = 1 Mpc, d z = 0.2 around just the most massive protocluster in our sample, 
ZFOURGE/ZFIRE. The number of low-mass quiescent galaxies here is about a factor ten larger than the average for our full sample. 
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