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ABSTRACT

Context. Distant galaxy clusters provide anective laboratory in which to study galaxy evolution in deeswviron-
ments and at early cosmic times.

Aims. We aim to identify distant galaxy clusters as extended Xs@yrces coincident with overdensities of charac-
teristically bright galaxies.

Methods. We use optical and near-infrared (NIR) data from the HypeauriBue-Cam (HSC) and VISTA Deep Ex-
tragalactic Observations (VIDEO) surveys to identify aigtgalaxy clusters as overdensities of brigighot 0:8
galaxies associated with extended X-ray sources detettbe ultimate XMM extragalactic survey (XXL).

Results. We identify a sample of 35 candidate clusters:800 z 1:93 from an approximately 4.5 dégky area.
This sample includes 15 newly discovered candidate cleisten previously detected but uncon rmed clusters, and
ten spectroscopically con rmed clusters. Although thelsisters host galaxy populations that display a wide variety
of quenching levels, they exhibit well-de ned relationsween quenching, cluster-centric distance, and galaxy-lum
nosity. The brightest cluster galaxies (BCGs) within ounpke display colours consistent with a bimodal population
composed of an old and red subsample together with a bluee diverse subsample.

Conclusions. The relation between galaxy masses and quenching seem teadyain place az 1, although there

is no signi cant variation of the quenching fraction withetftluster-centric radius. The BCG bimodality might be
explained by the presence of a younger stellar componerdnte 8CGs but additional data are needed to con rm
this scenario.

Key words. Galaxies: clusters: general — Galaxies: distances anthifesds Galaxies: evolution — Galaxies: high-
redshift — Galaxies: photometry — X-rays: galaxies: clisste

? Based on observations obtained with XMM-Newton, ar]r' Introduction
ESA science mission with instruments and contributions dGaIaxy clusters are the most massive gravitationally
rectly funded by ESA Member States and NASA. bound structures at any epoch. Clusters are dark matter
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dominated ( 85% of the total mass), while a hot X-ray
emitting intracluster medium (ICM) accounts for most o
the baryonic mass of the cluster (Plionis et al. 2008). Stz
and galaxies correspond to less than 5% of the total mz@
(Plionis et al.l 2008). Clusters provide one of the mo.s
extreme environments in universe: infalling galaxies a<
stripped of their gas by the intracluster medium ram pre
sure (e.g. Poaaianti et al. 2004, 2008, 2016, 2019¢Ja<
et al. 2018; Tonnesgn 2019) while the centre is one of t 8
densest environments found in space.

The formation and evolution of the most massiv
giant elliptical galaxies, the Brightest Cluster Galaxie , , , , , , , ,
(BCGs), is intimately related to the cluster environmen % % % 3% Mm% 3N
Located near the gravitational centre of the galaxy clystc. Right ascension (degrees)

they exhibit unique properties such as distinct Iuminosi}_yig_ 1: VIDEO footprints overlaid on XXL-N expo-

and surface brightness pro les, dod supersolar metal- VIDE iaht VISTA f rints. thr
licities (e.g.Oemler 1976; Tremaine & Richstone 197?’:‘”'[?1enr]na5\./ithin thoe ig\(lfril egd.t Xl\?Ml c))(ol\Bﬁvlztsér’:d ee
Dressler 1978; Von Der Linden et/al. 2007; Loubser et ‘MM3. The darker part of the éxposuré map C(),rrespond

2009). The classical formation scenario of these galaxi?é,the 46 ks exposure of the XMM-SERVS eld. The cyan

proposed by De Lucia & Blaizol (2007), is one of early,, 4 saimon crosses correspond to the respective locations
star formation (mostly before_3), quickly suppressed of the con rmed clusters and candidate clusters in our
by AGN feedback (e.g_Croton etlal. 2006), and of Pr&ample

gressive, late assembly via gas-poor mergers.
At low redshifts, BCG properties are generally con-
sistent with this picture (e.q. Stott etial. 2008, 2011; Lid- .
man et all 2012; Bellstedt et lal. 2016; Edwards et a@lgorithm (Gladders & Yee 2000, 2005), as used in the
2020), although several examples of low to moderatel§cent Spitzer Adaptation of the Red-sequence Survey
star-forming BCGs have been reported in individual, XSPARCS; e.d. Wilson et al. 2006, 2009), identi ed over-
ray bright clusters (e.§. Egami et al. 2006; Bildfell et adensities display colours consistent with the red-seggienc
2008 Stott et &[. 2008; Pipino et/ al. 2009; Loubser et &t a given redshift. However, this red-sequence selection
2009, 2016; Rawle et Al. 2012; Green éf al. 2016). Hownay introduce a bias toward clusters with enhanced red
ever, there is gathering evidence against the classical s@alaxy populations (e.g. Donahue et al. 2002; Willis et al.
nario atz & 1:Webb et al.[(2015) and McDonald et a|__2018). An alter_natlve app_roach is to |dent|_fy clus_ters us-
(2016) report evidence of signi cant in-situ star formaing the properties of the intra-cluster medium, either in-
tion in respectively 20% and 90% of theirz> 1 sam- directly via the Suyaev-Zel'dovich ect (e.g. Zel'dovich
ples. The triggering mechanism of this star formation ré_Sunyaev.1969| Sunyaev & Zel'dovich 1970, 1972,
mains unknown, a|though McDonald et al. (2016) Sug]_IQSOEL,b;.CarIStrom et al. 2002 Bleem etal. ?015) or
gested galaxy interactions, a possibility supported by rélrectly via X-ray bremsstrahlung emission (e.g. Gursky
cent simulationd (Rennehan etlal. 2020). et al. 1972 Sarazin 1986; Pierre et al. 2004; Pierre et al.
The cessation of star formation activity, referred 18016, hereafter XXL Paper |; Willis et al. 2018). X-
as quenching, plays an important role in the evolution &Y Selection has been successfully used in the past to
galaxies — both for the BCG and within the cluster envind clusters of galaxies either _alone (e._g. V|kh||r_1|n et al.
ronment as a whole. Indeed, galaxies appear to evolvel88;.Clerc et al. 2012) or with the aid of optical data
an accelerated rate in clusters than in the eld at all re€€-9-.Gioia_et al. 1990: Bohringer etlal. 2001; Willis
shifts (e.gl Alberts et al. 2014: Nantais et/al. 2017; Fol€t al..201B). There is tentative evidence that such clus-
et al.[201B] Jian et al. 201B; Pintos-Castro ef al. 201®'s sometimes display smaller red-sequence galaxy pop-
Strazzullo et dll_2019), although it is unclear at whicH!ations than optically selected clusters (Donahue et al.
redshift the passive fraction in clusters becomes grea&f02; Willis et al. 2018), but a drawback is that X-ray
than in the eld (e.gl Strazzullo et al, 2013, 2019; Brodselected samples can exhibit a bias toward relaxed, cool
win et al[201B; Alberts et al. 2014; Nantais el al. 2017§0re clusters (e.g. Eckert etial. 201.1; Rossetti et al.|2017;
Quenching also depends on galaxy mass in the sense Malis et all 2018) and lower BCG-X-ray peak distances

higher mass galaxies are more quenched than thosd®§-Lavoie et al. 2016, hereafier XXL _Paper/XV; Ros-
lower mass (e.d. Muzzin et/al. 201.2; Balogh éf al. 2016€tti et al. 2016). Hence the need for cluster studies with

Kawinwanichakii et all 2017; Jian etlal. 2018; Pintoséarious, complementary selected samples (e.g. Donahue
Castro et all_2019). Because the most massive galaﬁsa.'- 2002| Sadibekova etlal. 2014; Bleem et al. 2015;
typically reside in the cluster core, mass and enviroMVillis et alll2018).
mental e ects are di cult to disentangle (e.g. Balogh & In this paper we employ a multi-wavelength data set
McGee 2010; Muzzin et &l. 2012; Kawinwanichakij et alconstructed as part of the XMM-XXL survey to iden-
2017; Jian et al. 2018; Pintos-Castro €l al. 2019) and téy distant galaxy clusters and study their galaxy pop-
quire large samples of well-characterised galaxy clustetgations. The XMM-XXL survey covers 50 déglivided
Galaxy clusters may be identi ed employing a rang@to two equal elds: XXL-North and XXL-South (XXL-
of techniques. Optical and infrared (IR) imaging surveyd and XXL-S;| XXL Paperll). Each eld is constructed
identify clusters as overdensities of galaxies (e.g. Poftem a mosaic of 10 ks XMM pointings. The present pa-
man et al. 1996; Gladders & Yee 2000, 2005; Euclid Coper focuses on a contiguous sub-area of the XXL-N eld
laboration et al._2019). In the case of the red-sequenmevering 5.3 de§§ XMM-SERVS, which has been ob-
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served with an exposure time of 46 ks per pointing (Chehl. X-ray data

et al.[2018). This deeper sub-area of XMM data is ac-

companied by a range of multi-wavelength optical and IR short, the Xaminpipeline tests four models to char-
data (see XXL Paper ), including a high-quality data seicterise the detected sources, generating likelihood esti
generated by th#isible and Infrared Survey Telescopenates for point, extended, double point sources, and ex-
for Astronomy(VISTA) Deep Extragalatic Observationstended plus point source; this latter model, denoted AC,
(VIDEO) survey (Jarvis et al. 2013). We refer to the 4.5 intended to ag extended sources signi cantly con-
ded eld with overlapping deep XMM and VIDEO data taminated by a central AGN. The coordinates of the X-
as the XXL-NVIDEO eld (see Fig[1). ray source presented in Sect. 3 are based on the centre

This paper presents the identi cation and character‘?ff the_ best- t model. Cluster sources are _further clas-
sation of a sample of distant galaxy clusters selected frginfd into C1 and C2 on the basis of pipeline parame-
the XXL-N/VIDEO eld. In Sects[2 andB we describet€rsextent andextent_likelihood . The C1 sample

the identi cation and composition of the cluster samplesCITeSPONAS to an almost pure sample of bright clusters,

In Sect[#, we compute the fraction of quenched g‘,ﬂmyy_hile the C2 sample, fainter, allows for 50% of misclassi-

ies within the cluster sample and as a function of saliefgd Point sources (i.e. up to 50% of the sample might be
P yint sources; see Pacaud et al. 2006; XXL Paper XXIV).

properties such as cluster-centric distance and galaxy - T
minosity. In Sect5 we identify a sample of BCGs fro alse C2 are routinely excluded by the examination of X-
Egyloptical overlays for cluster candidates belowlz

the cluster sample, and investigate the properties of th
stellar populations and their star formation histories. In  We mention that the choice of the numerical pipeline
Sect[6 we discuss the possible causes of the varietypaframeter values used to de ne the C1 and C2 criteria
observed cluster quenching fractions and of the BCéje still those based on detections performed with the V3
colour bimodality before summarizing our main conclupipeline from simulated individual XMM observations.
sions in Sec{]7. We employ a WMAP9 cosmology chalFhese criteria will be revised when the nal V4 is fully
acterised byHo=69:32km s Mpc !, =0:2865,and validated and applied to mosaic simulations. However,

= 0:7135 (Hinshaw et al. 2013). At redshifts of 1 andve do not expect drastic changes in the class parameters,
1.5, an angular scale of one arcminute corresponds to 4§8ce they are based on likelihoods. This situation does
and 518 kpc respectively. All photometry is quoted in theot impact the current study, because it does not explic-
AB magnitude system. itly involve the cluster selection function at any stage.

The present paper relies on the new version of XXL-
XMM pipeline (V4), still in development, and on the re- . .
lated X-ray parameters and images. Compared to the ¥ Optical and near infrared photometry
pipeline dealing with individual XMM observations (on ) ) ) .
which were based all previous XXL publications), the v4he VIDEO observations consist of IR imaging under-
pipeline processes co-added observations assembled faten with the VISTA telescope in the YJH¥photo-
1 1 ded mosaics. By dealing with pointing overlapsmetric bands. In the XMM-SERVS eld, these obser-
V4 ensures reaching the ultimate sensitivity at any posfations reach 5 depths of at least 25.1, 24.7, 24.2,
tion (Faccioli et all 2018, hereafter XXL Paper XXI1V).and 23.8 mag within 2 arcsecond circular apertures for

This is especially important for the VIDEO region, charYJHKs respectively [((Adams et al. 2020). The VIDEO
acterized by a high level of redundancies. catalogue also contains additional imaging data consist-

ing of theCanada-France-Hawaii Telescope Legacy Sur-

Throughout this paper, we consider that a cluster Ry Deep-leld (CFHTLS-D1) and of the deep “layer of

con rmed if at least 3 galaxies within the X-ray emisyhepyper Suprime-Camer@SC)Subaru Strategic Pro-
sion have matching spectroscopic redshifts, or if an ob

: ! _ - ram (HSC-SSP, Aihara et al. 2018a,b). The ultra-deep
vious BCG has a spectroscopic redshift (Adami €t &ayer of HSC-SSP overlaps with the XMML eld. The
2018, hereafter XXL Paper XX). The expression "uncomygiometric redshift analysis included in the catalogue
rmed clusters' will be used to refer to candidate cluster

L o> ! ; mploys an i-band selected source list where photometry
with insu cient information to be spectroscopically CONiy additional bands is obtained by applyiS&xtractor

rmed. Cluster names with the pre x XLSSC' pertain, astrometrically-matched pixel data at other wave-

to spectroscopically con rmed clusters only and may b qihs. 1n addition, we employ HSC-SSP iz and VIDEO

found inLXX]. Paper XX. Pre x _3XLSS' refers to X- i “photometry from this catalogue to study the proper-

ray sources part of Chiappetti et al. (2018, XXL Papgfag of candidate cluster member galaxies directly. The

XXVII) cataloque. New V4 detections are labelled by thg,gc_ggp deep data have Bmiting magnitudes of 25.4

pre x XLSSU and 24.6 respectively in thieandz bands, and the ultra-
deep data have limiting magnitudes of 26.4 and 26.3
(Adams et al. 2020).

Photometric redshifts for sources in the VIDEO cata-

2. Observations and cluster detection logue are computed using thefhare photometric red-

shift code I(llbert et all 2006). The code employs the
In this paper, we attempt to identify signi cant galaxyCOSMO template set (llbert etlal. 2009), including 32
overdensities observed in optical-IR imaging data assot@mplates from Polletta etlal. (2007) and from Bruzual &
ated with extended X-ray sources. We employ the galagharlot (2003). Dust attenuation follows a Calzetti et al.
photometric redshift (from the VIDEO catalogue) distri{2000) law, and intergalactic medium absorption treat-
bution of positive matches to select candidate distant clusent is based on_Madau (1995). Further details are pro-
ters atzphot 0:8. vided by Adams et all (2020).
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2.3. Identi cation of galaxy clusters galaxies listed in the catalogue in the corresponding red-
shift bin after applying the same cutspy is the one ar-

We perform four steps to select candidate clusters frofp,in te radius we use to select galaxies associated with

our X-ray sample, following a similar procedure to thaf \ y_ o ; ;
A Rty ; . ) -ray detection, anfa is the catalogue area.
of |Willis et all (2013). Each step is summarised below: To identify structures in the photometric redshift his-

. . . togram along the line-of-sight to each extended X-ray

1. Convolve the photometric redshift histogram fog,rce we employ a matched Gaussian lter with a
bright galaxies with a matched Gaussian lter choseg\y\ equal to 0.12 in redshift (i.e. 3 bins). The prop-

to match the properties of redshift peaks of spectr%{ties of the Gaussian pro le are based upon the un-

scopically con rmed clusters. Galaxies are selecteflgreq redshift peaks associated with spectroscopically
to be brighter than the characteristic luminosity, L -5 rmed clusters.

along the line-of-sight of each X-ray source (i.e. aone
arcmin radius aperture centred on the X-ray best- t
model centre). 2.4. Overdensity assessment

2. |dentify overdensities cqrresponding o a brig'v\/e perform a visual inspection of all C1, C2, and AC
galaxy excess ok 4, and display the position of pO'X-ray sources that display a signal consistent veitd

tential members on colourimages together with X-ray, | 1sie< a4 single photometric redshift. We typically

emission contours. . . employriH images from CFHTLS and VIDEO with can-
3. Examine thé  zandz J colour-magnitude dia- yiqate’members indicated in addition to X-ray emission

grams of each candidate cluster. &ontours (see Fid]2). We further generatez andz J

4. Employ a Gaussian model of the photometric redshilp o, magnitude diagrams of each candidate cluster to
distribution of selected overdensities to estimate a I8atermine if a red sequence is present.

ned mean cluster redshift and its standard deviation. overdensity nding method provides a rst esti-

. . mate of the candidate cluster redshift based on the median
Figure[2 presents a visual summary of these fokqshift of the highest bins (see FIg. 2, bottom left panel).
steps. Similar images of the other candidate clusters gigre ne this estimate, we model each candidate redshift
presented in AppendixiB. _ signal as a Gaussian employing the 13 central bins of
The rst step of the identi cation process is 10 Seyhe non- Itered redshift signal. We then use the Gaussian

lect galaxies and active galactic nuclei (AGN) that mighhean as the cluster redshift and the standard deviations
be associated with each X-ray sources. We select the 5 estimate of the uncertainty.

galaxies and AGN sources employing their goodness-of-

twhen compared to stellar, galactic, and AGN templates

(see Jarvis et al. 2013). Because galaxies in clusters grerhe cluster sample
more likely to host radio-loud AGN than eld galaxies ]
(Best et all 2007), we keep AGN and discard only thd1. Sample selection

star-like objects. Then, we select objects within one afye processed a total of 284 extended X-ray detections
cmin of the considered X-ray detection. We refer to thegginin the XXL-N/VIDEO region. This parent sample
objects as theeld-of-view galaxies. _ generated a sample of 35 candidate distant galaxy clus-
_ We select bright galaxies in the eld-of-view employ-ers Taple Tl and Figl3 present these clusters, each of
ing luminosity function arguments: we compute the aRghich represents a detection with a signi cance of ap-
parentmagnitude of M assuming M= 2226inthe ks roximately four galaxies or more in a photometric red-
band using Cirasuolo etial. (2010) with no evolution frorap;t pin satisfyingzpnot  0:8 (see also Figil1). Of these

z 3toz 0 and ak-correction described by the band3g candidate clusters, ten are spectroscopically con rmed
width term. Galaxies brighter than the expected appargfifiile 15 are presented here for the rst time. Ten addi-
m magnitude at their photometric redshift are retaineflong| candidates have been previously identi ed as dis-
We apply a further photometric cut based on thed®pth 4t clusters but, to our knowledge, never spectroscopi-
of VIDEO Ks band, discarding any galaxy fainter thangy con rmed (seé¢ Olsen et 4l. 2007 Finoguenov ét al.
23.8. The latter cut is important beyord 1:4, where 3070 Durret et . 2011; Wen & Han 2011; Licitra et al.
m is fainter than the VIDEO 5 limit. 20161 XXL Paper XX).

Selected eld-of-view galaxies are then binned in  Njine of the con rmed cluster detections were con-
photometr_lc redshift space, over the'”ter"?ﬁﬁzphot< rmed by prior spectroscopy (e.d. Pierre et| al. 2006;
3:2. Galaxies are sampled in bins of 0.04 in photometigijiis et al [2013! XXL Paper XX)VincIuding one at=
redshift since this is the redshift iteration step employedgns fandreon et al. 201'4). With the spectroscopic red-
in the photometric redshift analysis. We then use the c&k;ifts listed in the CESAM datab&s€XXL Paper XX),
alogue distribution to perform a background subtractiofye \ere able to con rm one additional cluster (candidate
applying the same selection steps described above a&ydyinging the total number of con rmed cluster to ten.

scaling the number distribution by the relative size of 0| of these X-ray detections meet our candidate clusters
eld-of-view compared to that of the full the cataloguecyiteria.

i.e. Four con rmed distant clusters in this area (Pierre
r2 et al.[2006| Papovich et lal. 2010; XXL Paper |XX), are

Nexcess= NFov  Neat By—2Y (1) not part of our sample because their coordi_nates QO not
Acat correspond to a V4 C1, C2, or AC detection. This is

) o ) the case for & = 1:62 cluster [(Papovich et &l. 2010).
where Nroy is the number of galaxies in a particulat

redshift bin in our eld-of-view, Ncat is the number of 1 |hitp://cesam.lam.fr/xmm-Iss/
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Fig. 2: Visual summary of the cluster identi cation proce$ep left: Background subtracted and Gaussian Itered
photometric redshift distribution of the bright galaxieghin the central arcmin of candidate 14. The dashed line
indicates the highest bin in the redshift spike. Top rigit:GMD plot of the galaxies above VIDEO Simit within

1 arcmin of the centre. The green squares indicate the galaxth photometric redshifts consistent with the mean
redshift plus or minus 1.5 times the standard deviation efttost accurate Gaussian modelling of the redshift spike.
The blue lozenges indicate galaxies with redshifts coesistith the sidewings of the most accurate Gaussian model,
up to three times the standard deviation. The deep pinkhidieates where the red sequence should be at this redshift,
based on the best t calculated in Sect.]4.1. The light pingiae indicates the uncertainty on this red-sequence
model, also calculated in SeCt. ¥.1. Bottom panel: ExamideMegacamr andi lter, and VIDEO H Iter image for
candidate 14, one of our candidate clusters. The cyan adedlmits the region within one arcmin of the X-ray best

t model centre, which is marked by a yellow cross. The red Analvn circles highlight the bright galaxies with a
redshift corresponding respectively to the cluster phetmim peak redshift 0:02 and to the cluster redshift0:06.
Darker circles indicate galaxies outside the central megidve BCG is circled in white. The X-ray contours in green
are logarithmically distributed in 10 levels between theximaum and minimum emission observed in a 7 arcmir?

box around the X-ray source.

Although IRC-0218A and our detections at similar redmages, we expect its source characterisation to be more
shifts possess comparable masses (IRC-020B4y is reliable.
7:7 39 10%M ), IRC-0218A X-ray emission is com-

pletely dominated by a point source (Pierre et al. 2012), ] )
) ) ] . '3.2. Photometric redshift accuracy
We nevertheless applied our optitRl detection cri-

teria to those four clusters. Two clusters satis ed theS® estimate the reliability of our photometric redshift es-
criteria, including IRC-0218A, and were included in outimates for the candidate clusters, we compared the spec-
photometric redshift accuracy assessment (see the folldvescopic redshift of 12 con rmed clusters in the eld (6
ing section). The clusters XLSS J022609.9-043120 awtlsters listed in XXL Paper XX, four from Pierre et al.
XLSSC 203 (see Pierre etlal. 2006; XXL Paper| XX) 102006; Papovich et al. 2010; Willis etlal. 2013; Andreon
cated respectively at= 0:82 andz= 1:077, did not satisfy et al. 2014, and 2 others con rmed clusters in the XXL-
them. Because V4 works on co-added and thus deep&¥WIDEO area) to the photometric redshift generated by
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Table 1: List of detections above 0:8. Every detection is presented with its cial designation, X-ray charac-
terization model, X-ray coordinates, photometric redsindm VIDEO, and redshift from the literaturey{) when
available. The sixth Col. corresponds to the signi cancéhef detection, in terms of the numbers of galaxies in the
highest bin. The ninth Col. displays the [0.5-2] keV banda¥-tuminosities in the central 300 kpc of the candidate
clusters, while the tenth Col. provides an X-ray luminosiiged estimate of the cluster mass.

# Nearest objeét Flag® RA Dec  Signz, Ze L' Ms00 Notes
(degrees) (degrees) (oerg s?1) (101°M )
1 3XLSS J022222.9-044043 US 35,595 -4.679 3.9 0.800.77 - - g
2 XLSSC 184 C 35.312 -4.207 7.4 0.800.81:910:2 7 2 -
3 XLSSC 071 C 35.639 -4.966 6.4 0.830.83:820:2 8 3 -
4 3XLSS J022432.9-044742 U 36.137 -4.796 5.1 0.830.903 83 9 3 -
5 3XLSS J022135.2-051811 C 35.399 -5.305 8.4 0.850.849 @2 7 3 -
6 XLSSU J021947.4-050841 U 34948 -5.145 5.0 0.86 0.892 0:3 6 2 -
7 XLSSC 015 C 35.928 -5.034 8.2 0.870.86:310:2 6 2 -
8 XLSSC 064 C 34.632 -5.018 9.2 0.890.87:960:3 10 4 -
9 3XLSS J022557.1-042845 U 36.489 -4.480 4.0 0.901.059 @3 6 2 -
10 3XLSS J022156.1-053049 U 35483 -5513 3.8 0.9109% @3 6 2 -
11 3XLSS J021945.5-044831 U 34935 -4.814 4.9 0910922 @2 5 2 -
12 XLSSU J022530.3-042544 C 36.376 -4.429 5.9 0.870.928 02 5 2 -
13 3XLSS J022804.6-045351 U 37.020 -4.898 4.3 0.930.86 @4 7 3 -
14 XLSSU J022051.0-050958 N 35.213 -5.166 6.6 0.97 -5 D5 7 3 h
15 3XLSS J022103.0-045524 U 35.260 -4.924 5.1 0.971.10/ @3 8 4 -
16 3XLSS J022739.0-045830 N 36.909 -4976 39 099 - 0106 10 5 -
17 3XLSS J022044.7-041713 N 35.185 -4.287 4.1 1.00 - :2 ®4 9 4 -
18 XLSSC 044 %; = 0:27) uUS 36.141 -4.235 49 1.001.13 - - h
19 XLSSC 124£; =0:52) NS 34.419 -4.862 3.9 1.00 - - - h
20 XLSSC 029 C 36.016 -4.225 8.3 1.06 1.05 :1130:3 11 5 -
21 XLSSC 005 C 36.785 -4.300 5.6 1.041.06:5404 7 4 -
22 XLSSC 192% =0:35) NS 34507 -5.023 4.6 1.08 - - - h
23 3XLSS J022027.0-043538 N 35.111 -4595 47 1.09 - 4188 11 6 -
24 3XLSS J022222.9-044043 US 35595 -4.679 4.0 112 - - - g
25 XLSSC 141 %; = 0:20) NS 34.356 -4.659 49 121 - - - -
26 XLSSC 046 C 35.762 -4.605 9.0 1.181.21:5305 6 4 -
27 3XLSS J022003.6-045142 N 35.016 -4.861 5.1 144 -:9 D5 4 3 -
28 3XLSS J022255.1-043508 N 35.726 -4.587 4.5 145 - 4169 9 6 -
29 3XLSS J022100.4-042327 N 35.250 -4.392 4.2 148 - 19 7 5 -
30 3XLSS J022207.4-044532 N 35,529 -4.758 39 149 - 19 7 5 -
31 XLSSU J022105.6-043935 N 35.265 -4.656 4.1 154 - 2189 8 6 -
32 3XLSS J022010.3-050701 N 35.043 -5.117 55 157 -0 €8 5 4 -
33 3XLSS J022806.4-044803 N 37.025 -4.797 49 1.79 - 28 6 5 -
34 JKCS 041 C 36.683 -4.694 8.2 1.631.80 16 7 6 -
35 3XLSS J022734.1-041021 N 36.891 -4.174 4.0 193 - 10 6 5 -

aNearest con rmed cluster or X-ray source. If the nearestolds a con rmed foreground cluster, its spectroscopic
redshift,z;, is given.

b C: spectroscopically con rmed cluster; U (for uncon rmedjot spectroscopically con rmed, but listed as a
candidate cluster in the literature; N: New candidate ely$§: superposition with a low redshift con rmed cluster
or with another candidate

¢ The uncertainties on the photometric redshifts are esticiat 0.02 az< 1:4 and 0.14 ax & 1:4

d Spectroscopic redshifts (ag C) reported from Pierre ei(2006); Willis et al. (2013); Andreon et lal. (2014);
XXL Paper XX

€ Tentative or photometric redshifts ( ag U) reported fronm&auenov et al! (2010); Durret etlal. (2011); Wen &
Han (2011); Licitra et al! (2016); XXL Paper XX

f We do not compute a X-ray luminosity for clusters marked $ésposition), because their X-ray emission might
be a blend of foreground and background emission.

9 Archival spectroscopic observations available.

h Gemini GMOS observations under proprietary time.

the cluster nding procedure. Figuté 4 shows the resudtan model. For the two high-redshift clusters, the photo-
of this comparison. Az 1, the di erences between themetric redshifts seem to underestimate the spectroscopic
photometric and spectroscopic redshifts fall well withinalues. Therefore, we calculate the root mean square
the photometric redshift error estimates. These error bgRMS) of thez 1 andz & 1.5 clusters separately. We
represent the standard deviation of the best- tting Gausbtained 0.02 and 0.14 respectively. For now on, we will
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initial gas temperature, a metallicity xed to 0.3 times the
solar value (as tabulatedin Anders & Grevesse 1989), and
the cluster spectroscopic (when available) or photometric
redshift. With the same initial guess of the temperature,
we estimateaspgscal from the mass-temperature relation
constrained from a subset of 105 XXL clusters that have
both measured HSC lensing masses and X-ray tempera-
tures (see Umetsu etlal. 2020). We stress that here we use
a Msgoj Tx relation, obtained using the Bayesian regres-
sion scheme implemented in the LIRA package (Sereno
2016;/Sereno et al. 2016), and not thg Msgg rela-

tion reported in_ Umetsu et al. (2020). The luminosity is
then extrapolated from 300 kpc tgpgscal @SSUMING a -
model for the cluster emissivity with parameters () =

Fig. 3: Histogram of the candidate cluster redshifts. TH 15s00scai 2=3). Then a new temperature is evaluated

black bars correspond to the spectroscopic redshifts of ﬁ%%:gg thueo?:dsﬁlt.lf:sllgtg (()):(t)f(];II_uFr)]gggrs;c’);t&rr)](rlJ_ert'?t#ﬁere
con rmed clusters and the green bars to the photometg% q : . :

redshifts of the candidate clusters, either previously o eration on the gas temperature is stopped when the in-

; ut and output values agree within 5%, and in general the
served (dark green) or newly detected (lighter green). process converges after 2-3 steps. The uncertainties on

the derived parameters and in particular the masses, are
obtained by propagation of errors on the scaling parame-
ters, including the measured correlation among them.

1
1
1
\

There are 54 previously con rmed clusters either within
g or overlapping with the XXL-MVIDEO eld (XXL Pa-
/1%’ per XX). Of these, 47 are located a& 0:8 with the re-
/@" maining seven clusters located at 0:8. These seven
’ clusters correspond to a surface density of 1.6 distant
| ﬁéﬁ clusters per square degree. This number represents a
il , , , , , lower limit because some known clusters associated with
an extended X-ray detection (e.g. JKCS 041=4.803
con rmed cluster_Andreon et al. 2014) are excluded of

. ] . : (XXL Paper XX) compilation.
Fig. 4: Comparison between the spectroscopic redshifts Adding all our detections would bring up this number

of con rmed clusters within the XXL-WIDEO over- imatelv 8.2 clust q ith
lap and the corresponding photometric overdensities [f) @PProximately 8.2 clusters per square degree, with a

e . 15 1
VIDEO catalogue. The error bars correspond to the st%lfz( limitof 17 10 >ergcm 2s *in the [0.5-2] kev

(@]
18 .{, ° 3.4. Other clusters in XXL-N/VIDEO

dard deviation of the Gaussian model best tting the ph __and (Chen et &l. 2018)._This represent3._6_times and 0.51
tometric spike. All clusters except two (not inclugded),par mes the surface densities reached by Willis et al. (2013)

detected in optical. The green dots are the clusters that nglgi??guenov 2et all. (ZgéO)lgeslgectively,Zwitrll _detﬁths of
part of our sample, while the blue square are not, sin (?5 5 ke\;gbcmd s-an ergem 2s “inthe
they do not meet our X-ray selection criteria. The ma~-~" 1keV band.

genta diamond is the newly con rmed candidate 3. The
dashed line represents the ideal case, Wagk®= Zspec 4. Quenching and star formation in clusters

The fraction of quenched galaxies in a sample of distant,
use these RMS values as the uncertainties on the phdfgi@y selected galaxy clusters has the potential to pro-
metric redshifts. vide an unbiased view of the star formation conditions

in massive, virialised structures. In this section, we com-

pute the fraction of quenched galaxies within the XXL-
3.3. Clusters estimated masses N/VIDEO distant cluster sample, focussing on the clus-

) o ters atz< 1:4, because the catalogue fnagnitude limit
Following a similar methodology than the second data rgsstricts the number of selected galaxies beyond that red-
lease of XXL, we used scaling relations to provide meaghift. We achieve this employing four related analysis
parameters estimate for clusters.for which the data qU?éthniques, intending to investigate whether each pro-
ity is not enough to perform a direct spectral t. A devjges consistent results. Only the galaxies brighter than
tailed description is provided in Sect. 4.3 of XXL Pathe 5 |imitin J and K; are used in these computations.
per XX, and we provide a brief overview here. We es-
timated count-rates in the pn data in the [0.5-2] keV ban#l. The rst employs theé z colour histogram of back-
within 300 kpc of the cluster centre using the Bayesian ground corrected galaxies in the eld of each can-
approach to xed aperture photometry measurement out- didate cluster. This colour space distribution is then
lined iniWillis et al. (2018). We then converted this count- modelled using two Gaussian functions to represent
rate to the corresponding X-ray luminosity by adopting an the red sequence and the blue cloud (se€lFig. 5).
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2. The second method employs the same backgrousath of these X-ray sources. Candidate clustezs dt4
corrected colour distribution as above but employsere also removed, resulting in a sample of 21 candidate
a single colour cut to divide the distribution intoclusters.
quenched and star-forming galaxies. Next, we investigate whether the Gaussian modelling
3. The third method selects cluster galaxies using photgroduces consistent average star formation histories, i.e
metric redshift and then applies the boundary meth@ghether the red sequence colour can be described ade
used in method (2) above. _ quately by a simple stellar population model. We used
4. The fourth method is similar to method (2) with the-jexible Stellar Population Models (FSPS; see Conroy
additional constraint that each galaxy (including thgt al[2000} Conroy & Gunh 2010; Foreman-Macke ét al.
background) must be brighter thanat the candidate [2014), modelling the red sequence stellar population with
cluster I’edSh_Ift. The LeVOlUUOnary k-correction is an exponentia”y decreasing star formation rate char-
computed using method 1 results (see Elg. 6). acterised by are-folding timescale , displaying solar
metallicity and no dust. We generated a grid of models
with two free parameters: we tested 100 formation red-
shifts between 4 and 16, and 100values between 0.1
The rst step consists of de ning the appropriate areand 2.5 Gyr for a total of 10000 models. The model pro-
within which to select eld-of-view galaxies for eachviding the best t has a formation redshift of 16 with a
cluster. Some studies (e.a. Wetzel et/al. 2012; Pintasharacteristic time of 1.19 Gyr and a reducéd= 0:76,
Castro et all_2019) analyse the quendBed-forming corresponding to a rejection probability of 24%. The red
fraction up to several virial radii. However, since severalequence displayed on the CMD plot in Hig. 2 is based
of our elds appear to contain secondary overdensitiesn this model. The associated uncertainty is the standard
we choose to restrict our analysis closer to the clustgeviation of the dierence of red sequence colours, as
centre, namely within a radius of 1.35 Mpc around the Xpredicted by the model, and the Gaussian modelling re-
ray coordinates. A radius of 1.35 Mpc corresponds to agults. We also used this t to compute the evolutionary
proximately 1.5 times the value ofpoforal 10'4M  and K-correction associated with the characteristic lumi-
galaxy cluster (Chen et al. 2007) and to an angle of 2. A@sity used in method 4.
arcminutes at= 1. We further select galaxies with a pho-
tometric redshift between 0.60 and 2.04, both in the clus-
ter eld and background catalogue, and sample the resuft2. Other quenching methods

ing distributions into O'-O4 wide bir_ls in _zcz_)lou_r. . The second method to identify quenched galaxies em-
We then correct this e_Id-qf-wew dIStI’IbutIO.n using J]oys the same colour binning and background subtrac-
the same method as applied in E§. 1. Visual mspectfon procedure as employed by Gaussian method de-

reveals that the resulting colour distribution is bimod jon :
(see Fig[h). We model this bimodal colour distributioﬁCrIbeOI ab_ove. We specify the colour where the blue and
é:l Gaussian models are equal aslibandarybetween

using two Gaussian functions — one representing the i e red sequence and the blue cloud. We further restrict

sequence and the other the blue cloud. In some elds e colour interval by rejecting any galaxy redder than 2.5

note that the background correction is either too large imes the standard deviation of the red Gaussian or bluer
too small to yield to a clear bimodal distribution, resuj;mthan 2 5 times the standard deviation of the blue Gaus-

in poor ts or even in a non-convergent tting algorithm __ ; " )
(candidate 7). In such cases, we adjusted the backgro&ﬁ%p' Where those boundaries fall within a colour bin we

correction by up to 20% before determining whether t'%erform a fractional calculation within the acted bins.
adjusted background results in an improved t. Figire 5 The third method does not include the area-corrected
presents the eect of an unadjusted background on th_gackground subtraction used in the rst two mt_athods but
colour distribution on two typical eld. Although both instead selects cluster members based on their photomet-

the too high and too low cases are presented, the fornfi§r"€dshift. Any galaxy within the eld-of-view and with
concerns only four clusters. One of these clusters is céh/€dshift consistent with the cluster mean redshift plus
rmed (candidate 3) and two others (including the casg’ Minus 1.5 times its standard deviation (calculated in
presented in Fi§l5) are among the sample of other pho§§ctlZI4) is considered as a cluster member. We thgn se-
metric studies (see Olsen ei lal. 2007; Wen & Han H01kected the red sequence and blue cloud members using the

Licitra et all2015). Thus, most of them are unlikely to b§0lour boundaries de ned in method two.
false detections. All the methods described above employ thelbnit
Three of the eight clusters with an increased bacRf the VIDEO catalogue in J andsbands as a magni-
ground lie in overlaps between two VIDEO footprint§ude selection threshold. The fourth quenching method
and have thus, according o Jarvis et al. (2013) longéressentially the same as method 2 yet with an evolv-
exposure times. Moreover, two additional clusters are g magnitude limit based upon the values ofih J and
the XMM1 eld, which is part of the ultra-deep layer of Ks bands computed using our best- tting FSPS model for
HSC-SPP survey and thus possess 1 to 1.5 mag dedpérred sequence, i.e. including both an evolutionary and
photometry in the i and z band (dee Adams &t al. R020)-correction (see Fid.16). As in Se€l. P.3, we assume a
The quenched fraction is then computed as the inteharacteristic absolute magnitude of -22.2& at0 (see
gral of the best- tting red sequence Gaussian pro le, dilso Cirasuolo et al. 2010).
vided by the sum of the integrals of the blue cloud and A comparison between method 1 and the other meth-
red sequence Gaussian pro les. ods is presented in Fig] 7. Each method generates sim-
Some clusters were removed from the analysis. Vilar quenched fractions compared to method 1. Within
removed 1, 4, 10, 21, and 24 since there are indicatiothe limited variation of the approaches taken by each
of more than one overdensity along the line-of-sight tmethod, this indicates that the quenched fractions are ro-

4.1. First quenching method
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Fig. 5: lllustration of two steps of the rst method. Left pala: i-z colour histograms in two elds-of-view (candidate
13 and candidate 8) where the default background (pink Igeither too high or too low. The adjusted background
is overplotted in green. Middle panels: Resulting colostrithution is the background is left unadjusted. For compar
ative purpose, the Gaussian models of the red sequence@abtuthcloud are shown in pink and blue respectively,
although they have been computed with an adjusted backdrdine mauve dash-dotted line is the “boundary' used
in method 2, 3, and 4. Right panels: Colour distribution atheebackground has been adjusted.

wide range of computed quenched fractions is nominally
consistent with the expectation expressed in $éct. 1 that
the X-ray selection of galaxy clusters should be less bi-

. ased to the properties of their member galaxies than opti-
VIR overdensity methods.
(= ca y
nn | ! .0 °
T e o We next test whether, despite the range of quenched
| gn =/ : (= fractions, there is a consistent variation of quenched frac

tion as a function of cluster-centric distance within the
sample of clusters as a whole. We computed the quenched
fraction for each cluster within three equal radial an-
nuli out to 1.35 Mpc. We then computed the mean clus-
ter quenched fractions as a function of radius into two
groups based upon the total quenched fraction, i.e. we
Fig. 6: Fraction of quenched galaxies as a function of tifgacked those clusters quenched at the level greater than
redshift according to method 4, for each VIDEO candfhe median quenched fraction into one group and those
date, excluding candidates 1, 4, 10, 21, and 24 and {pgenched at less than the median level into another.
candidate clusters above¥.4. Spectroscopically con-
rmed clusters are indicated by squares, and the other one We then investigated if the quenched fraction depends
by circles. The error bars are the propagation on the Poiggon galaxy luminosity. We computed the quenched frac-
sonian uncertainties on the integrals of the red sequenioa in three bins of K luminosities (0.5to 1L, 1 to 2
and the blue cloud models. L ,and 2to 4 L). Once again, the results for each cluster
are stacked on the basis of their overall quenching level.
This test is limited taz < 1:4 because beyond this 0.5 L
bust from method to method. The few clusters for whicfalls below the 5 magnitude cut.
the quenched fractions obtained by method 1 are more
than 1.5 times the standard deviation above or below the Figyre[8 displays no signi cant trend between the

mean are identi ed and highlighted. For now on, we Willyean quenched fraction and the cluster-centric radius, es-

focus on method 4 results. pecially for the highly quenched half of the sample. We
note however a slight increase of the quenched fraction
4.3. Quenching results toward the centre of the lowly quenched cluster, suggest-

ing a weak dependence of the quenched fraction with the
Figure[® shows the quenched fraction results of the fourdistance. The bottom panels of Hig. 8 show that more lu-
method and indicates that there is a wide variety ofinous galaxies are more quenched, although the varia-
guenching levels within the intervat® 2z 1:2. The tionis less pronounced in highly quenched clusters.
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Fig. 7: Comparison between the quenched fractions obtdipertthods 1 and 2 (left panel), methods 1 and 3 (middle
panel), or methods 1 and 4 (right panel). The error bars ssedban the Poissonian uncertainties on the number of
guenched galaxies in the cluster and on the number of galaxithe considered eld-of-view. The background

uncertainty included is estimated to 5% of the unscaled dpacknd subtraction, since we adjusted the subtracted
background by steps of 10%. Clusters that have quenchiiog r@bove or below 1.5 times the standard deviation of

3 are highlighted.

g ! o

Fig. 8: Top row: Mean quenched fraction for each distancefbirthe low quenching (left) and high quenching (right)
candidate clusters. Symbols mark the mean quenched fnagtide the shaded regions represent the bin size (x axis)
and the standard deviation (y axis) of the quenched fradBottom row: Mean quenched fraction for each luminosity
bin according to method/2 (method 2 is equivalent to method 4 in this context). Lursities are expressed in term
of L . We stress that Labsolute magnitude changes with redshift to re ect the ipasavolution of a quenched
galaxy. In the interval 8 z< 1:4, the absolute magnitude Maries from -22.87 to -23.14 in theskband and the
corresponding stellar masses from3 101*M to 1:47 10''M . Again, clusters are divided into a low quenching
(left) and a high quenching (right) groups. These plots amtyude clusters below = 1:4, in order to mitigate the
selection e ects of the catalogue 5limit.

5. Brightest cluster galaxies in the cluster. We therefore selected galaxies within 225
kpc of the X-ray detection coordinates where this distance

To identify candidate BCGs within each galaxy clustegorresponds to approximately 15% of the virial radius of
we noted initially that 80% of BCGs are located withid 1 10" M cluster (we added an extra 5% to account
0.1 virial radii of the cluster X-ray emission peak (Lin &for possible o sets between the X-ray best- t model cen-
Mohr[2004). They are usually — but interestingly not afres and the X-ray emission peaks). We then applied a
ways (e.g. Lange et Al. 2018) — the most luminous galajgminosity cut to select galaxies brighter than 3ih J
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and K; bands (using the model computed in SEcil 4.1 tf including a third free parameter, using ten éient for-
compute evolutionary eects and a fulk-correction). If mation redshifts and 50 metallicities within the same in-
the luminosity cut resulted in less than three candidatervals as above. We rst tested theext of dust, with 25
BCGs, we extended the cut to 2.5.Uf there still re- dust obscuration percentages covering 0 to 99.3%, calcu-
mained less than three galaxies, we enlarged our sedatied as a power law with a -0.7 index. We also inves-
radius to 450 kpc. We implemented this three candidaigated the eect of permitting a dust-free exponentially
limit because we noticed that some elds contained fainkecreasing star formation rate (SFR) employing 2al-
stars misclassi ed as galaxies or quasars in the VIDE@es between 0.004 and 1 Gyr.
catalogue. We limited the stellar population modelling to BCGs
To identify spurious candidates we next performeddrawn from clusters in the interval® z< 1:4 and also
visual check of the BCG candidates, paying special attemoved BCGs with unreliable photometry. We also ex-
tion to the brightest and second brightest candidates. \Bleded candidate 10 because no suitable BCG candidate
also agged (but did not remove) candidates with unreliwas identi ed. We thus performed our ts with a sample
able photometry, such as candidates within the halo 0b&23 BCGs. The models described above generates ts
star or blended sources. We then created,iz J, and characterised by reduced (hereafter noted?) approxi-
J Ks colour magnitude diagrams of the central 225 kpmately equal to 3.5. The left panel of Hig. 9 presents these
of each cluster to determine which candidate BCGs disest tting models and their associated con dence inter-
played colours consistent with the cluster redshift. Thisals. An examination of that Fig. indicates that the single
step also conferred the benet that it identi ed galaxmodel ts might well be averaging two groups of BCGs,
ies with magnitudes and colours comparable to theramely a group with red JKg colours and a compara-
most luminous candidates that might have been missedthiely bluer group. We will refer to these groupings as red
the previous cuts. We then selected up to three potengéald blue BCGs. None of the BCGs in the blue sample
BCGs within each cluster. In most clusters consideredjsabluer than the red sequence model, displayed as a ma-
single BCG candidate is prominent. In cases with mogenta dotted line in Fid]9. This discrepancy is discussed
than one candidate BCG, we used thelhiénd luminosi- further in Sect_6J2.
ties to select the most likely BCG, followed by projected We nd that none of the tted stellar population mod-
cluster-centric distance if &band magnitudes were sim-els appears to capture the overall slope of colour ver-
ilar. When possible, we used the CESAM spectroscopsas redshift for the combined BCG sample. However,
database to check the redshift of our selected BCG candie noted with interest that the stellar population model
dates and make adjustments in the case of obvious incohiLidman et al. |(2012) appears to provide areetive
sistencies with the estimated cluster redshift. method to segregate the red and blue BCGs. We therefore
We compared our BCG list to Wen & Hah (2011)segregated the red and blue BCGs employing the colour
XXL Paper XV, and Ricci et all (2018, hereafter XXL Padi erence with respect to the Lidman et al. (2012) model
per XXVIII), although we have respectively only 15,colours as a function of redshift (see Higl 10, left panel).
1, and 5 clusters in common. Those three studies hadaving split the BCGs into red and blue on the basis of
slightly di erent BCG selection criteria: Wen & Hanthis criterion we then applied the FSPS tting procedure
(2011) use the i, i or the r band depending on the datadescribed above to both populations and performeda nal
available, while XXL Paper XV and XXL Paper XXVIII check of the BCG colour evolution versus redshift with
respectively use z and i' band photometry as their maiespect to the best- tting red and blue models (Fig. 10,
selection criterion. Each uses larger search radii and,dantre and right panels). All three approaches generate
the case of XXL Paper XXVIII, a stricter photometricthe same division between red and blue BCGs.
redshift cut. Treating the red and blue BCGs as separate popula-
We found the same BCGs for 11 of the 15 shared catiens provides a signi cant improvement to the quality
didates with Wen & Han (2011). When our selection disf the stellar population ts (see Fifl 9, middle and right
agrees, Wen & Han (2011) BCG is either fainter than oyranels).
selected candidate (candidates 13 and 18), possesses afabled® anf]3 give the? and best parameter ts for
incompatible spectroscopic redshift (candidate 12), or évery model tested. The uncertainties are based on the 1
an obvious foreground galaxy (candidate 1). For cangihotometry errors. Despite relatively goo#l (1.140 for
date 20, the only common candidate with XXL Paper X\the simplest model), none of the red BCG ts seem able to
our BCG selection agrees. In the case of clusters in conapture the slope of the JsKolours of the high-redshift
mon with XXL Paper XXVIII, 4 of the 5 common clus- half of the the sample. Both the simple and dusty models
ters have matching BCGs (candidates 3, 8, 20, and 2figrform similarly, but the plausibility of the latter seems
For candidate 2, they selected our second-best BCG cgnestionable, since it features a starlight dust absarptio
didate, which, unlike our chosen candidate, possessegesicentage of 61%.
spectroscopic redshift. However, XXL Paper XXVl pre-  For the blue BCGs, there is no visible slope discrep-
ferred candidate is fainter than our chosen candidate iraicy between the data and the model. However, trae
z, J, and K band. larger than in the red BCGs case, probably because none
As a nal step, we employed FSPS to generate a suibé the applied models include a term for intrinsic scatter.
of stellar population models which we compared to thia fact, the 95% con dence interval of the simplest model
J Kscolours of our total sample of BCGs as a functiofwhich has also the minimun®) is barely spawning the
of redshift. We tested 100 dérent formation redshifts variety of colours observed in the blue BCGs. This may
between 3 and 16, in combination with 100 dient indicates that the blue BCG population is too diverse to
metallicities between 0.1 and 5 2We assumed a instan-be represented by a single stellar population model.
taneous starburst, no dust extinction, and a Salpeteaaliniti  Nevertheless, we computed the BCG stellar masses
mass function.(Salpeier 1955). We then tested thece for the red and the blue BCGs, using the parameters from
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Fig. 9: Best ts for di erent subsamples. In each case, three ts have been tessdahp&e model, in which the
metallicity and the formation redshift (assuming an insaeous starburst) are allowed to vary, and two other models
where an additional parameter is allowed to vary: dust atriteone case (green dashed line) or the characteristic
timescale of the star formation (assuming a exponenti@trehasing star formation rate, instead of an instantaneous
starburst; purple dash-dotted line). For comparative gsep, we display also Lidman et al. (2012) best t model
and our red sequence t (respectively the dotted cyan anttdaohagenta lines; see Sdct.]4.1) on two panels. The
shaded region correspond to the 95% con dence region fosithplest model tested and the darker zone to the 68%
con dence region. Left panel: Best ts for all BCGs at8) z 1:2, except candidate 10 and 3 BCGs with known
photometric problems. Red galaxies are part of the red sgrapt blue galaxies are part of the blue sample. Middle
panel: Best ts for the red BCGs subsample. Right panel: Bsdor the blue subsample.

- | .
- -

Fig. 10: Division of the blue and red BCGs based on their coltiuerence with a reference model, the dashed
line representing the limit between the two groups. Lefwiglon based on Lidman etlal. (2012) model. Middle:
Assessment of our sample bimodality based on the red BCGsbRight: Same, based on the blue BCGs best t

Table 2: Summary of the stellar population ts obtained tog ted BCGs

Fit 2 2 Dust absorptioh Metallicity b
(%) () (Gyn
No dust, varyingp and Z 1.140 14.214 0 1.44 0
Varying zp, Z, and dust 1.155 11.030 61.28 0.40 0
No dust, varyingrp, Z,and  1.250 11.030 0 1.40 0.010

& Fraction of starlight absorbed by dust.
b Characteristic timescale for an exponentially decreasiagformation rate.

the simple model (i.e the instantaneous starburst modelDiscussion
with no dust). We adopt a similar approach than Lidman )
etal. [201R), computing the mass as the quotient betwed- Cluster quenched fractions

the observed and the modelled ux density i3 Band, g o7 presents a wide variety of quenched fractions,
correctlng_wnh the model stellar mass. To estimate tr\‘/ﬁth no clear trend, despite that, at higher redshifts, only
uncertainties, we compugt(a?d the Kand uxes of every the most luminous (massive) galaxies are visible. The
model enclosed in the 68% con dence region. We then ¢, 1 method of computing the quenched fraction in-
take their standard.dewatlon as the uncertainty on the %rporates a luminosity cut speci cally intended to miti-
and propagated this error to the mass. gate this bias. However, although this method generates
slightly higher quenched fractions (except for the two
lowest redshift clusters in our sample; see Elg. 7), it does
not otherwise aect the apparent diversity of quenched
fractions. There is thus no evidence of evolution with red-
Results are presented in Tablgs 4 &hd 5. The mesiift in Fig.[6.
masses are 51 10**'M and 28 0.6 10 M for The results presented in Sect.]4.3 demonstrate a link
the red and blue BCGs respectively. between quenched fraction and the ikand luminosity,
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Table 3: Summary of the stellar population ts obtained tog blue BCGs

Fit 2 z  Dust absorptioh Metallicity b
(%0) () (Gyn)
No dust, varyingp and Z 1.497 4.426 0 1.24 0
Varying zy, Z, and dust 1.920 3.613 6.67 1.10 0
No dust, varyingp, Z, and  1.954 5.241 0 1.20 0.317

@ Fraction of starlight absorbed by dust.
b Characteristic timescale for an exponentially decreasiagformation rate.

Table 4: Positions and stellar masses of the red BCGs

# Candidate name BCG RA & Dec Z BCG stellar masses
(degrees) (1Bm)
1 3XLSSJ022222.9-044043 35.5854-4.6857 ©.80 26 04
2 XLSSC 184 35.3169-4.2079 0.81 53 0:6
3 XLSSC o071 35.6420-4.9655 0.83 1
4  3XLSS J022432.9-044742 36.1398-4.7940 .83 46 08
5 3XLSSJ022135.2-051811 35.3985-5.3052 0.84 6 B9
6 XLSSUJ021947.4-050841 34.9458-5.1399 0.86 6 1
7 XLSSC 15 35.9273-5.0336 0.86 q
9 3XLSS J022557.1-042845 36.4802-4.4804 .90 38 07
11 3XLSS J021945.5-044831 34.9362-4.8124 ©.91 51
12 XLSSU J022530.3-042544 36.3738-4.4295 0.92 1 08
13 3XLSS J022804.6-045351 37.0203-4.9056 ©.93 7 1
14 XLSSU J022051.0-050958 35.2108-5.1620 8.97 8 2
15 3XLSS J022103.0-045524 35.2634-4.9222 ©.97 34 07
16 3XLSS J022739.0-045830 36.9073-4.9698 ©.99 39 08
18 XLSSC 044 36.1345-4.2287 130 6 1
20 XLSSC 029 36.0175-4.2240 1.05 a

a8 Photometric redshift. The uncertainties a&02.

Table 5: Positions and stellar masses of the blue BCGs

# Candidate name BCG RA & Dec z BCG stellar masses

(degrees) (1Bm)
8 XLSSC 064 34.6335-5.0165 0.87 :62 0:5
17 3XLSS J022044.7-041713 35.1953-4.2900 4.00 25 05
19 XLSSC 124 34.4272-4.8658 130 3.7 08
21 XLSSC 005 36.7872-4.2988 1.06 :02 0:4
23 3XLSSJ022027.0-043538 35.1173-4.6041 4.09 37 08
25 XLSSC 141 34.3478-4.6696 121 1.6 04
26 XLSSC 046 35.7636 -4.6043 1.21 73 09

2 Photometric redshift. The uncertainties a@02.

although the link seems weaker for the highly quenchdulight galaxies tend to be slightly more quenched at all
half of our sample. Kband luminosities are a proxy forradii.

galaxy stellar masses (assuming dust extinction is negli-

gible). Such a link has been observed before (e.g. Peng

etal 2010, 2012; Muzzin et al. 2012; Balogh €t al. 2016:2. A bimodal Brightest Cluster Galaxy population?
Kawinwanichakii_et all 2017; Jian et al. 2018; Pinto;l’I

Castro et al. 2019), although whether this is due to masd1€J Ks colours of the candidate BCGs in the distant
dependent galaxy evolution alod to environment re- © uster sample are not consistent with the properties of a
mains an open question. single, passively-evolving stellar population. Thereis-t

tative evidence for a bimodal distribution of BCG colours.
We observe no signi cant evidence that the quencifeparating the sample employing the ducial stellar pop-
ing fraction varies with the cluster-centric distance, aHlation model of Lidman et all (2012), we nd that the
though the quenched fraction is slightly higher towargolours of the redder BCGs in our sample are consis-
the centre of the lowly quenched clusters in our sam twith an older, instantaneous burst of metal-rich stars
— an observation in agreement with previous studies (e¥§1ereas the bluer BCG colours are more diverse and pos-
Muzzin et al[ 2012; Pintos-Castro eflal. 2019). The mogably related to a younger componentin the stellar popu-
guenched half of our sample possesses levels of quenléﬁ'pn-
ing above 70% in all bins, which might be because only Despite this variety of colours, only one of the BCGs
galaxies above Lare included in this pro le and thatis bluer than the red sequence model computed in Sect.
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Alternatively, statistical studies based on infrared
(e.g..Webb et al. 201%5; Bonaventura et al. 2017) or SZ-
selected clusters (elg. McDonald et al. 2016) have shown
that in-situ star formation is an important mechanism at
z& 1, possibly triggered by galaxy interactions (McDon-
ald et all 201l6). This suggests that a range of BCG colours
might be part of every high-redshift sample, regardless of
the sample selection.

One limitation of the current analysis is that the t-
ted stellar population models are unable to accommodate
the slope of the high-redshift end of the red sample J-
Ks colour variation with redshift (see Figl 9) and that no
BCGs are red beyorwk= 1:05. This suggest that the stars
making up the red BCGs formed later or evolve faster

Fig. 11: Contour plots for the red and blue BCG subsar{'Ean predicted by our model. Th? former i_s supported by
ples showing thegvalue as a function of the two varying''¢ degeneracy between formation redshift and metallic-
parameters (formation redshift and metallicity). Dash y- The ngt' g'nhg fﬁrmatlon regSh.'IEf‘t’hm 1Zamt'.9ht f
white curves correspond to the 68% con dence limit. Th € considered nhigh compared wi € _predictions o

- 0 .. the most recent simulations (e.g. Ragone-Figueroal et al.
\C/g:O#](aedtéi?é%n;g?arﬁfcsigorgié%?; 3.81/20?3 Zd in.; ; nt 2018; Rennehan et lal. 2020), but — alternatively — con-
but is restricted here = 05 7 to Z= 357 . The Sistentwith recent observations (Hashimoto et al. 2018;

tested formation redshift rangedgom = 3 t0 Zform = 16. MiliS-eLalll2020).

The cross displays the location of the best t parameters, DSt éxtinction might be evoked to explain why these
objects are so red. Indeed, a tincluding dust provides an

equivalent statistical description of the red BCGs (see Ta-
ble[2), although we note that the colour of a model stellar
[4.1 (see also Fi@]9). This might indicate that BCG stellgiopulation is degenerate between star formation history,
populations have dierent properties (such as metallicmetallicity, and dust obscuration. For this reason, we pre-
ity) than the average quenched galaxies in cluster, as ség-a simple, dust free model for the analysis of the red
gested by some low-redshift studies (e.g. Von Der Lindg8CG population.
et al. 2007; Loubser et al. 2009). Ultimately, the current data available for the BCGs

FigureI1 shows the degeneracy between metallicBpmple are unable to provide a de nitive explanation of
and formation redshift as applied to the stellar populatidfe bluéred dichotomy. The acquisition of rest-frame op-
models describing the two BCG samples. We observe tiiggl spectroscopy of several BCGs of both groups is
the 98% con dence regions of the two BCG samples deeeded in order to get a more accurate and thorough pic-
not overlap, supporting the idea that the stellar populitre of the star formation history of these objects (e.g.
tions of the blue and red BCGs are indeedatient. The Lonoce et al. 2015, 2020; Belli etlal. 2017; Saracco et al.
con dence intervals for the blue sample are centred &9019).
lower metallicities than the red sample regions while for-
mation redshift also tends to be lower — although the con-
dence regions of both models extend over a wide range Summary

of redshifts. . _ ~ We have identi ed a sample of 35 X-ray-selected dis-
~Based on the stellar population analysis, one migfdnt galaxy clusters in the XXL-NIDEO eld and per-

infer that blue BCGs have formed more recently than thgrmed a preliminary analysis of their galaxy populations.
red ones. However, Li & Harl (2007) report that wheg|ysters are selected as extended X-ray sources (C1, C2,
more t_h_an one_stellar population is present, th? age a(ﬁldAC) coincident with overdensities of bright galaxies in
metallicity obtained by colours alone might be biased tgshotometric redshift space. Of the 35 candidate clusters
ward the younger and more metal-rich stars. Therefo'?ﬁ'zphot 0:8, ten are spectroscopically con rmed clus-
the blue BCGs might be bluer because they have expagrs, and a further 15 are presented here for the rst time.

enced either an extended star formation episode or mqfige ten remaining clusters have been detected previously
than one bursts in the past. In such scenariosm@inces pyt never con rmed.

in the duration of the star formation or in the relative im-  The sample of clusters displays a wide variety of

portances and epochs of the secondary bursts would gGanched fractions, a result nominally consistent with the
countforthe spread in colour observed in the bluer BCGgssertion made in Sect. 1 that selecting clusters on the
One factor that may trigger a star formation episode i€M properties is insensitive to the star formation his-
acooling ow. Several studies have reported the existent@y of their member galaxies. The relationship between
of blue, moderately star-forming BCGs in cool core clugalaxy luminosity and quenched fraction appears to be in
ters at low to moderate redshifts (e.g. Egami ét al. 200@lace atz 1 although we do not observe a signi cant
Bildfell et al||2008] Stott et al. 2008; Loubser etlal. 200%ariation of the quenched fraction with the cluster-centri
2016; Pipino et al. 2009; Rawle et/al. 2012; Green et ahdius.
2016). Since X-ray selected clusters are biased toward re- The sample of BCGs is inconsistent with a single
laxed clusters (Rossetti et/al. 2017), this might partiallstellar population model. The observed distribution is bi-
explain why the blue BCGs represent a signi cant part ohodal in colour and is consistent with an old, passive
our sample. population and a possibly younger,relatively bluer, and

% '# & # #%

L #r
HS L #H

.

# #%
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more diverse population. Although we are unable to pra#dfell, C., Hoekstra, H., Babul, A., & Mahdavi, A. 2008, Mthly
vide a de nite explanation for this split, we suggest that Notices of the Royal Astronomical Society, 389, 1637

the blue BCGs may have experienced either an extencFé‘?féE’r -5 S;fﬂ%eghthe?istgig’ 7, etal. 2015, The Astpaal

or more than one star-formation episode. Bonaventura, N. R., Webb, T. M. A., Muzzin, A., et al. 2017, idly
Notices of the Royal Astronomical Society, 469, 1259, arXiv
1704.02721
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Appendix A: Notes on individual objects BCG is 60.8 kpc. The BCG is extremely red: its Z-J and J-
Candid 1 and 24 Ks colours are 2.45 and 1.59 respectively while the mean
andidates 1 an colours of the others& 1:5 BCGs with reliable photom-

Candidate 24 was observed by Gemini South in 2016ty (i.e. excluding candidate 31) are 1.45 and 0.90. Inter-
and classi ed as a distant cluster (John Stott, persorftingly, the i-z colour discrepancy between candidate 33
communication), but, to our knowledge, the results wef$d the other high-z BCGs is smaller in i-z: 0.88 for can-
never published. We observed two spikes in the phot@idate 33 compared to 0.63. Such colours might originate
metric redshift space of this source, oneg = 0:80 from the presence of dust in this object, but more data are
0:02 and one agphot= 1:19 0:02. Furthermore, the X- needed to con rm.

ray emission associated with this detection is complex

with sevgral brighter spots. This suggest thz_:lt there mighL ,gidate 35

be two distant clusters in the same line-of-sight.

This candidate cluster is probably the farthest object in
, our sample, with a photometric redshift o093 0:14.
Candidate 5 This X-ray detection is associated with multiple spikes

The BCG of thisz= 0:84 cluster has a possible companin the photometric redshift space. Since the photomet-
ion 0.454 magnitudes less luminous igkand. The opti- ¢ redshift does not perform very well at 2, some

cal centre of both galaxies lie at a projected separation®fthese spikes might be associated with the main over-
58.2 kpc (7.48 arcsec). The projected separation betwétgnsity. However the presence of a signi cant spike at
the BCG and the X-ray coordinates is 27.4 kpc and 43Z 1 suggests the presence of at least another overden-
kpc for the companion. Neither the BCG nor the confity along the line-of-sight.

panion exhibit signs of interactions. We were able to con-

rm this cluster with archival spectroscopic observationginear candidate clusters at z & 1:4

stored in the CESAM database (XXL Paper XX).
There are four other new candidate clusters &t 1:4

, in our sample: candidates 28, 29, 31, and 32 sitting at
Candidates 6 and 27 redshifts of 145 0:14, 148 0:14, 154 0:14, and

Both candidates 6 and 27 are faint detection in the vicif:57 0:14. Candidate 32 is a weaker X-ray detection
ity of bright point sources. Thus, in these two elds, wéhan the 3 others but also features the most signi cant
increased the number of X-ray contours from 10 to 2§hotometric redshift spike.

Candidate 6 is ax= 0:86 0:02 and candidate 27 is at

z=144 014. Appendix B: Candidate clusters

Candidate 10

Despite appearing as an isolated spike in the redshift
space, candidate 10 seems to be constituted of two or
more overdensities: the background subtracted colour di-
agram of candidate 10 exhibit four “bumps' rather than
two. Similarly, none of our BCG candidates seems reli-
able: the best one exhibit a very red J-&olour, more
consistent withz 1 thanz 0:9 and indeed has pho-
tometric redshift ofz 0:98. The two other BCGs candi-
dates both sit at more than 750 kpc of projected separation
with the X-ray coordinates. Since candidate 10 meets our
detection criteria, we included it in our list of candidate
clusters, but not in our analysis.

Candidate 30

Candidate 30 has a photometric redshift o48L 0:14
which make it one of our newly discovered very high-z
cluster. Unfortunately, the photometry of the BCG and of
another central galaxy are unreliable because they are in
the halo of a foreground star.

Candidate 33

Among the candidate clusters presented here for the rst
time, candidate 33 is probably the second most distant
one, with a photometric redshift of 19 0:14. This is
again a robust (signi cance between 4.5 and 5.5 galax-
ies) detection in the photometric space. X-ray emission is
regular, and the distance between its coordinates and the
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Fig. B.1: Left cols.: Megacam R and | Iter and VIDEO H lIter iages for each con rmed clusterat 0:8 meeting

our selection criteria, classi ed by increasing redshiftee cyan circles delimit regions within one arcmin of the X-
ray best t model centres which are marked by yellow cros$as.red and brown circles highlight the bright galaxies
with a redshift corresponding respectively to the cluseakredshift 0:02 and to the cluster redshif0:06. Darker
circles indicate galaxies outside the central region. TB&B are circled in white. The X-ray contours in green are
logarithmically distributed in 10 levels between the maximand minimum emission observed in a 7 arcmir?

box around the X-ray source. Middle Cols.: Background sadi&rd and Gaussian Itered redshift distribution of the
bright galaxies within the central arcmin, for the corresging candidates. The dashed line highlights the median
redshift of the highest bin in the redshift spike. Its colagsesses the importance of the overdensity, and therefore
our con dence in the detection: gold for the most reliabledidates (the highest bin height is above 5.5), grey for
the reliable one (above 4.5), and beige for the other. Rigit$.Ci-z (08 z< 1:2) or z-J ¢ 1:2) CMD plot of

the galaxies above VIDEO 5limit within 1 arcmin of the centre. The green squares intdidhe galaxies with
photometric redshifts consistent with the mean redshifs mr minus 1.5 times the standard deviation of the most
accurate Gaussian modelling of the redshift spike. The lolmenges indicate galaxies with redshifts consistent with
the sidewings of the most accurate Gaussian model, up te thmes the standard deviation. The deep pink lines
indicate the colours predicted by the stellar populatiordeli@omputed in Secf.4.1. The light pink region is the
standard deviation of the derence of this model with method 1 red sequences.
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Fig. B.1:continued
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Fig. B.2: Left Cols.: Megacam R and | lter and VIDEO H lter iages for the two candidates clusters along the
same line-of-sight. Symbols and contours de nitions aneegiin Fig.[B.1. Middle Cols.: Background subtracted
and Gaussian ltered redshift distribution of the brightiagaes within the central arcmin, for the corresponding
candidates. Bottom Cols.: i-z® z<1:2)orz-J¢ 1:2) CMD plot of the galaxies above VIDEO Simit within

1 arcmin of the centre.
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Fig. B.3: Left Cols.: Megacam R and | Iter and VIDEO H lter iages for the previously detected but uncon rmed
candidate clusters at 0:8, classi ed by increasing redshifts. The X-ray contourgieen are logarithmically dis-
tributed in 10 levels between the maximum and minimum emisebserved in a 7 7 arcmirf box around the X-ray
source, except for candidate 6 which displays 25 levelstbasel 4 arcmirf box. Symbols de nitions are given in
Fig.[B.1. Middle Cols.: Background subtracted and Gaustiamed redshift distribution of the bright galaxies withi
the central arcmin, for the corresponding candidatesoBoftols.: i-z (08 z< 1:2)orz-J¢ 1:2) CMD plot of the
galaxies above VIDEO 5limit within 1 arcmin of the centre.
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Fig. B.3:continued
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Fig. B.4: Left Cols.: Megacam R and | Iter and VIDEO H lter iages for the new candidate clusterzat0:8,
classi ed by increasing redshifts. The X-ray contours iegm are logarithmically distributed in 10 levels between
the maximum and minimum emission observed in a77arcmirf box around the X-ray source, except for candidate
27 which displays 25 levels based on 4 arcmirf box. Symbols de nitions are given in Fig_B.1. Middle Cols.:
Background subtracted and Gaussian Itered redshiftidistion of the bright galaxies within the central arcmir, fo
the corresponding candidates. Bottom Cols.: i:8 (0z< 1:2) or z-J ¢ 1:2) CMD plot of the galaxies above VIDEO

5 limit within 1 arcmin of the centre.
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Fig. B.4:continued
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