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ABSTRACT

We study the abundance of star-forming and quiescent galaxies in a sample of 21 clusters at 0.5 <z <0.7, detected with the Planck
satellite. Thanks to the large volume probed by Planck, these systems are extremely massive, and provide an excellent laboratory to
study any environmental effects on their galaxies’ properties. We measure the cluster galaxy stellar mass function (SMF), which is a
fundamental observable to study and constrain the formation and evolution of galaxies. Our measurements are based on homogeneous
and deep multi-band photometry spanning from the u- to the K;-band for each cluster and are supported by spectroscopic data from
different programs. The galaxy population is separated into quiescent and star-forming galaxies based on their rest-frame U-V and
V—J colours. The SMF is compared to that of field galaxies at the same redshifts using data from the COSMOS/UltraVISTA survey.
We find that the shape of the SMF of star-forming galaxies does not depend on environment, while the SMF of quiescent galaxies
has a significantly steeper low-mass slope in the clusters compared to the field. This indicates that a different quenching mechanism
is at play in clusters compared to the field, accentuated by a quenched fraction that is much higher in the clusters. We estimate the
environmental quenching efficiency (fgq), that is, the probability for a galaxy that would normally be star forming in the field to be
quenched due to its environment. The fgo shows no stellar-mass dependence in any environment, but it increases from 40% in the
cluster outskirts to ~90% in the cluster centres. The radial signature of fgzq provides constraints on where the dominant quenching
mechanism operates in these clusters and on what timescale. Exploring these using a simple model based on galaxy orbits obtained
from an N-body simulation, we find a clear degeneracy between both parameters. For example, the quenching process may either be
triggered on a long (~3 Gyr) timescale at large radii (» ~ 8 Rsq), or happen well within 1 Gyr at r < Rsp. The radius where quenching
is triggered is at least rguench > 0.67 Rspo (95%CL). The ICM density at this location (as probed with XMM-Newton) suggests that
ram-pressure stripping of the cold gas is a likely cause of quenching. In addition to this cluster-quenching mechanism, we find that
20-32%, depending on the cluster-specific quenching process, of accreted galaxies were already pre-processed (i.e. quenched by the

surrounding overdensities) before they fell into the clusters.
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1. Introduction

Over the past decades we have obtained an increasingly clear
picture of the formation and evolution of galaxies in the Uni-
verse. The galaxy population can be broadly divided in two
distinct types. Star-forming galaxies have blue colours, typi-
cally disk-like morphologies and a relatively high star forma-
tion rate, whereas quiescent galaxies have redder colours, more
spheroidal morphologies, and a (near) absence of star formation.
Generally speaking, star-forming galaxies are found to domi-
nate in abundance at relatively early times and at low stellar
masses (Kauffmann et al. 2004; Baldry et al. 2006; Peng et al.
2010; Muzzin et al. 2013a). A central question is how galaxies
transform from actively star-forming systems to passive quies-
cent galaxies. An important factor in this quest is to understand
how the environment of a galaxy affects this transformation
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process, since at fixed stellar mass, galaxies in groups and clus-
ters are found to have a higher probability of being quiescent
than galaxies in the field (Dressler 1980; Blanton et al. 2005;
Woo et al. 2013).

In recent years it has been shown that the effect of the envi-
ronment is largely separable from the quenching processes that
act internally, at least in the local universe (Baldry et al. 2006;
Peng et al. 2010; Kovac et al. 2014). Specifically, Peng et al.
(2010) introduced terms of “mass quenching”, which would
be operating independently of the environment and most ef-
fectively quench massive galaxies, and “environmental quench-
ing”, which would be operating independently of stellar mass
and quench galaxies preferentially in overdense regions (also
see e.g. Davies et al. 2016; Kawinwanichakij et al. 2017). The
total quenching effect would simply be the product of these two
contributions.
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The physics behind the two separate quenching routes
is a matter of debate. “Mass quenching” is often asso-
ciated with feedback, either from supernovae and galactic
winds (Oppenheimer et al. 2010), or from active galactic nuclei
(Bower et al. 2006; Croton et al. 2006; Tremonti et al. 2007).
Many mechanisms have been proposed to be responsible for
“environmental quenching”. In the overdensities of groups
and clusters, stripping of cold gas (through ram-pressure:
Gunn & Gott 1972), or hot gas (“strangulation”/“starvation”:
Larson et al. 1980), as well as galaxy harassment or (dry) merg-
ers (Moore et al. 1996), could be responsible for the observed
trends. To make progress in understanding these environmental
processes, it is essential to understand in which environments
and on which timescales they operate (Balogh et al. 2004).

Most studies that aim to understand the process of envi-
ronmental quenching are focussed on large cosmological vol-
umes in, for example, the COSMOS field (Peng et al. 2010;
Darvish et al. 2016), VIPERS (Davidzon et al. 2016), 3D-HST
(Fossati et al. 2017), the Subaru Hyper Suprime-Cam survey
(Jian et al. 2018), and ZFOURGE (Kawinwanichakij et al. 2017,
Papovich et al. 2018). Most of these studies separate the galaxy
population into four density quartiles, so that the environmental
effects can be studied between the different quartiles. At least at
high redshift (z> 1) it is found that the environmental quench-
ing process is not working completely independently of stellar
mass (Papovich et al. 2018). A starvation/strangulation scenario
in which the supply of hot gas is cut off from a galaxy would
be highly effective at these redshifts, where star formation rates
and outflows deplete the cold gas supply (the “overconsump-
tion model”, McGee et al. 2014). This would likely introduce a
mass-dependent effect, since the gas depletion time of higher-
mass galaxies ought to be shorter, and this could explain the
measured trends. Also for lower mass galaxies (M, < 10°° M),
measured quenching timescales are comparable to the gas deple-
tion timescale (Davies et al. 2016).

Whereas such a division in density quartiles allows for a
study of environmental quenching in reasonably overdense re-
gions, the most extreme environments are either not probed,
or are washed out by more moderate overdensities. And yet
it is in these regions where the physics of the quenching may
be notably different (Balogh et al. 2016; Kawinwanichakij et al.
2017). Quenching processes may be more violent, leading
to very high quenched fractions of cluster galaxies com-
pared to the field at the same redshift (De Lucia et al. 2004;
van der Burg et al. 2013; Annunziatella et al. 2014; Balogh et al.
2016; Nantais et al. 2016, 2017; Wagner et al. 2017). Dynamical
processes in clusters may become more important at later time to
quench star formation, and these may act in a mass-independent
fashion. A notable example of this is stripping by ram pres-
sure, which would directly remove the cold gas supply from a
galaxy and quench its star formation on a very short timescale
(Zinger et al. 2018; Fossati et al. 2016; Bellhouse et al. 2017;
Jafté et al. 2018).

To understand where and when the most extreme en-
vironmental quenching is taking place in clusters, several
studies have focussed on a clustercentric-distance dependent
study, some even focussing on projected phase space of dif-
ferent galaxy populations (such as those of galaxies in the
“transition” phase; Omanetal. 2013; Muzzin et al. 2014;
Poggianti et al. 2016; Jaffé et al. 2018). To study the relative ex-
cess of already-quenched galaxies in clusters compared to the
field, single values of the environmental quenching efficiency are
typically reported for satellite galaxies (cf. Fig. 7 in Nantais et al.
2016, and references therein), even though there is likely to be a
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substantial trend with radius. Such a study as a function of radius
can probe the “backsplash” of already-quenched ejected cluster
satellites (Wetzel et al. 2014), and pre-processing/quenching of
future cluster satellites in the surrounding large-scale overden-
sity (Fujita 2004).

While new surveys push the frontiers of these studies to higher
redshifts (e.g. Balogh et al. 2017), their samples are thus-far lim-
ited in size, and clusters are of moderate mass and overdensity.
This renders a radial-dependent study of environmental quench-
ing difficult. In this paper we focus instead on highly massive
and thus over-dense clusters at intermediate redshifts. This allows
us to specifically study the environmental quenching excess as a
function of radial distance from the cluster centres. The sample
we study is composed of 21 massive clusters detected with the
Planck SZ survey at redshifts 0.5 <z <0.7. Since Planck is an all-
sky survey (even though we only consider the northernmost two
thirds here), we probe the highest-density environments at these
intermediate redshifts, where environmental effects are expected
to be substantial. We concentrate on a photometric data set span-
ning from the u- to the K;-band for each cluster, which we use to
estimate stellar masses for individual galaxies, and separate them
by type based on their best-fit SED.

Our starting point is a measurement of the galaxy stellar
mass function (SMF), which describes the number density of
galaxies as a function of their stellar mass, and which is a
key observable to study the formation and evolution of galax-
ies. By comparing the SMF to the underlying halo mass func-
tion, the efficiency with which galaxies form can be measured,
and this is an essential test and diagnostic tool for large hydro-
dynamical simulations such as Illustris (Genel et al. 2014) and
EAGLE (Schaye et al. 2015). Measuring the SMF in these mas-
sive clusters provides further constraints for the next generation
of hydrodynamical simulations, in which large overdensities can
be specifically focussed on to study the influence of such en-
vironments on the evolution of galaxies (e.g. Bahé et al. 2017).
These SMFs are the main ingredients to estimate environmen-
tal quenching locations and timescales, which we describe and
discuss in the remainder of this work.

The structure of this paper is as follows. Section 2 describes
our cluster sample and photometric data set. Section 3 lays out
the main analysis, ranging from photometric redshift measure-
ments to a statistical accounting of fore- and background galax-
ies in our cluster galaxy sample. The main results, measurements
of the SMF and environmental quenching efficiency, are pre-
sented in Sects. 4 and 5, respectively. We discuss our findings
in Sect. 6, and conclude in Sect. 7.

All magnitudes we quote are in the AB magnitudes system,
and we adopt ACDM cosmology with Q,, =0.3, Q5 =0.7 and
Ho=70kms~! Mpc~!. Uncertainties are given at the 1—o level,
unless explicitly stated otherwise.

2. Cluster sample and data

The clusters we study are drawn from a sample of 33 clusters
that were detected with Planck, and confirmed by autumn 2011
to be at z>0.5. This sample was the target of an XMM-Newton
Large Programme “Unveiling the most massive galaxy clusters
at z>0.5 with Planck and XMM-Newton” (PI M. Arnaud) in
AO-11. The properties of the sample, in particular regarding
their morphological properties, Intra Cluster Medium and the
cluster scaling relations, are outlined in Arnaud et al. (in prep.).

In this paper, we study the galaxy content in a sub-sample
of 21 clusters that make up the northernmost (Dec > —25°) part
of this parent sample. Several of these clusters have already been
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Table 1. Overview of the cluster sample studied here.

Yx —Msoo Ysz—Msoo  Rsoo,ry
Name Redshift* RABCC DecBCo (10" M) (10" My) (kpe) Alternative Name
PSZ2 G044.77-51.30  0.503(3/1) 22:14:57.27 -14:00:12.7  7.95*0%  836*0¢1 117573, MACSI2214.9-1359
PSZ2 G045.32-38.46  0.589(10/1) 21:29:26.13  —07:41:27.6  7.3670%  7.63*0%t 1107'3; MACSIJ2129.4-0741
PSZ2 GO45.87+57.70  0.609(87/22) 15:18:20.56  +29:27:40.2  5.82*022  7.03*0%° 101673
PSZ2 G046.13+30.72  0.569(67/17) 17:17:05.55 +24:04:237 31703 639708 843}
PSZ2 G070.89+49.26  0.602(94/34) 15:56:25.24  +44:40:42.6  5.02°02  6.46'0% 9707}
PSZ2 G073.31+67.52  0.609(110/35)  14:20:40.11 +39:55:06.9  6.15702%  6.74*02; 10357}; WHL J215.168+39.91
PSZ2 G094.56+51.03  0.539(47/20) 15:08:21.98 +57:55:14.9  6.15'0% 58704 10647}, WHL J227.050+57.90
PSZ2 G099.86+58.45 0.615(104/16)  14:14:47.20 +54:47:03.5  7.09°0%  6.85*)% 10823, WHL J213.697+54.78
PSZ2 G111.61-45.71 0.546(388/187)  00:18:33.58 +16:26:15.9  9.21*021  9.79*033 12147}] RXCJ0018.5+1626
PSZ2 G144.83+25.11  0.591(4/1) 06:47:50.65 +70:14:54.0 778702 8257071 112770 MACSJ0647.7+7015
PLCK G147.30-16.60" 0.645(8/8) 02:56:23.45 +40:17:289 6517020 7417050 10407} RXC J0254.4+4134
PSZ2 G155.27-68.42  0.567(68/24) 01:37:24.98 —08:27:22.9  8.01*04¢  8.93*0% 1149*% WHL J24.3324-8.477
PSZ2 G180.25+21.03  0.546(1151/529) 07:17:35.63 +37:45:17.4 12837017 114903} 1356’0 MACSI0717.5+3745
PSZ2 G183.90+42.99  0.559(94/25) 09:10:51.05  +38:50:22.3  8.4470%0  6.957073 1173%3] WHLJ137.713+38.83
PSZ2 G193.31-46.13  0.634(45/2) 03:35:52.00 —06:59:23.4 5497030 6.07705 9861}
PSZ2 G201.50-27.31 0.538(1181/278) 04:54:10.83 —03:00:51.5  7.90%)30  8.30%07 1157%}3 MACSI0454.1-0300
PSZ2 G208.61-74.39  0.718(10/5) 02:00:16.38 —24:54:51.5 5237037 6257072 9397}
PSZ2 G211.21+38.66  0.505(46/18) 09:11:11.52  +17:46:29.1 548702 6.99707 1038}, RXCJ0911.1+1746
PSZ2 G212.44+63.19  0.529(56/14) 10:52:48.75  +24:16:11.3 415702 5.627050 937710 RMIJ105252.4+241530.0
PSZ2 G219.89-34.39  0.734(15/5) 04:54:4532 -20:16:58.8  6.77703;  7.9770¢) 101613
PSZ2 G228.16+75.20  0.544(585/285)  11:49:35.68 +22:23:54.7  9.360%  10.42%)32 122177 RXC J1149.5+2224

Notes. @ In parentheses, the number of spectroscopic redshifts overlapping with the region for which we have photometry, and the number of
spectroscopic cluster members (within 3000 kms™' from the cluster mean redshift), respectively. ® Cluster detected at a significance slightly
below the cut-off value used for the PSZ2 catalogue. The Ys; is measured on the final Planck maps.

studied, particularly as part of X-ray selected samples of clusters
in this redshift range (Bohringer et al. 2000; Ebeling et al. 2007;
Piffaretti et al. 2011). Several are in optical catalogues con-
structed using SDSS data (Wen et al. 2012; Rykoff et al. 2014).

Table 1 presents the main characteristics of the sample, mak-
ing a comparison of the mass estimated from the Planck SZ
signal and mass based on the deep X-ray maps (M—-Yx re-
lation). Even though the SZ mass proxy is blindly extracted
(i.e. without prior knowledge on the location of the cluster; cf.
Planck Collaboration Int. XXXVI. 2016), both proxies are con-
sistent at the massive end (within ~10% in mass); they slightly
diverge at the low-mass end due to Eddington bias in the SZ
mass proxy (cf. e.g. van der Burg et al. 2016). The differences
between Yx and Ygz will be discussed in more detail in Arnaud
et al. (in prep.). The current paper refers to cluster masses as
Mso', based on the Yx scaling relation.

To support our analysis, we combine different sources of
spectroscopic information in the 21 fields we study. Fourteen
of the clusters are covered in DR14 of SDSS (Abolfathi et al.
2018). For nine clusters, we have obtained redshifts with the
Nordic Optical Telescope (Planck Collaboration XXVII 2016,
Dahle et al., in prep.) or Gemini (Planck Collaboration XXIX
2014). Ebeling et al. (2014) publish a catalogue with hun-
dreds of spectroscopic redshifts in two of the fields we study
(PSZ2 G180.25+21.03 and PSZ2 G228.16+75.20). For PSZ2
G046.13+30.72 and PSZ2 G155.27-68.42, we have ob-
tained spectroscopic redshifts from a program undertaken with

' All quoted masses in this paper are defined with respect to the critical

density at the cluster redshift. Rsq is therefore defined as the radius at
which the mean interior density is 500 times the critical density, and
Ms is the mass contained within this radius. We occasionally use an
overdensity of 200 in an analogous fashion.

the Canary Islands observatories (Planck Collaboration Int. IV
2013). We searched the NED database’ for any spec-zs we
may have missed in the literature. The only two clusters
that remain without a previously measured spectroscopic red-
shift (PSZ2 G193.31-46.13 and PSZ2 G219.89-34.39) have
been observed using VLT/FORS2 multi-object spectroscopy
(PID =090.A-0925, PI=Bohringer). Using our own custom
pipeline, we reduced these spectra and measured the redshifts
of several member galaxies. The number of (unique) spectro-
scopic targets and cluster members for all clusters are listed in
Table 1.

2.1. Cluster photometry

Deep archival follow-up imaging data are available for many
of these clusters (in particular data retrieved from the SMOKA
science archive; Baba et al. 2002), but these tend to be drawn
from X-ray selected samples. Our analysis benefits from a ho-
mogeneous wavelength coverage of the full sample of 21 clus-
ters. Studying the full sample not only statistically enhances the
results presented in this study, but also ensures that we sam-
ple the full range of cluster dynamical properties, approximat-
ing a mass-selected sample. Since the spectroscopic data are
of varying quality and completeness, we base our analysis al-
most entirely on the photometry. To be able to measure accu-
rate and precise photometric redshifts of galaxies in the cluster
fields, we require photometric coverage with at least seven filters
per cluster, ranging from the u-band (~3000 A) to the K,-band
(~22000 A). Accounting for the deep archival data for a subset
of the sample, we obtained the remaining photometry through

2 https://ned.ipac.caltech.edu/
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Table 2. Photometric data set used in this work.

Name Ks,dct PSF M*,dcl /Mo u B 8 14 r R. i I < J K
FWHM dex

PSZ2 G044.77-51.30 23.14 055"  9.25 254 26.0° - 25.9¢ 24.8¢ 26.0° - 25.4° 249/ 2348 23.3¢
PSZ2 G045.32-38.46 23.19 057"  9.36 25.5¢ 25.6° - 25.3¢ — 25.2¢ — 24.9¢ 2497 238¢ 23.3¢
PSZ2 GO45.87+57.70 22.66 0.54”  9.61 25.5 — 26.14 - 2594 - 2544 - 23.8°  23.0¢ 22.5¢
PSZ2 G046.13+30.72 22.38 0.66”  9.68 25.20 — 2574 — 25.87 - 2474 - 24.19 2288 22.3¢
PSZ2 GO70.89+49.26 2227 0.64”  9.75 25.5% — 2624 - 25.8¢ - 25.14 - 24.0° 23.18 2248
PSZ2 G073.31+67.52 2244 0.55”  9.69 2570 — 2634 - 25.4¢ - 2500 - 23.9° 2328 22.6¢
PSZ2 G094.56+51.03 22.38 0.66” 9.62 25.30 — 26.14 25.8¢ - 25.0% 23.5  23.08 22.5¢
PSZ2 G099.86+58.45 2231 0577 9.75 25.6¢ — 26.04 25.4% 24.7¢¢  — 23.6 23.18 2248
PSZ2 G111.61-45.71 2225 0.72”  9.68 25.59 26.5¢ 25.5¢ 26.3¢ 255% 26.2°¢ 26.0¢ 257°¢ 25.0¢ 23.5% 22.6¢
PSZ2 G144.83+25.11 2295 0.78"  9.46 25.0¢ 25.7¢ - 25.4¢ — 25.5¢ — 25.2¢ 25.07 2338 23.28
PLCK G147.30-16.60 22.57 0.52”  9.68 2450 — 25.8¢ - 2544 — 25.14 - 23.6° 23.2¢ 22.7¢
PSZ2 G155.27-68.42 2236 0.59”  9.69 246" — 257 - 2530 - 2430 — 23.8° 23.3¢ 22.6¢
PSZ2 G180.25+21.03 23.13 0.65”  9.33 25.6* 25.9¢ 25.6° 25.77¢ 253¢ 255¢ 2487 - 25.0¢ 23.18 23.3¢
PSZ2 G183.90+42.99 2251 0.64”  9.58 25.4% — 2597 — 2597 - 25.5¢ - 23.9® 23.5¢ 22.9¢
PSZ2 G193.31-46.13 2245 0.59” 9.73 24.80 — 258 - 2510 - 248" - 23.6"° 23.15 22.7¢
PSZ2 G201.50-27.31 23.08 0.56” 9.34 25.7% 26.2¢ 25.6° 26.0° 25.6° 26.0° 24.7° 255° 25.1% 23.5¢ 23.4¢8
PSZ2 G208.61-74.39 2198 0.69”  10.00 25.00 - 25.8° - 2520 — 2455 — 23.8% 2338 22.4¢
PSZ2 G211.21+38.66 2294 0.78”  9.33 2599 26.1° 2529 26.1° 24.9¢ 26.1°¢ 24.0° 254° 25.1%¢ 23.08 23.3¢
PSZ2 G212.44+63.19 2254 0.67" 9.52 254 — 26.0¢ - 26.0¢ - 2554 - 23.7° 2378 2278
PSZ2 G219.89-34.39 22.08 0.74”  9.96 2490 — 257 - 2540 - 2440 - 237 2298 2248
PSZ2 G228.16+75.20 22.82 0.73”  9.45 26.0° 26.6° — 26.2¢ — 26.3¢ 2537 - 2547 23.12 23.2¢

Notes. The reported magnitudes are median 5—o limits measured on the PSF-homogenised stacked images in circular apertures with a diameter
of 2. The values listed are after correction for Galactic dust, and are therefore indicative of the galaxy population we study. The instruments and
filters used for the different clusters are indicated. Whenever there are two observations with multiple instruments, both are used in the analysis,
but only the magnitude corresponding to the deepest stack is reported below. @ CFHT/MegaCam filters used until Jan 2015, i-band after Oct
2007. ® CFHT/MegaCam filters used after Feb 2015. © CFHT/MegaCam i-band filter used until June 2007. > Subaru/Suprime-Cam fully-
depleted back-illuminated CCDs (installed Jan 2009) with SDSS-like filters. > Subaru/Suprime-Cam MIT/LL CCDs (used until Dec 2008) with
Johnson/Bessell-like filters. ¥ Subaru/Suprime-Cam MIT/LL CCDs (used until Dec 2008) with standard z-band filter. > CFHT/WIRCam.

different time allocations on the wide-field imagers at CFHT (PI
vdBurg, PIDs: 15AF006, 15BF005, 16BF013) and Subaru (PI
Dahle, PIDs: S12B-164S, S13A-120, S15A-118).

An overview of all imaging data is given in Table 2. The pho-
tometric data we use have been taken over more than 10 yr, and
some of the instruments and filter sets have been upgraded over
this time span. These differences are indicated in the footnotes
of Table 2, and the different wavelength responses of each filter
and instrument are taken into account in our analysis.

We perform basic steps to reduce the optical imaging data,
such as bias, flat-field correction and cosmic-ray removal. As
an additional step, we remove background patterns, particularly
fringe residuals, by using the dithered pattern of observations
to differentiate signals that are fixed in position on the ccd ar-
ray from sky-bound signals. This is explained and illustrated in
Fig. 1 of van der Burg et al. (2016). For the near-infrared (NIR)
data from our own WIRCam program (PI vdBurg) we have fol-
lowed an extended dither pattern, where the cluster centre is
dithered from chip to chip. This ensures a very clean background
subtraction, even on scales of the intra-cluster light (ICL).

Astrometric registering has been performed with SCAMP
(Bertin 2006) using the USNO-B1 catalogue as reference, or
with external catalogues from Pan-STARRS (Chambers et al.
2016) for clusters that have been observed after the public re-
lease of their data. The astrometric precision between filters is
better than 0.10”, ensuring that colour measurements can be per-
formed accurately.

We automatically place masks on bright stars based on their
locations in the guide star catalogue 2.3 (Lasker et al. 2008).
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After this, the images are inspected manually, and masks are
placed on additional diffraction spikes, reflective haloes, and im-
age artefacts. During our analysis we take account of the reduced
effective areas after masking.

2.2. Object detection and colours

We perform object detection in the original Ks-band. Since the
range in M/L between the different galaxy types is smallest in
this band, this ensures a catalogue that is close to being stellar-
mass selected. We use SExtractor to detect objects, following
the criterion that at least five adjacent pixels have a flux density
that is >1.50 relative to the local background RMS.

To be able to measure colours of the same intrinsic part of the
galaxies we study, differences in the PSF between clusters and
filters need to be accounted for. We use PSFEx (Bertin 2011) to
determine convolution kernels that homogenise the PSF for each
cluster between different filters. We then measure colours for the
K;-band-selected sources by performing photometry in circular
apertures with a 2”” diameter on these PSF-matched images.

A benefit of these wide-field images is that they con-
tain a large population of Galactic stars that can be used to
calibrate the flux scale (e.g. Highetal. 2009; Gilbank et al.
2011; van der Burg et al. 2013; Kelly et al. 2014). We use the
effective wavelength-response curves of each detector, filter® and
atmosphere model in combination with the stellar spectral li-
brary of Pickles (1998) to create a reference stellar locus. The

3 Most of these are compiled at http://svo2.cab.inta-csic.es/
theory/fps/index.php
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Fig. 1. Left panel: spectroscopic vs. photometric redshifts for the 21 cluster fields. Outliers, objects for which |Az| > 0.15, are marked in red. The
outlier fraction is 3.5%, the scatter of the remaining objects is o, = 0.029. Right panel: scatter in Az as a function of K;-band magnitude, for sources
with 0.5 < zgpec < 0.7. Quiescent and star-forming galaxies are marked in red and blue, respectively. The source detection limits of the 21 K;-band

stacks are indicated.

stellar spectral library we use®* is updated with additional infor-
mation in the NIR from Ivanov et al. (2004), in addition to the
original library from Pickles (1998). After applying magnitude
offsets to our instrumental magnitudes to match this reference lo-
cus, we reach a photometric calibration with an uncertainty that
depends on the filter, but is generally <0.05 magnitudes. While
this calibrates the colours of sources in our catalogues, we per-
form absolute flux calibration in the K;-band with respect to the
2MASS all-sky reference catalogue (Cutri et al. 2003).

Uncertainties on aperture flux measurements of faint galax-
ies are dominated by fluctuations in the sky background. We
estimate this noise component by randomly placing apertures
on sky positions that do not overlap with sources detected in
the K,-band. This procedure takes into account the correlated
noise properties between adjacent pixels that originated from
the convolution and the re-binning of the data to a common grid
and PSF.

2.3. UltraVISTA reference field

There are two reasons to study a reference field, that is, a field
without a massive cluster, in our work. First, to study the im-
pact on the evolution of galaxies by their massive host haloes,
properties of galaxies at the same redshift between cluster and
field are compared. Second, to study the properties of galax-
ies that are part of the massive clusters in our sample, we have
to consider projection effects; i.e. fore- and background galax-
ies that enter our sample of cluster galaxies. By performing the
same selection criteria on galaxies in a parallel field, we can take
these projection effects into account statistically. We refer to this
as “background subtraction”. The more information (photomet-
ric redshift, distance from cluster centre) one can use, the more
cleanly the background can be accounted for.

4 Seehttp://www.eso.org/sci/facilities/paranal/
decommissioned/isaac/tools/lib.html

We make use of the COSMOS/UltraVISTA field, which
has been extensively studied and for which a multi-band
photometric catalogue is publicly available (Muzzin et al.
2013b). How we use this catalogue for the background correc-
tion, taking cosmic variance uncertainties due to this single field
into account, is described in the Sect. 3.3.

3. Analysis
3.1. Photometric redshifts

We use the template-fitting code EAZY (Brammer et al. 2008) to
estimate photometric redshifts (photo-zs) for each object. The
photo-zs correspond to the peak (zpeax) Of the posterior probabil-
ity distribution P(z) given by EAZY. Figure la shows a compari-
son between the spectroscopic redshift and photometric redshift.
We define a relative scatter Az = %< for each object with

1+ Zgpec
a reliable spectroscopic redshift zgpec. 'Iehere are ~3.5% outliers,
defined as objects for which |Az| > 0.15. For the remaining galax-
ies, we measure the mean of Az and the scatter around this mean,
0, finding a bias of |Az| =0.008 and scatter of o, = 0.029.

Since the galaxies for which spectroscopic redshifts have
been measured are generally bright, and preferentially have
emission lines, it is not immediately clear if the reported perfor-
mance is representative of the entire galaxy sample down to the
detection limit. In Fig. 1b we separate the galaxies by class (star-
forming vs. quiescent; cf. Sect. 3.5), and plot the differences
as a function of K-band magnitude, restricted to the redshift
range where our clusters are located, 0.5 < zgpec < 0.7. Within this
spectroscopic redshift range, the photo-z scatter is o, =0.028
for star-forming galaxies, and o0,=0.023 for quiescent
galaxies.

This figure shows that the success rate of measuring spec-
troscopic redshifts of faint galaxies is higher for star-forming
than for quiescent galaxies, since the former have typically
strong emission lines. The scatter, shown by the solid curve,
based on a running bin width of 1 magnitude, does not
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significantly depend on magnitude. This suggests that the flux
measurements that define the SED are precise, and the photo-
z determination is limited by the representativity of the tem-
plates, the accuracy of the filter curves, and the accuracy of
the flux calibration. Since photo-zs for quiescent galaxies are
slightly more precise than for star-forming galaxies (due to a
stronger spectral feature around the characteristic 4000 A break),
we expect the photo-z performance of quiescent galaxies to
be at least similar to that of star-forming galaxies at faint
magnitudes.

We use the broad-band colours to identify and flag stars
in our catalogue (e.g. Whitaker et al. 2011; van der Burg et al.
2013), without having to make a selection based on size or mor-
phology. That is because galaxies have very different spectral
energy distributions (SEDs) from stars, particularly towards NIR
wavelengths.

We use the following colour criterion, which is similar to
the ones used in aforementioned studies, to select the sample of
galaxies:

J=K;>0.18 x (u—-J)—-0.60 U J-K; >0.08 X (u—=J)—-0.30 (1)

3.2. Identifying brightest cluster galaxies

We select the brightest cluster galaxy (BCG) in the K;-band that
is located within 1’ of the X-ray peak, and that has a photometric
redshift within 0.10 of the cluster redshift. In all but one case
this automatic identification corresponds to what we would have
selected by hand based on the colour images in Appendix B.
For PSZ2 G219.89-34.39, there is a misidentification since
the apparent BCG has a blue core, and is likely contaminated by
blue light from a nearby source (cf. Fig. B.1, as is also apparent
from the VLT/FORS2 spectrum of this galaxy). The photo-z is
0.56, which is 0.17 lower than the cluster redshift. We select
only this BCG by hand, and all the others following the criteria
above. The BCGs are marked in Fig. B.1, and their positions are
reported in Table 1.

3.3. Stellar masses and background correction

We measure stellar masses for each galaxy using the SED-
fitting code FAST (Kriek et al. 2009). We use stellar population
synthesis models from Bruzual & Charlot (2003), and assume
a Chabrier (2003) IMF, solar metallicity, and the Calzetti et al.
(2000) dust law. The star formation history is parametrised as
S FRoce /™ swhere the timescale 7 is allowed to range between
10 Myr and 10 Gyr. These settings are identical to those used to
measure stellar masses of the UltraVISTA sample, which we use
to provide a field comparison. For an appropriate analysis that
relies on a statistical subtraction of galaxies in the clusters’ fore-
and background, as described immediately below, we fix the red-
shift of each individual galaxy to the clusters’ mean redshift (cf.
Table 1).

We also construct tailored catalogues from the UltraVISTA
main catalogue for each cluster, where we select only eight fil-
ters: uBVrizJK, and add artificial noise to the aperture flux mea-
surements to match the depth of the data in the cluster fields.
We verify that the performance of EAZY (scatter in photo-zs vs.
spec-zs) is then similar to that of the cluster fields for similarly
bright galaxies. To perform the statistical field subtraction of
fore- and background galaxies, we run FAST on the tailored
catalogues to estimate stellar masses, while also fixing the
redshift of each galaxy to the cluster’s mean redshift. Identical
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settings are used when running FAST on the cluster fields, as on
the reference field.

Cluster galaxies are initially selected to have a photometric
redshift within 0.07 from the cluster mean spectroscopic red-
shift, which is several times larger than the photo-z scatter. In
Appendix A.1, we test the effect of this choice, and show that
the reported results are robust.

The uncertainty due to cosmic variance in the reference field
is taken into account following the prescription of Moster et al.
(2011), based on the volume subtended by the UltraVISTA area
in the redshift range 0.5 <z<0.7. We find that this has no sig-
nificant effect on the cluster SMF, except in the outskirts, where
the overdensity of the cluster field with respect to the background
decreases. The estimated uncertainties are shown in the main fig-
ures presented in this work.

3.4. Completeness correction

We identify and correct for two observational effects that affect
galaxies around the detection limit in the Ks-band stack. First,
the detection rate of objects drops towards fainter magnitudes
due to noise fluctuations. Second, the objects that are detected
may have a flux measurement that is biased compared to their
intrinsic brightness.

To measure the influence of these effects, we study the re-
covered fraction and fluxes of simulated sources in the detection
band. We inject sources with an exponential (i.e. Sérsic-n=1)
profile and half-light radii in the range 1-3 kpc (uniform distri-
bution), ellipticities uniformly drawn between 0.0 and 0.2, and a
uniform magnitude distribution. These values are appropriate for
sources around our detection limit. Since the depth of the detec-
tion image is not uniform, we consider the region within 6’ ra-
dial distance of the cluster centres. This corresponds to 2.2 Mpc
(2.6 Mpc) at z=0.50 (z=10.70) and covers the parts of the clus-
ters that are relevant for this study. On one occasion we probe
the properties of galaxies up to larger cluster-centric distances;
in Appendix A.3 we study the effect of the reduced depth in the
cluster outskirts on this result.

We run exactly the same source detection algorithm as for the
main analysis (cf. Sect. 2.2) on the K;-band stacks that include
the simulated sources. The K;-band magnitude limits at which
80% of the simulated sources are recovered, are listed in Table 2
and also indicated in the right hand panel of Fig. 1. We find that
around this limit, sources are measured to be 0.12 magnitudes
fainter than they are intrinsically, while for the brightest sources
this difference is negligible (~0.01). We correct the measured
fluxes by these magnitude-dependent corrections.

Stellar mass limits that correspond to the 80% completeness
limit in the K -band are also listed in Table 2. We base these
on a Bruzual & Charlot (2003) template with a formation red-
shift of z=3.0. Since such an old stellar population is relatively
faint for their stellar mass, this corresponds to a conservative
limit when galaxies with more recent star formation are also
considered.

3.5. Star-forming vs. quiescent galaxies

We measure rest-frame U-V and V-J colours of the best-fit
SEDs from EAZY, while fixing the redshift to the cluster mean
redshift. These colours have been shown to be effective to sep-
arate star-forming from quiescent galaxies, even in the presence
of dust reddening (e.g. Wuyts et al. 2007; Williams et al. 2009;
Patel et al. 2012).
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Fig. 2. Rest-frame U-V vs. V-J diagram for galaxies with stellar
masses M, >10'" M. Grey distribution: UltraVISTA field galaxies
with redshifts 0.5 < z < 0.7. Red points: galaxies from the cluster sample
studied here, within redshift |Az| <0.05 from the cluster mean redshift,
and within projected R < Rsqo from the cluster centres.

There are small offsets in the UVJ colour distribution be-
tween the different clusters, and with respect to the UltraVISTA
field sample. Such differences are not uncommon, and several
studies have applied corrections to the selection criteria to rectify
this (Whitaker et al. 2011; Muzzin et al. 2013a; Skelton et al.
2014, also see the discussion in Appendix A of Lee-Brown et al.
(2017)). Rather than adapting the selection criteria of quiescent
galaxies for each cluster, we applied offsets to the rest-frame
colours to shift them back to the UltraVISTA reference in red-
shift range 0.5 <z <0.7. The mean absolute shift applied is 0.06
magnitude to the U-V colour, and 0.04 to the V—J colour. This
brings the colour distribution of cluster galaxies into good agree-
ment with those of field galaxies in UltraVISTA; see Fig. 2. In
Appendix A.2 we test the effect of a possible residual shift in
colour between the cluster fields and the reference field to the
main results presented in this paper.

Inspecting the bimodal galaxy distribution by eye, we select
a sample of quiescent galaxies following the following criteria:

U-V>13nV-J<1.6NnU-V>055+V-J). 2)

We note that Fig. 2 shows the UV.J colour distribution of the
UltraVISTA galaxies based on all the photometric information.
For the purpose of a statistical background subtraction we run
a similar analysis on a subset of eight UltraVISTA filters, with
noise added to resemble the photometric quality of the cluster
fields (cf. Sect. 3.3).

4. The stellar mass function

The galaxy SMF is a fundamental measure of any population
of galaxies, and a critical measurement against which galaxy-
formation models are tested. The SMF is measured for the clus-
ter galaxies up to a cluster-centric radius of 2 X Rs5pp and shown

in the left panel of Fig. 3. For this measurement all 21 clusters
are stacked, excluding the BCGs. The background is subtracted
and an incompleteness correction is applied. For each bin we
only use clusters down to their 80% stellar mass completeness
limit (cf. Table 2). To compensate for clusters missing in the
lowest-mass bins, we increase the weight of galaxies in the re-
maining clusters. To weigh each cluster properly, we base these
on the richnesses measured for each cluster. Richnesses are mea-
sured following the definition given in Rykoff et al. (2014), and
we discuss this mass proxy in van der Burg et al. (in prep.).

We measure the “average” cluster all the way down to the
stellar mass limit of 10 M,,. Error bars denote uncertainties es-
timated from 100 bootstrap re-samplings of all galaxies in which
we draw galaxies with replacement. The number of galaxies we
draw in each realisation follow a Poisson distribution with mean
equal to the number of galaxies in the stack. To make sure that
the uncertainties are not dominated by the (perhaps too low)
number of clusters in our sample, we perform 25 additional re-
samplings of the clusters themselves. We find that both boot-
strap procedures result in comparable uncertainties; the sample
of clusters is therefore large enough that we would have obtained
the same results as presented here, if we would have observed 21
different clusters taken from a similar parent sample.

From the separation between quiescent and star-forming
galaxies in the left panel of Fig. 3, we find that the galaxy pop-
ulation in these massive clusters is completely dominated by
quiescent galaxies, all the way down to the stellar mass limit
(10°> My). To further interpret our findings of the cluster SMF,
we make a comparison with the SMF of field galaxies at the
same redshift as the clusters, in the right-hand panel of Fig. 3.
From a comparison of cluster and field, it is clear that the frac-
tion of quenched galaxies in the clusters is substantially higher
than in the field, at each stellar mass. This is quantified further in
the lower panels, where the relative fractions of star-forming and
quiescent galaxies are presented as a function of stellar mass.

We model the SMF by fitting a Schechter (Schechter 1976)
function to the data. This function is parameterized as

D(M) = In(10)@" [10M=H1 0] exp [~ 10M=] 3)

with M* being the characteristic mass, @ the low-mass slope, and
@ the overall normalisation. We follow a maximum-likelihood
approach to estimate the parameters that define the shape of the
Schechter functions, M* and a, along with their uncertainties.
For this we use the un-binned data points, and include the com-
pleteness correction to the individual galaxies, by setting their
weights in the likelihood maximisation. For low stellar masses,
these weights also compensate for clusters that are not complete
down to these limits. For this purpose, each cluster is scaled by
its richness. The background galaxies, from the reference field,
are included in the same likelihood and have a negative weight.
The normalisation of the Schechter function, ®*, is evalu-
ated by requiring that the integral over the considered stellar
mass range (i.e. stellar masses larger than 10°° M) equals the
number of all cluster galaxies (or more specifically, the sum of
all weights). The best-fitting Schechter parameters are listed in
Table 4, and the corresponding functions are shown in the top
panels of Fig. 3. The reported goodness-of-fit values indicate
that the Schechter functions provide reasonable fits to the data
points. However, there seem to be some systematic residuals,
especially towards the low-mass end of the SMF. Indeed, some
literature studies fit double Schechter functions, but since we pri-
marily work with the data points from now on, this paper does
not discuss whether a fit can be improved with more degrees of
freedom. The data points themselves are listed in Table 3.
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4.1. Radial-dependence of SMF

A study of the SMF of galaxies at different radial distances
from the cluster centres would allow a more detailed under-
standing of what happens to the galaxies as they are accreted
by the clusters. With the current sample, we have the statistics
to do this, and Fig. 4 shows the former cluster SMF, split into
four radial bins. The best-fitting Schechter functions are over-
plotted. Qualitatively, a strong trend is immediately visible; the
quenched fraction of galaxies drops with radial distance from the
cluster centre, at each stellar mass.

Realising that the uncertainties on the best-fitting Schechter
parameter are not independent of each other, we plot the two-
dimensional (2D) 68% and 95% confidence regions on « and
M in Fig. 5. We note that for star-forming galaxies the over-
density compared to the reference field is low, especially in the
outskirts. This results in large uncertainties on their SMF, and on
the fitted Schechter parameters. The cosmic variance uncertainty
is visualised by the lines that are superimposed on the ellipses;
these connect the =10 systematic uncertainties due to cosmic
variance with the nominal measurement. These systematics are
so large that the shape of the SMF of star-forming galaxies is
consistent with being independent of environment.

The quiescent galaxies have a much higher overdensity com-
pared to the reference field, and their SMF can therefore be
measured more accurately since cosmic variance plays a neg-
ligible role. The shape of the SMF of quiescent galaxies does
not vary significantly with the radial distance from the cluster
centre. Also the shape of the total SMF, which is always com-
pletely dominated by quiescent galaxies, does not vary signifi-
cantly between radial bins. There is a significant difference, how-
ever, between the SMF of quiescent galaxies in the clusters and
in the average field; there are relatively more low-mass quiescent
galaxies in the clusters. Some quenching models (e.g. Peng et al.
2010) interpret this as indicative of another quenching mecha-
nism of galaxies in the field as well as those in clusters. If galax-
ies are “environmentally” quenched, one would expect a steeper
SMF of quenched galaxies at low masses. That is because the
SMF of star-forming galaxies is steep, and because quenching
due to environment is supposed to be largely mass-independent.
Our findings are broadly consistent with that picture.
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4.2. Normalisation of the SMF

The cluster SMFs presented in Figs. 3 and 4 are normalised
in number of galaxies per cluster. To understand and com-
pare the efficiency of galaxy formation in clusters and in the
field, we make a more direct comparison in the normalisa-
tions between the different environments. Since clusters have,
by definition, a very high volume density of galaxies com-
pared to the field, normalising the SMF over the total vol-
ume may not be insightful. Instead, following van der Burg et al.
(2013), we normalise the SMF of field and clusters to the to-
tal amount of matter associated with each galaxy population
in Fig. 6.

For the field sample, we take the total comoving volume
in the redshift range 0.5 <z<0.7 covered by the UltraVISTA
unmasked survey area of 1.62 square degrees (Muzzin et al.
2013b), amounting to 1.5 x 10® Mpc?. Multiplying this by the
average matter density of the Universe in our cosmology, we
find a total amount of matter (i.e. dark matter + baryonic) of
6.1x10' M.

For the clusters, we take the total mass within a projected
radius of Rsgo, but integrated along the line-of-sight. For this
we assume that the galaxies follow the total mass, approxi-
mated by an NFW profile with concentration cspp =~ 2-3 (e.g.
Dutton & Maccio 2014; Klypin et al. 2016, van der Burg et al.,
in prep.). To go from the mass within a sphere of radius Rsg
(which equals M5, by definition) to the mass within this cylin-
der, one multiplies Msoy with a constant factor of ~1.43. The
total mass associated with the 21 clusters, within a projected ra-
dius of Rsqp is then 2.0 x 10'® M.

Figure 6 shows the resulting SMF, normalised by the total
mass. Per unit total mass there is a clear overdensity of galax-
ies in the clusters compared to the field (qualitatively similar to
what was found by van der Burg et al. 2013). This shows that it
is impossible to create clusters by simply accreting an average
field population of galaxies, since the latter includes low-density
regions such as voids, where the star-formation efficiency is very
low. Since groups are typically found in the vicinity of clus-
ters, it is likely that the accretion of these systems caused a
galaxy excess in clusters compared to the field (cf. discussions
in Hennig et al. 2017; Chiu et al. 2018).
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Table 3. Data points of the SMFs plotted in Figs. 3 and 4.
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Table 4. Best-fitting Schechter parameters and their 68% confidence limits for different environments and galaxy types.

Environment logio[M* [ Mo] @ o* GoF?
All galaxies ~ R<2Rsoo 10.81+02+0.00  _0,91+002+000 35597 +4.22732¢  1.19
R<0.5Rs00 10.817003+005  —0813003 70992 119.89+2.6377%52° 112
0.5Rs00<R<Rsop ~ 10.85*003+0:00 1007004 +0.00 9339 +2.,00%236 1.01
Rspo<R<15Rspp 10767003+ 000 _085+0.05+002  86.44 +2.22%629 0.88
L5Rs00<R<2Rspo  10.7970:98+001  —1.00%0.0¢+000 5548 + 1.5873-38 0.73
Average field 10.98*002 -1.207092 320.59 +3.49 0.61
Quiescent R<2Rsp 10817094000 —0.83*003+000 325414277390 1.22
R<0.5Rs00 10.827003+ 2001 _078+0.04+0.02 11198 +2.58"32%% 122
0.5Rs00<R<Rsop ~ 10.85*003* 500 —0.957004+ 000 82.55+1.95%)1% 0.88
Rsoo <R<15Rspo 107570037000 —0.71*003+ 090 80.44 £2.337)-3 1.05
L5Rso0 <R<2Rspp ~ 10.807093+001  —0.85+006+ 001 47.16 + 1.627) 70 0.86
Average field 10.86*002 -0.55%0% 313.85+5.83 0.72
Star-forming R <2 Rsgo 10.50*904+0.02  _1,027006+004 76,58 +2.12%3 14 0.80
R<0.5Rs00 106970134000 1 117013+000 865+ 061703 1.32
0.5Rs00 <R<Rsoo ~ 1054*009+000  —1.00*012# 092 2224+ 1.13%]:0° 1.03
Rsoo<R<1.5Rspp ~ 10.427009+006  —0.92#014+000 2310+ 1.297%31 1.09
L5Rspo<R<2Rspp  10.357099+0.99  _095+014+023 23,89 + 1.487480 0.91
Average field 10.69+503 -1.33%003 238.72 +£3.20 0.75

Notes. In addition to the statistical uncertainty (first error given) for the cluster data, we quote the systematic uncertainty due to cosmic variance in
the reference field (second error given). ” Normalisation is reported in the same units as the data points were presented in Table 3, i.e. [cluster™']
for the cluster data, and [10~> Mpc~>] for the average field.  Even though we perform a maximum likelihood fit to the unbinned data, we report
goodness of fits as y?/d.o.f., where the best-fit models are compared to the binned data.
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Fig. 4. Top panels: SMF of cluster galaxies at different radial distances

from the cluster centres. Blue and red data points: the population of

star-forming and quiescent galaxies, respectively. Black points: full galaxy population. Lower panels: relative fraction of quiescent galaxies and

star-forming galaxies as a function of stellar mass.

4.3. Literature comparison

The general trends we observe are in line with previous measure-
ments. Vulcani et al. (2013) study the SMF of cluster galaxies in
the same redshift range as we do. For each galaxy type, they
find no significant difference in the shape of their SMF between

A140, page 10 of 21

cluster and field. Contrary to their work, however, we do find a
significant difference between the SMF of quiescent cluster and
field galaxies. It is possible that this is owing to our data being
substantially deeper (~1 dex), allowing us to probe the low-mass
regions where the differences are most pronounced.
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Fig. 5. 68% and 95% likelihood contours for the Schechter parameters o and M*, for the different galaxy types in different panels. Black: schechter
parameters of field galaxy population. Other colours: schechter parameters of the cluster galaxies, in different radial bins, as indicated. The lines
within the contours indicate how cosmic variance (+/—10) affects the best-fit Schechter parameters. That effect is strongest for the star-forming
galaxies at large clustercentric distances, where the overdensity compared to the background is lowest.
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Fig. 6. SMF of galaxies in clusters and field, normalised by the total
mass associated with the cluster population (black) and the total mass
in the volume from which the field SMF is measured (purple). Squares:
SMF including BCGs, to provide a full accounting of stellar mass in the
cluster galaxies.

Papovich et al. (2018) also study the SMF over a redshift
range that overlaps with ours, in different environments probed
with ZFOURGE and in the NMBS. They have data with simi-
lar depth, or even slightly deeper than ours, and base their den-
sity estimates on a nearest-neighbour approach. Similar to this
work, they find a steepening in the low-mass slope of the SMF of
quiescent galaxies in overdensities compared to the field. How-
ever, Papovich et al. (2018) also find an increase in M* towards
higher densities (also see Davidzon et al. 2016, who base their
study on the VIPERS data set), which we do not find in the clus-
ter environments. A possible explanation for the apparent dis-
crepancy with these studies is that they probe more moderate

overdensities, and include galaxies that are central to their own
haloes, while we have deliberately not taken the BCGs into ac-
count. Central galaxies are expected to grow from the merging
of in-falling satellites, and this may explain the increase in M*.
Also, in the more moderate environments probed by ZFOURGE
and VIPERS, mergers between satellites may be more frequent
than in the cluster environment, where relative velocities are ex-
pected to be too high for mergers to occur.

Annunziatella et al. (2014) study the SMF of a massive
CLASH cluster at z=0.44. They find that the galaxy population
is dominated by quiescent galaxies, but only for stellar masses
M, 2 10'° M. This apparent lack of cluster quiescent galaxies
may be the result of a different way of separating star-forming
from quiescent galaxies, compared to our method. Also cluster-
to-cluster variations may play a role here, as suggested by a simi-
lar study of the more local cluster Abell 209 (Annunziatella et al.
2016).

At higher redshift, z ~ 1, van der Burg et al. (2013) measure
the SMF of ten clusters, and find that these systems are al-
ready dominated by quiescent galaxies down to stellar masses
of ~10'" M. Contrarily to more local studies, they find that the
shape of the SMF of quiescent galaxies is similar between clus-
ters and the field. A likely explanation, apart from a possible
evolution with redshift, is that a stellar mass limit of 10'© M
may not be low enough to probe any differences in the SMF
where they are expected (cf. Nantais et al. 2016, for a study at
even higher redshift).

5. Environmental quenching efficiency

A significant result of this work is that the fraction of quiescent
galaxies is much higher in the cluster environment than in the
field, at the same redshift, and at a given stellar mass. Here we
quantify this using the environmental quenching efficiency (fgq),
which can be thought of as the fraction of galaxies that would
normally be star-forming in the field, but are quenched by their
environment. Specifically,

feQ

_ fq,cluster - fq,ﬁeld

4
T~ el @
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Fig. 7. Environmental efficiency as a function of stellar mass, for differ-
ent radial bins. While there are wiggles around a flat relation, there is
no significant monotonic mass-dependent trend.

9.8

where fg cluster and fg sela are the quiescent fraction of galaxies
in the cluster and field environment, respectively. The quenched
fractions are a function of both stellar mass and environment,
and therefore also fgg may depend on stellar mass and environ-
ment. Such a term was already introduced by van den Bosch et al.
(2008), and sometimes the term “conversion fraction” is used
for a similarly defined quantity (Balogh et al. 2016; Fossati et al.
2017).

A compilation of fgg in groups and clusters is shown in
Fig. 7 of Nantais et al. (2016). The general trend is that fgq in-
creases with increasing halo mass (broadly speaking, from group
to cluster environments). There is also a hint that fgq increases
towards the local universe, at a given halo mass. This is in line
with results from Darvish et al. (2016), for example, who find no
evidence for environmental quenching in more moderate over-
densities in the COSMOS field at redshift z> 1.

5.1. Environmental quenching efficiency versus stellar mass

Figure 7 shows the fgq as a function of stellar mass, in four radial
bins from the cluster centres. Error bars are the 68% confidence
regions from 100 bootstrap resamplings, where galaxies within
the clusters are drawn with replacement. In addition, we per-
form 25 bootstrap resamplings in which the clusters themselves
are drawn with replacement. The two bootstrap runs lead to sim-
ilar uncertainties. We also show that cosmic variance uncertainty
(indicated by the shaded regions) increases towards larger clus-
tercentric radii, where the cluster over-density is lower.

In none of the radial bins does the fgp show a system-
atic trend with stellar mass (either increasing or decreasing).
However, there are significant wiggles around the mean values
(indicated by the dotted line); in Sect. 6 we quantify these as
signatures of merging of cluster galaxies compared to the field,
which likely happened in their pre-processing environment.

A lack of clear stellar-mass dependence of the fgq in
any of the radial bins suggests that the main quenching pro-
cess happening in clusters is mass-independent (also see e.g.
Kawinwanichakij et al. 2017). One candidate would be a strip-
ping process of the star-forming gas that is so rapid that it is
essentially mass-independent, namely ram pressure stripping.
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Fig. 8. Environmental quenching efficiency as a function of radial dis-
tance from the cluster centres, measured in a single broad mass bin. We
can do this because environmental quenching, at least in this regime,
seems to be a process that is largely mass-independent (cf. Sect. 5.1).
Dashed curve: same but increasing the quenched fraction in the field
(cf. Eq. (4)) so that fiq is consistent with zero in the outermost bin.

5.2. Environmental quenching efficiency versus radius

The fgq being independent of stellar mass, we study its depen-
dence on clustercentric radius. We combine the fgq of all galax-
ies with stellar masses in the range 10°° < M, /M, <10'! in
Fig. 8. Using logarithmic bins, we study the fgq from 0.01 X Rs
to 4XRsyp. There is a clear signature of environmental
quenching that depends on radial distance (which scales with lo-
cal density). The frq in the cluster centres (where R/Rsp0 <0.1)
are extremely high, ~90%, even in projection where galaxies on
the cluster periphery are mixed along the line-of-sight. There is a
steep drop in the fgq with radial distance, especially in the range
02< R/R500 <2.0.

Interestingly, the fgg does not drop all the way to zero to-
wards the cluster periphery, but rather converges to a value of
~0.35 at the largest clustercentric distances that we probe. In
Appendix A.3 we demonstrate that this measurement is robust,
even though we study galaxies detected in a slightly shallower
region of the Ks-band stack. Using a cosmological N-body sim-
ulation, Wetzel et al. (2014) show that this excess quenching at
large radii may be the result of ejected cluster satellites, which
orbit even beyond the clusters’ virial radii. Another possible con-
tributor to this observed excess quenching on larger scales comes
from galaxies that have been pre-processed in the rich group
environment that surrounds galaxy clusters (e.g. Haines et al.
2015; Bianconi et al. 2018). If we re-define the environmental
quenching efficiency in Eq. (4) with respect to the quenched frac-
tion in the cluster periphery, i.e. substitute fg field With fg periphery-
we obtain the dashed curve shown in Fig. 8. This curve is based
on a pre-processed value of 0.35, and illustrates the effect of the
main quenching mechanism in the cluster.

At first glance, the measured strong dependence of fgg on
radius suggest that, whatever physical process is responsible,
quenching must happen on a reasonably rapid timescale, at least
when galaxies approach the cluster centres. If quenching were a
slow process, freshly accreted star-forming galaxies would have
time to migrate to the cluster centres while still forming stars,
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and this would lower the observed fgq in the cluster centres. We
quantify these statements in the following subsection, in which
we employ a simple quenching model to put the observations
into context.

5.3. A simple quenching model

We consider a model to identify the approximate timescale over
which a galaxy is environmentally quenched in the cluster, and
the location where this quenching process is triggered. Our basis
is a set of N-body simulations of four galaxy clusters, introduced
in Taranu et al. (2014). The four most massive clusters were
identified from a large cosmological N-body simulation with
256° particles in a cosmological box of side length 512h~! Mpc.
Particles in the re-simulation have masses of 6.16x 10% M,
meaning that sub-haloes down to relatively low halo mass can
be resolved and traced in time from z=3 to z=0.

Using this simulation, we investigate at which distances from
the cluster centres a quenching transformation process is likely to
start, and how long it would take for a galaxy to show a signature
of quenched star formation. Following a similar approach to that
in Muzzin et al. (2014), in which phase-space distribution of spe-
cific subhaloes in these simulations were tracked, we now only
consider the projected clustercentric distances of a population
of subhaloes in the simulation. Subhaloes are marked that have
passed, for the first time, a clustercentric distance 73p quench/Rs00
at least Tquench Gyr ago. Projecting each cluster in three direc-
tions (x, y, ), we mark the fraction of subhaloes that satisfy these
criteria, as a function of projected clustercentric radius.

The results are in Figs. 9 and 10, where one parameter in
the model is kept constant, while the other is varied. We note
that Tquench has to be interpreted as a delay time + quenching
time, and that the quenching time itself is supposed to be a rapid
process due to the absence of a significant fraction of green val-
ley (transition) galaxies (Peng et al. 2010; Wetzel et al. 2013).
The similarity between Figs. 9 and 10 indicates a degeneracy
between quenching radius and timescale.

While any ejected satellites that have been quenched by the
same (cluster-specific) mechanism would show up in the pro-
jected distributions, we note that any possible pre-processing
of galaxies in the large-scale overdensity surrounding the clus-
ters is by definition not shown in this simplistic model. We
perform a maximum likelihood comparison between the re-
sults from the simulation and the actual data, as a function of
quenching timescale and quenching radius, while we include the
pre-processed fraction of satellites separately as an extra free
parameter. For each value of 73p guench/Rs00 and Tquench in the
model, we therefore marginalise over this pre-processed fraction
of galaxies. As an example, the data points for a pre-processed
fraction of 0.35 are shown in Fig. 8. The resulting confidence
regions on the parameters that represent the best model are
shown in Fig. 11 and these confirm the strong degeneracy be-
tween 73p quench /Rs00 and Tquench~

The contours shown in Fig. 11 follow an intriguing degen-
eracy; quenching appears to happen either on a short timescale
at small clustercentric radii, or over a longer timescale at larger
clustercentric radii. Both scenarios reproduce the data simi-
larly well. We note that the bimodality in the 1-o contour
is likely due to the limited number of four clusters that we
used in the simulation (albeit as studied from three orthogo-
nal sight lines). The pre-processed fractions of galaxies are not
shown in Fig. 11, and this fraction gradually decreases when go-
ing from small radii (and corresponding short times), to larger
radii (and longer times); for example, the pre-processing level
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Fig. 9. Radial dependence of fiq from the model, where we vary the
quenching time (as indicated) while fixing the quenching location to
Rso.
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Fig. 10. Radial dependence of fgq from the model, where we vary the
quenching location (as indicated) while fixing the quenching time to
1 Gyr.

at r3p,quench = 1 X Rs0p and Tquench =1 Gyris 317t§i, while it de-
creases to 19.8%3-% at r3p quench = 7 X Rspo and Tquench = 3 Gyr.

Even though there is a strong degeneracy between the pa-
rameters, we can put a firm lower limit to the radial dis-
tance from the cluster centre where quenching is triggered;
Tquench > 0.67 Rspo (95%CL). Using our deep XMM-Newton ob-
servations we can link this to an ICM density where quench-
ing occurs. Leaving a more detailed study of the radial gas
density distribution of this cluster sample to van der Burg
et al. (in prep.), the gas density at R=0.7 Rso9 is around
PIcM * 2 X 10* Mg kpC_S.

Following their Eq. (62), Gunn & Gott (1972) estimate at
which ICM density ram pressure stripping is expected to become
effective in the stripping of the interstellar material of a typical
infalling galaxy. They find this to happen at an ICM density of
~5x 10~*atoms cm™>. The density at R = 0.7 Rsqq is already about
twice this value, making ram pressure stripping a likely contribu-
tor given our constraints on the location and timescale of the main
stripping process. Similarly, based on a cosmological simulation,
Zinger et al. (2018) find that a significant removal of star-forming
gas happens at » < 0.5 Ry;;, which is a similar fraction of Rsy.

Another likely contributor to the quenching process is stran-
gulation/starvation, which is a cut-off from the cosmological
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Fig. 11. 1-, 2-, and 3-0 contours surrounding the best-fitting location
and timescale of quenching, so that our quenching model reproduces the
observed radial-dependence of the environmental quenching efficiency.
Pre-processing is left as a free parameter in the likelihood maximisation.

accretion of hot gas after a galaxy is accreted by the cluster’s
main halo. Star formation is then expected to quench after the
reservoir of molecular gas is depleted. This timescale is on the
order of 1 Gyr for local low-mass galaxies (Tacconi et al. 2018),
and likely shorter at higher redshift. This is a slower process than
ram pressure stripping, but its timescale is also consistent with
our quenching constraints in Fig. 11. Since this process will be
triggered at larger distance (or equivalently, at earlier times) than
ram pressure stripping, both processes may be contributing to the
observed elevated fraction of quenched galaxies.

5.4. Caveats

Our modelling has shown that the radial distribution of fgg com-
bined with a realistic simulation of the orbits of cluster galax-
ies can provide meaningful constraints on the 73p quench/Rs00 and
Tquench of cluster galaxies. There are several caveats in our anal-
ysis that could play a role in the interpretation, and these are
highlighted below.

In this paper we measure the fgq as the excess quench-
ing with respect to the field, i.e. a representative section of the
universe at the same redshift. The field sample therefore already
includes regions of higher densities, such as groups. Several
studies have quantified the fiq (or conversion fraction) as the ex-
cess quenching with respect to the lowest mass density found in
the field (typically the lowest-density quartile, cf. Papovich et al.
2018). The quenched fractions we report for the field in-
clude some “pre-quenching” in moderate overdensities, and the
reported fgq values would have been even higher if defined with
respect to the lowest-density regions. However, since our mod-
elling marginalises over this pre-processing component, this as-
sumption does not affect our estimated parameters that describe
the main quenching process in the clusters.

We have defined fgq with respect to the field at the same
epoch as the clusters are observed at. An alternative approach
is to consider the field quenched fraction at the time of galaxy
accretion (see the discussion in Balogh et al. 2016), as for ex-
ample Foltz et al. (2018) have done in their modelling of the
quenching time scales. Both approaches have their uses; we
have chosen the former so that we can isolate what happens
in clusters, separately from and in addition to what would have
happened to the star-forming properties of the galaxies if they
had remained central in their own haloes.
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Furthermore, our definition of fgq is interpreted in the ab-
sence of mergers between galaxies. We know mergers are hap-
pening, especially for galaxies in group scales, and mergers may
even contribute to the quenching of satellites (e.g. Peng et al.
2010; Darvish et al. 2016). Mergers may also have affected the
observed fgg dependence of clustercentric radius. Moreover,
mergers lead eventually to growth of the central BCGs. In the
following section we discuss these limitations and present a
“transformation function” that describes how additional pro-
cesses such as mergers are affecting the galaxy population to
lead to the SMF we observe for cluster galaxies.

6. Discussion

The previous section explored the stellar-mass dependence, and
the radial dependence of fgq to infer a simple quenching sce-
nario for which we have constrained the approximate location
and time scale. In this section we study the impact of a basic
environmental-quenching scenario on the SMF, which we mea-
sured and studied in Sect. 4.

6.1. A simple quenching model

The simplest environmental quenching model that works in a
mass-independent fashion (as suggested by Fig. 7) leaves the
shape of the SMF of star-forming galaxies independent of envi-
ronment (Peng et al. 2010). This is consistent with our findings,
considering the measurement uncertainties associated with mea-
suring the SMF of star-forming galaxies in the cluster periphery
(Fig. 5). The population of quenched cluster galaxies is then a
combination of galaxies that would also have quenched outside
of the cluster (mass-quenched galaxies), and the environmentally
quenched galaxies, which in principle follow a similar mass dis-
tribution as the star-forming galaxies. We start by employing this
quenching model in its basic form, following van der Burg et al.
(2013).

Figure 12 shows the SMF of cluster galaxies within R < R,
that is, a combination of the first two panels of Fig. 4, or a dif-
ferently normalised version of Fig. 6. The plotted curves are not
fits to the plotted data, but rather adapted versions (only in nor-
malisation) of the best-fitting Schechter functions to the field
data from the UltraVISTA survey. The total normalisation of the
(red+blue) curve is set by the total stellar mass in cluster galaxies
(all data points, including the BCGs). Since we assume that the
environmental quenching process affects the star-forming popu-
lation in a mass-independent manner, we set this by parameter
feqQ, so that the relative normalisation of the star-forming SMF
is (1 — frq) compared to the one in the field. Again requiring that
the normalisation (total stellar mass) of the blue Schechter func-
tion is the same as that of the blue cluster galaxies (data points),
we find that frg =0.80. The quenched part of the star-forming
population gives the “environmentally quenched galaxies”, and
when these are combined with the “mass quenched galaxies”,
we arrive at the total population of quenched cluster members,
as shown by the solid red curve in Fig. 12.

In its basic form, this quenching model over-predicts the
abundance of quiescent low-mass galaxies with M, < 10'%? M.
Interestingly, a similar trend is revealed in Fig. 10 of
van der Burg et al. (2013), in which clusters at slightly higher
redshift were studied. However, contrary to this earlier work, we
now have the statistics to explore this regime in more detail. The
fact that low-mass galaxies show a deficit in clusters compared to
this simple quenching model may be related to their destruction,
potentially leading to a build-up of the intra-cluster light (ICL).
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Fig. 12. Top panel: cluster data points for the different galaxy types
within Rspo. The curves show a basic quenching model inspired by the
formalism presented in Peng et al. (2010), with the UltraVISTA SMF
in the redshift range 0.5 <z<0.7 g point. Bottom panel: difference be-
tween the data (total distribution of quenched galaxies) in the cluster
compared to the prediction from the model. This suggests a relative re-
moval/destruction of low-mass galaxies and the expected build-up of
BCGs.

Given the negative colour gradients that are observed in the ICL
of massive clusters, dwarf galaxies are likely contributors to the
ICL at large clustercentric distances (DeMaio et al. 2015).
Furthermore, milder interactions and mergers between
galaxies (likely also in their pre-processing environment, cf.
Tomczak et al. 2017) may also affect the SMF of galaxies, and
cause it to diverge from the field. For instance, Rudnick et al.
(2012) invoke a model that includes mergers between galaxies
to reproduce the luminosity function of clusters in the local
universe (starting from a distant cluster at z = 1.62). We attempt
to encompass all these processes in a “transformation function”,
shown in the lower panel of Fig. 12. Plotted is the difference
between the data points for the quiescent galaxies, and the simple
quenching model (solid red line). The plot is normalised in stellar
mass per bin and per cluster, and highlights again the relative
destruction of low-mass galaxies, in favour of the growth of more
massive galaxies such as the central BCGs. Since this plot adds up
to zero, by construction, it does not include the build-up of ICL.

6.2. How to build a massive cluster of galaxies?

Given our study of 21 massive clusters at 0.5 <z<0.7, we sum-
marise some of the steps required to assemble the galaxy popu-
lation observed within these systems, as opposed to the general
field:

— As shown in Fig. 6, where we have normalised the SMFs of
clusters and field with respect to the total amount of mass as-
sociated with the respective galaxy populations, galaxies form
relatively efficiently in (future) cluster environments com-
pared to the average Universe. The galaxy abundance in the
clusters we study, per unit total mass, is about twice average.

— At the same redshift, and for each stellar mass we probe, the
quenched fraction is much higher in these clusters than in the
field; itis also elevated compared to the pre-processing we find
happening in the cluster surroundings. This quenching process
happens in a largely mass-independent fashion (cf. Fig. 7).

— There is a significant and strong radial trend in the quenched
fraction of cluster galaxies, which we describe as the
environmental quenching efficiency fgq (cf. Fig. 8). A
comparison with a model that is based on orbits taken
from an N-body simulation suggests that the quenching
process likely involves strangulation/starvation after cut-off
from cosmological accretion, and ram pressure stripping at
smaller clustercentric distances to “finish the job”. Each
of these processes ought to happen on timescales that are
roughly consistent with what we find in the model.

— Additional transformations are required to reproduce the
observed cluster SMF. These are likely largely caused by
merger events, the possible destruction of low-mass galax-
ies in the clusters, and an effective build-up of the BCGs.
Mergers are happening likely before galaxies are being ac-
creted into the clusters, since relative velocities in the cluster
environments are too high for galaxies to merge there. We
have quantified the combination of these effects in the lower
panel of Fig. 12.

7. Summary and conclusions

We have studied the galaxy population in a sample of 21 high-
mass clusters at 0.5 <z < 0.7, found in the Planck SZ survey. Us-
ing multi-band photometry spanning from the u- to the K;-band
for each cluster, we have defined a sample of cluster galaxies that
are highly overdense compared to the back- and foreground.

The data allow for a precise measurement of the galaxy SMF
in clusters of intermediate redshift. We have identified differ-
ences in the SMF between the cluster population, and galaxies
in the field at the same redshift. Normalising the SMF to the
total amount of matter associated with each galaxy population,
we find that clusters have a higher galaxy content, per unit total
mass, than the average field.

The most significant differences between the galaxy popu-
lation in cluster and field arise when we separate the galaxy
population into star-forming and quiescent galaxies by means
of their rest-frame U—V and V—J colour distributions. The shape
of the SMF of star-forming galaxies does not depend on environ-
ment. On the contrary, the SMF of quiescent galaxies is signifi-
cantly different between the cluster and field; there is a relatively
higher fraction of low-mass quiescent galaxies in the clusters.
Moreover, the fraction of passive galaxies is much higher in the
clusters than in the field, and we quantify how this fraction rises
steeply with decreasing cluster-centric radius.

We measured the environmental quenching efficiency (fgq),
which describes the fraction of galaxies that would be forming
stars in the field, but are quenched solely due to their environ-
ment. At fixed radial distance from the cluster centre, the fgq
does not depend on stellar mass. Contrarily, the fgq shows a
strong radial dependence within the cluster environment.

We interpret the observed radial-dependence of the frq
with a simple quenching model based on an N-body simu-
lation. We use this model to constrain the characteristic lo-
cation and timescale of the main environmental quenching
process and find a strong degeneracy between those two pa-
rameters. According to the model, quenching may already be
triggered at 73p.quench ® 7 X Rspp, and would then happen on
a long timescale of Tguench =3 Gyr. If quenching is triggered
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at shorter radial distances, 73p quench ® 1 X Rs00, it happens on
roughly the molecular gas depletion timescale, Tquench ~ 1 Gyr.
Part of the observed quenching excess is therefore likely due to
“starvation”/“strangulation” of galaxies using up their cold gas
supply. Interestingly, the model rules out a quenching location
Fquench < 0.67 Rspo at 95% confidence. Our XMM-Newton data
show that the gas density at this clustercentric distance is so
large that ram pressure stripping should be effective, and is likely
responsible for the satellite quenching there. This process may
therefore “finish the job” whenever the starvation mechanism
does not operate rapidly enough.
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Appendix A: Robustness tests

In this section we study the effect of several assumptions we had
to make in our analysis on the final results.

A.1. Photo-z selection

One of the choices in our analysis is the initial photo-z selection
window of cluster members, before the background subtraction
is performed. If such a window is chosen to be too small, uncer-
tainties in photometric redshifts of cluster members may cause
them to scatter out of the selection window. On the other hand,
if the photo-z selection window is chosen to be larger than nec-
essary, we introduce additional noise while performing the sta-
tistical background subtraction. Since we use a single reference
field to do the statistical background subtraction, especially the
contribution from cosmic variance in that field would increase
with a larger photo-z cut (since the overdensity will go down).

From all 1527 spectroscopically confirmed cluster members
in our sample, we find that 89.6% satisfy the photo-z cut of 0.07
(i.e. only 10.4% have scattered out). Therefore, to first order, the
normalisation of the cluster SMF is higher by 1/0.896 compared
to our measurement. The scattering may also bias the shape of
the SMF, since the photo-z scatter depends (in principle, though
only slightly in practise) on the galaxy stellar mass (cf. Fig. 1).
To test the effect of this, we have performed the analysis with
photo-z selections of |Az| <0.10 and 0.13. This leads to percent-
ages of galaxies that scatter out, of 5.7% and 4.5% respectively,
approaching the percentage of catastrophic outliers. We checked
that the main results in this paper, i.e. the SMF and the be-
haviour of the fgq , do not change significantly (i.e. by more
than the reported uncertainties) when a broader photo-z selec-
tion is chosen. The only exception is the SMF of star-forming
galaxies in the outskirts (R > Rspp) of the clusters, where the
overdensity is very low. We note, however, that since the over-
density of cluster galaxies with respect to the background drops
for a broader photo-z selection, uncertainties of all measure-
ments grow substantially. We have therefore chosen a cut of 0.07
in |Az|.

A.2. UVJ division

The division between star-forming and quiescent galaxies is a
critical part of the analysis. Our analysis makes use of the U-V
and V-J rest-frame colours, which ensures that we separate the
effect of dust reddening from the reddening due to lack of star
formation. In Sect. 3.5 we described the small corrections (on
average 0.04-0.06) we made to the rest-frame U-V and V-J
colours of the cluster galaxies, to match them to the colour dis-
tribution of the reference field. Here we perform a test to check
how a residual systematic colour offset between field and cluster
data would impact our results. We increase all U-V rest-frame
colours of cluster galaxies, and reference background galaxies,
by +0.05, and re-measure the quenched fractions of galaxies in
the cluster. Even such a large offset, compared to the residuals
we expect, changes quenched fractions of cluster galaxies by at
most 10%. When we measure fgq , this has a larger effect, since
we have not changed the rest-frame colours of the field galaxies.
The result on the radial dependence of fiq is shown in Fig. A.1.
Even though a significant change is notable, we note that this is
based on a rather extreme systematic error between rest-frame
colours of clusters and field galaxies.
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Fig. A.1. Environmental quenching efficiency as a function of radial
distance from the cluster centres, measured in a single broad mass bin.
This is a similar plot as Fig. 8, but now we explore the effect of a rather
extreme residual shift in rest-frame colour between the field and cluster
data.

A.3. Radial dependence of frq

The main analysis of this paper studies the properties of galaxies
within 2 X Rsqo from the cluster centres. These regions fall on the
deep part of the K;-band stacks, and we have characterised the
completeness in Sect. 3.4. Figure 8, however, shows the environ-
mental quenching efficiency up to 4 X Rs, which covers part of
the shallower regions. Due to the dither strategy we chose for the
K;-band imaging, the depth in the K-band drops by a maximum
amount of 0.7 magnitudes towards a distance of 4 X Rsyy from
the cluster centres, corresponding to 0.3 dex in stellar mass. We
note that the optical data, which are essential for precise esti-
mates of photometric redshifts, extend to a larger region around
the clusters at uniform depth. We studied the impact of a slight
decrease in depth of the detection band on the results plotted in
Fig. 8. The measurements move within the plotted uncertainties,
when galaxies in the range 10%8 < M, /M < 10'! are considered
(instead of 10°° < M, /My < 10'!). In particular, we verified that
the “plateau” in fgq at radii R 22X Rsq is robust, and not an
effect of this decrease in depth.

Appendix B: Cluster gallery

Colour-composite images of all 21 clusters are shown in
Fig. B.1. They are composed of g- or B-, i- or I.-, and K;-
band imaging. Regions around bright stars, and their diffraction
spikes, are clearly visible here, but these are all masked and not
considered in our analysis.

Overplotted are X-ray surface brightness contours from the
deep XMM-Newton observations, which we have available for
all clusters. They are based on (adaptively-) smoothed surface
brightness maps, which are background subtracted, exposure
corrected, and from which point sources are excised. Contours
are logarithmically spaced with 0.2 dex increments. These data
form the basis of the X-ray morphological analysis, which is pre-
sented in Arnaud et al. (in prep.).
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Fig. B.1. Colour composite images of the clusters in our sample, based on g- or B-, i- or /.-, and K;-band imaging.
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Fig. B.1. continued.
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Fig. B.1. continued.
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Fig. B.1. continued.
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