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ABSTRACT

Distant galaxy clusters provide important tests of the growth of large-scale structure in addition
to highlighting the process of galaxy evolution in a consistently defined environment at large
look-back time. We present a sample of 22 distant (z > 0.8) galaxy clusters and cluster
candidates selected from the 9 deg? footprint of the overlapping X-ray Multi Mirror (XMM)
Large Scale Structure (LSS), CFHTLS-Wide and Spitzer-SWIRE surveys. Clusters are selected
as extended X-ray sources with an accompanying overdensity of galaxies displaying optical to
mid-infrared photometry consistent with z > 0.8. Nine clusters have confirmed spectroscopic
redshifts in the interval 0.8 < z < 1.2, four of which are presented here for the first time. A
further 11 candidate clusters have between 8 and 10 band photometric redshifts in the interval
0.8 < z < 2.2, while the remaining two candidates do not have information in sufficient
wavebands to generate a reliable photometric redshift. All of the candidate clusters reported
in this paper are presented for the first time. Those confirmed and candidate clusters with
available near-infrared photometry display evidence for a red sequence galaxy population,
determined either individually or via a stacking analysis, whose colour is consistent with the
expectation of an old, coeval stellar population observed at the cluster redshift. We further note
that the sample displays a large range of red fraction values indicating that the clusters may be
at different stages of red sequence assembly. We compare the observed X-ray emission to the
flux expected from a suite of model clusters and find that the sample displays an effective mass
limit Mapy ~ 1 x 10' Mg with all clusters displaying masses consistent with Mgy < 5 x
10" M. This XMM distant cluster study represents a complete sample of X-ray-selected
z > 0.8 clusters. We discuss the importance of this sample to investigate the abundance
of high-redshift clusters and to provide a relatively unbiased view of distant cluster galaxy
populations.

Key words: galaxies: clusters: general — galaxies: high-redshift.

1 INTRODUCTION

Observations of galaxy clusters provide crucial insight into the de-
velopment of structure in the Universe, from the growth of clusters
* E-mail: jwillis@uvic.ca themselves to the evolution of their member galaxies. Furthermore,
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cluster studies yield important constraints on cosmological models
through tests of the growth of structure (e.g. Vikhlinin et al. 2009;
Pierre et al. 2011). The greatest constraining power on cosmolog-
ical parameters and on the co-evolution of galaxies and clusters
requires large, well-controlled samples of clusters out to z > 1.
To date, a number of techniques have been successfully applied in
order to generate such samples of clusters at z < 1. These include
approaches based upon detecting galaxy overdensities (in a com-
bination of apparent colour and sky position; e.g. Postman et al.
1996; Gladders & Yee 2005), extended X-ray sources (e.g. Gioia
et al. 1990; Bohringer et al. 2000; Burenin et al. 2007; Mehrtens
et al. 2012) and the Sunyaev—Zel’dovich decrement observed to-
wards the cosmic microwave background (e.g. Menanteau et al.
2010; Reichardt et al. 2012).

Although systematic estimation of the cluster number density
above z > 1 is an important issue, the search for high-redshift
clusters is made difficult by the faintness of the cluster signal, e.g.
small galaxy overdensity in optical and near-infrared (NIR) imag-
ing, weak X-ray emission whose extent is difficult to assess, etc.
However, should X-ray imaging observations of sufficient depth and
spatial resolution be executed, the detection of high-redshift clus-
ters via spatially extended emission is advantageous as it provides
clear evidence of hot gas confined within a gravitational potential
well. Care must be taken though to assess the extent to which faint
X-ray active galactic nuclei (AGNs) may mimic or modify the sig-
nificance and spatial extent of cluster emission and its spectral form
(e.g. Branchesi et al. 2007; Pierre et al. 2012).

Systematic searches for high-redshift galaxy clusters in X-rays
are currently being conducted via dedicated X-ray Multi Mirror
(XMM) surveys (XDCP: Fassbender et al. 2011; XMM-LSS:
Andreon et al. 2005; Bremer et al. 2006; Pierre et al. 2007; this
work; XCS: Romer et al. 2001; Stanford et al. 2006). These sur-
veys employ quantitative algorithms to identify extended sources
and are characterized by accurate selection functions and a clearly
defined relationship between cluster observables (such as X-ray lu-
minosity) and the total cluster mass (Reichert et al. 2011). Galaxy
clusters at z > 1 may also be detected by the extension of successful
‘red sequence’ searches to NIR and mid-infrared (MIR) wavebands
in order to detect the redshifted emission from distant galaxies
(e.g. Muzzin et al. 2009). An associated technique employed by
the IRAC Shallow Cluster Survey (Eisenhardt et al. 2008; Zeimann
et al. 2012) identifes clusters to z < 1.9 as stellar mass overden-
sities in multiband photometric redshift slices. Each MIR imaging
technique has proven very successful at identifying large numbers
of candidate and confirmed clusters.

Galaxy clusters at z < 1 have been employed extensively to study
their member galaxy populations and indicate that they are com-
posed of uniformly old stellar populations where the bulk of their
stars formed at z = 3 or greater (Jaffé et al. 2011). In addition,
low-redshift clusters display strong population trends such as the
morphology—density relation (e.g. Dressler et al. 1997). Such rela-
tions reflect the dominance of bright, red, bulge-dominated galax-
ies in cluster cores. Observing clusters at high redshift provides
an opportunity to approach the epoch when the progenitors of low-
redshift galaxies were assembled. Indeed impressive direct evidence
is emerging of both red sequence truncation (Rudnick et al. 2012)
and merger-driven galaxy assembly (Lotz et al. 2012) in a MIR-
selected (yet X-ray-detected) cluster at z = 1.6. The evolution of
the brightest cluster galaxies (BCGs) in distant clusters presents a
more complex picture: Lidman, Suherli & Muzzin (2012) report
that the stellar mass of BCGs in 160 clusters spanning 0.03 < z <
1.63 grows steadily with decreasing redshift in a manner consistent

with a semi-analytic model. In potential contrast to such evolution
in high-redshift cluster galaxies, Stott et al. (2010) report that the
stellar mass contained in the BCGs of a sample of 20 0.8 < z <
1.5 clusters has changed little between the epoch of observation
and the present day. Such trends observed in heterogeneously as-
sembled samples will be better understood by performing similarly
extensive analyses upon a complete sample of high-redshift clusters
selected employing a single method (e.g. Fassbender et al. 2011).

The X-ray Multi Mirror Large Scale Structure (XMM-LSS) sur-
vey is well placed to contribute to this investigation: covering
11 deg? with X-ray imaging to a depth of ~1 x 10™* erg s~' cm™
for extended sources in the [0.5-2] keV waveband and accompa-
nied by optical and MIR photometry. The XMM-LSS project has
previously demonstrated the ability to identify clusters to z = 1.2
(Bremer et al. 2006) and has published z < 1 cluster number counts
selected according to a clear, quantitative selection function (Pacaud
et al. 2007).

This paper presents the XMM-LSS distant cluster sample. These
are defined to be extended X-ray sources at z > 0.8 and consist of
spectroscopically confirmed clusters together with a number of can-
didate clusters supported by a detailed photometric redshift anal-
ysis. The distant cluster sample has been identified from the full
sample of extended X-ray sources within a 9 deg? subarea of the
XMM-LSS survey and in this sense it represents a complete sample
of X-ray-selected distant clusters. In particular, the methods em-
ployed to determine whether a given extended X-ray source is or is
not a distant cluster are selected to minimize any potential bias such
as the presence of a strong red sequence. In this sense, the sample
should be as complete as possible and should provide an unbiased
perspective of the galaxy populations in distant X-ray clusters.

The structure of this paper is as follows. Section 2 describes the
construction of the distant cluster sample (containing both spectro-
scopically confirmed and candidate systems) and the multiwave-
length data sets used to define it in addition to presenting images of
the sources in the sample. Section 3 describes the approaches taken
to explore which of the candidate systems have clear photometric
evidence for being genuine distant clusters. Section 4 discusses the
results of applying these approaches and explores the diversity of
properties shown by the likely high-redshift systems.

This paper employs a Friedmann—Robertson—Walker cosmolog-
ical model described by the parameters 2y = 0.3, 2, = 0.7, Hy =
70kms~' Mpc~!. An angular scale of 1 arcmin corresponds to a
transverse physical scale of 480, 508 and 502 kpc at redshifts z =1,
1.5 and 2, respectively. All photometry is quoted in the AB system.

2 THE XMM-LSS SURVEY SAMPLE

The XMM-LSS survey currently covers approximately 11 deg”
and is described in Chiappetti et al. (2012) and Clerc et al. (in
preparation). Galaxy clusters are detected as extended X-ray sources
and are classified as either C1 or C2 on the basis of their surface
brightness characteristics (Pacaud et al. 2006). The effective flux
limit is ~1 x 107'* erg s~ cm~2 for extended sources.

Visual inspection of the X-ray images of individual systems along
with their optical and NIR images confirms that the C1 class repre-
sents an uncontaminated sample of extended X-ray sources (mainly
clusters but with some detections of X-ray haloes in very low red-
shift galaxies, Pacaud et al. 2006). The C2 class displays a con-
tamination rate of 30-50 per cent, with the main sources of con-
tamination being misclassified point sources and artefacts on the
X-ray image. These contaminants are typically removed by visual
inspection of the X-ray image prior to further analysis.
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The 11 deg? XMM-LSS sample contains 50 C1 and 60 C2
sources, of which 44 C1 and 27 C2 sources have confirmed redshifts
from optical spectroscopy. The redshift distribution of confirmed
sources ranges over 0.05 < z < 1.22. The lower spectroscopic con-
firmation rate for the C2 sources arises due to (a) the lower priority
placed on the follow-up of such sources compared to C1 sources;
and (b) the increased difficulty of following up fainter, lower quality
detections.

The analysis used to generate the XMM-LSS distant cluster sam-
ple is based upon a 9 deg® subregion of the XMM-LSS field.
This region represents the common footprints of the XMM-LSS,
Canada—France-Hawaii Telescope Legacy Survey (CFHTLS) W1
and Spitzer-SWIRE 3.6 and 4.5 um surveys and contains 88 C14-C2
sources (of which 55 have spectroscopic redshifts). NIR imaging
drawn from a variety of sources (i.e. the UKIDSS and WIRDS sur-
veys in addition to individual CFHT/WIRCam and VLT/HAWK-I
images) exists for many of the spectroscopically confirmed and can-
didate distant systems, with the available bands and depths varying
on a source-by-source basis. The principal data sets and their pro-
cessing are described below.

2.1 X-ray photometry

The characterization and measurement of extended sources in the
XMM-LSS survey is described in detail in Pacaud et al. (2006) and
Adami et al. (2011) and we summarize the important features of the
analysis here. Sources are detected above a specified pixel thresh-
old by appliying the SEXTRACTOR routine to a multiscale wavelet
reconstruction of the XMM science image. Individual sources are
characterized as either extended or point like on the basis of the
likelihood values of appropriate models applied to each source.
Taking the example of an extended source, nearby point sources
identified individually by the detection algorithm are masked when
performing the source extended fit using the SEXTRACTOR segmen-
tation map (Pacaud et al. 2006). Therefore, the extent likelihood
used for C1/C2 classification is almost free from contamination
by bright point sources. Faint point sources contaminating the ex-
tended source emission and not deblended by the algorithm may be
present, particularly in regions close to the cluster centre. Account-
ing for them is challenging, given the faintness of our objects and
their compactness relative to the XMM point spread function.

We compute X-ray fluxes for the extended sources associated
with spectroscopically confirmed and candidate clusters in the
[0.5-2] keV band employing the procedure outlined in Adami
et al. (2011). The method applies a curve-of-growth analysis to the
X-ray count rate data which confers the advantage of being free of
any profile assumptions applied to the extended X-ray source. We
estimate that the application of a finite size aperture used for these
measurements recovers 80-90 per cent of the total count rate of the
cluster and we note that this bias is lower than the statistical error
of our measurements. The flux measurement step allows a further
check for additional blended emission. Point sources lying close to
but off the cluster central region are either identified by the detection
algorithm or flagged visually. In both cases, their contribution to the
total flux is excluded from the extraction region, and the missing
area is accounted for by assuming a circularly symmetric flux pro-
file. The fluxes were obtained assuming a fixed conversion factor
of 9 x 1073 (ergs~! cm™2)/(counts s~!). This value was calculated
using xspEC from an ApEc emission model with the following pa-
rameters: z = 1, T = 4 keV, Ny =2.6 x 10 cm™2, Ab = 0.3
(note that the conversion factor changes by less than 5 per cent for

z =15 and T = 4 keV). Bolometric luminosities were calcu-
lated with xspEc employing the measured fluxes, the cluster redshift
(quoted in Table 1) and the fitted cluster temperature (Bremer et al.
2006; Pacaud et al. 2007) or assuming 7' = 4 keV if no temperature
was available. Flux and luminosity values for each cluster are listed
in Table 1.

2.2 Multiwavelength photometric data

As noted above, most of the data used in this analysis are taken from
existing large-area surveys which cover part or all of the XMM-LSS
region. Descriptions of the CFHTLS and Spitzer-SWIRE data used
in the paper are given in Gwyn (2012) and Chiappetti et al. (2012),
respectively. Large-area NIR survey data provided J-, H- and/or
K;-band imaging for a number of the C1 and C2 z > 0.8 candidates.
These data came from either the UKIDSS Deep Extragalactic Sur-
vey (DXS DRS; see Lawrence et al. 2007) or the WIRCam Deep
Survey (WIRDS; Bielby et al. 2010). Typical depths (5o) for these
data are J =234, K =229 (DXS)and J =24.7, H =24.7, K, =
24.7 (WIRDS). NIR imaging data for the remaining sources in
the distant cluster sample were obtained with principal investigator
programmes using VLT/HAWK-I and CFHT/WIRCam and are de-
scribed below. Details of the available multiwavelength photometry
for each z > 0.8 system, both candidate and confirmed, are given in
Table 1.

Eight of the C1 and C2 X-ray sources that were candidate or
confirmed z > 0.8 clusters were observed using HAWK-I on the
VLT through ESO programme 084.A-0740(A). The HAWK-I cam-
era consists of four HAWAII 2RG 2048 x 2048 pixel detectors.
The four detectors image an area of 7.5 x 7.5 arcmin® with a pixel
scale of 0.106 arcsec pixel ™! (the cross-shaped gap between the four
detectors is 15 arcsec wide). Each candidate was observed using the
YJK filters with exposure times of 1800, 2530 and 3600 s, respec-
tively, and a suitable offset was applied to each set of observations
to place the measured X-ray centroid of each cluster candidate in
the centre of a single detector. Data were obtained in service mode
during 2009 October to 2010 January.

Reduction was carried out using standard procedures from ver-
sion 1.4.2 of the ESO pipeline within the ESOREX environment. The
pipeline routines corrected the data for the presence of bad pixels,
dark current, flat-field variations, two-stage sky subtraction with
object masking, distortion correction and co-addition with pixel
rejection.

Photometric calibration was a two-step process. First, standard
star observations were used to place all four detectors on a common
photometric scale. Then the J- and K;-band images were placed on
the 2MASS scale by matching stars with J < 15.8 and K < 14.3
to their counterparts in the HAWK-I images. 3-20 such stars were
present in each image and this procedure resulted in zero-points
accurate to better than 0.1 mag in all cases. The official HAWK-I
Y-band zero-point is yet to be made available. In its absence, the pro-
cedures used in Hickey et al. (2010) were used. Using the HAWK-I
J-band photometry and the CFHTLS z band, a pseudo-Y-band mag-
nitude was constructed from their flux average for each source.
Using only those sources with z — J ~ 0, the HAWK-I Y zero-point
was adjusted to match the pseudo-Y photometry. The typical sensi-
tivity of these data is Y = 24.3, J = 24.0, K; = 23.5 (50) within a
3-arcsec-diameter aperture.

A further four candidate C2 distant clusters were observed with
CFHT/WIRCam in 2011 December—2012 January. The WIRCam
camera consists of four HAWAII2-RG detectors, each containing
2048 x 2048 pixels. The four detectors image an area of 20 x
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Table 2. Details of the spectroscopic observations performed on four clusters in the sample.

Cluster Observing date Telescope/Spectrograph Grism+Filter Wavelength Spectral Exposure
coverage (A)  resolution (A) time (s)
01 2003 November VLT/FORS2 600RI+GG435 5000-8500 7 3600
02 2003 November VLT/FORS2 600RI4-GG435 5000-8500 7 3600
04 2006 November/December Gemini/GMOS-S R400+0G515  6000-10 000 8 17 500
06 2010 November VLT/FORS2 300I4+0G590 6000-10 000 20 16 200

20 arcmin® with a pixel scale of 0.3 arcsec pixel™' (the cross-
shaped gap between the four detectors is 45 arcsec wide). Each
candidate was observed using the JK; filters with exposure times of
5428-8614 s and 3675 s, respectively. A suitable offset was applied
to each set of observations to place the measured X-ray centroid of
each cluster candidate in the centre of a single detector. Photomet-
ric calibration followed the method outlined above and generated
typical sensitivity values J = 23.0, K, = 22.5 (50') within a 3-arcsec-
diameter aperture.

2.3 Catalogue construction

Optical and NIR imaging data for each X-ray source were placed
on a common pixel scale using the swarp v2.17.1 software package
(Bertin et al. 2002). Source extraction and photometry were then
performed using SEXTRACTOR v2.5.0 (Bertin & Arnouts 1996) em-
ployed in dual-image mode using the K- or K-band image as the
detection image in each case.! Photometry was computed within
an aperture based upon the Kron (1980) radius. The image qual-
ity of the HAWK-I and WIRCam data is well matched to that of
the CFHTLS optical data, with typical stellar full width at half-
maximum (FWHM) values of 0.6-0.7 arcsec.

Finally, we match the optical-NIR catalogues for each field to
sources detected at 3.6 and 4.5 wm in the SWIRE catalogue. Sources
are matched with a 1.5 arcsec tolerance and Spitzer photometry is
quoted within a 2-arcsec-radius circular aperture with an additive
offset applied to correct to a pseudo-total aperture. We note that
this approach may introduce a small additive offset between the
matched optical-NIR and the Sptizer photometry and we attempt
to determine and correct for any such zero-point offsets between
wavebands within the photometric redshift analysis.

2.4 Spectroscopic observations

Nine galaxy clusters presented in this distant cluster sample have
confirmed spectroscopic redshifts. Five have been published previ-
ously and appropriate references are provided in Table 1. Spectro-
scopic data for four of the clusters are presented here for the first
time and we decribe the observation, reduction and analysis of the
data below.

Details of the spectroscopic observations obtained for clusters 01,
02, 04 and 06 are presented in Table 2. Slit targets for each cluster
consisted of galaxies located within the X-ray-emitting isophotes
with photometric redshifts consistent with being cluster members.
Further slits were placed upon moderately bright stars and galaxies

! Note that, for brevity, in the following text we refer to Ky photometry for
all relevant sources as this is the K-band filter predominantly used and as
the colour term between the UKIDSS K filter and the Kj filters used for
CFHT/WIRCam and VLT/HAWK-I is small for the z > 0.8 galaxies of
interest in this paper.

in order to provide identifiable reference spectra. The data were pro-
cessed using standard techniques in the IRAF?> environment which
included procedures to extract one-dimensional spectra, apply a
wavelength solution based upon reference HeAr spectra (or sky
features in the case of GMOS-S spectra) and correct for varying
spectrograph response using observations of a spectrophotometric
standard star. The spectral resolution of each data set was deter-
mined by measuring the FWHM of unresolved arc lines.

Reduced spectra were inspected visually to provide an initial
estimate of galaxy redshifts based upon the identification of promi-
nent features. Individual spectra were then cross-correlated with a
representative early-type galaxy template (e.g. Kinney et al. 1996)
employing routines based upon Tonry & Davis (1979). Individual
cluster members were selected by identifying visually an initial
cluster redshift zc.x in the redshift histogram for each field. Cluster
galaxies were then selected to display zpeac &= 0.03, and individual
redshift values are displayed in Table 3. The cluster redshifts pre-
sented in Table 1 were then computed as the mean redshift of all
members located within 1 arcmin of the cluster X-ray centroid.

3 IDENTIFYING DISTANT CLUSTER
CANDIDATES

The aim of this paper is to present a complete sample of extended
X-ray sources with redshifts z > 0.8. The motivation for generat-
ing a complete sample essentially centres upon the assertion that
only by generating a complete sample of X-ray-selected z > 0.8
clusters can one (i) compare the abundance of distant clusters to
a cosmological model prediction in a quantitative manner; and (ii)
discuss the range of galaxy properties exhibited by the member
population in a relatively unbiased way. Constructing a complete
sample ultimately requires providing a robust explanation of the
nature of every extended X-ray source in the sample area. Though
it is the aim of the XMM-LSS survey to confirm spectroscopically
all extended C1 and C2 sources, this remains an observationally
challenging prospect at this stage. The methodology of this pa-
per is therefore to employ the available photometric data to direct
the detailed follow-up of individual clusters (e.g. deep NIR imag-
ing and spectroscopic observations) towards extended sources that
show compelling evidence for being a bona fide cluster above some
redshift threshold.

The threshold of z > 0.8 applied in this paper was defined in
response to largely practical considerations, e.g. given the depth of
available optical data, experience indicated that all clusters at z < 0.8
could be recognized with little ambiguity. The threshold of z > 0.8
(as opposed to a larger value) generated a final sample containing
approximately 20 distant clusters which was deemed large enough

2 1raF is distributed by the National Optical Astronomy Observatories, which

are operated by the Association of Universities for Research in Astronomy,
Inc., under cooperative agreement with the National Science Foundation.
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Table 3. Spectroscopic redshifts for individual
galaxies in each cluster.

ID RA(J2000) Dec.(J2000) Redshift
01 359829 —3.3481 0.799
01 359870 —3.3455 0.801
01 360002 —3.3564 0.800
01 360026 —3.4265 0.799
01 360042 —3.4272 0.807
01 36.0003 ~3.4263 0.803
01 360373 —3.3946 0.801
01 360108 —3.4389 0.803
02 356420 —4.9655 0.832
02 356430 —4.9689 0.825
02 35.6397 ~4.9720 0.842
02 356401 —4.9587 0.832
02 356414 —4.9775 0.843
02 356345 —4.9761 0.833
02 356832 ~5.0105 0.831
02 356714 ~5.0079 0.822
02 356121 ~4.9991 0.861
02 35.6657 ~5.0137 0.844
02 356114 —4.9987 0.862
02 356413 —4.9652 0.834
02 356824 ~5.0102 0.832
04 33.8869 ~3.7395 1.000
04 33.8826 ~3.7344 1.008
04 33.8801 ~3.7197 1.004
04 33.8771 ~3.7355 0.999
04 33.8593 —3.7478 1.010
04 338571 ~3.7290 1.002
04 338535 ~3.7269 1.006
04 33.8494 ~3.7268 1.003
04 33.8461 —3.7275 0.989
04 33.8435 ~3.7203 0.999
04 338412 ~3.7321 1.002
04 33.8352 —3.7298 1011
04 338231 ~3.7332 1.000
04 33.8070 ~3.7649 0.999
06 33.7371 ~3.5019 1.033
06 33.7406 —3.4999 1.032
06 33.7439 ~3.5019 1.029
06 33.7460 ~3.5062 1.033

that evolution of cluster galaxy properties such as red sequence
colour and population mix could be traced within the sample rather
than via reference to other cluster samples selected possibly using
alternative techniques. Finally, a threshold of z > 0.8 corresponds
to a look-back time of approximately 7 Gyr and accords with the
redshift definition applied to distant clusters in the literature.

We summarize below the steps employed to evaluate the ro-
bustness (or otherwise) of the evidence pointing to a high-redshift
identification for each candidate:

(i) Classify visually all C1/C2 sources based on rz3.6 pm and
3.6 um4.5 um images. Identify potentially distant systems and re-
ject misclassified point sources.

(ii)) Compute the surface density of galaxies along the line of
sight to each source that satisfies photometric selection criteria ap-
propriate for identifying z > 0.8 galaxies. Compare to the visual
classification results as a check.

(iii) Compute the colour of galaxy overdensities along the line
of sight to each source and then compare to the expected colour of
model galaxies as a test of the distant cluster hypothesis.

(iv) Compute photometric redshifts for galaxies along the line of
sight to distant cluster candidates with available multiwavelength
photometry. Identify photometric redshift peaks spatially associated
with the location of the extended X-ray source.

(v) Obtain where possible spectroscopic observations of distant
cluster candidates with zppe > 0.8 with the aim of confirming at
least three concordant redshifts within the sky area giving rise to
the extended X-ray emission.

3.1 Visual classification

The first step is straightforward and is carried out on all C1 and
C2 sources in the 9 deg? XMM-LSS/CFHTLS/SWIRE field. The
CFHTLS and SWIRE fields each containing C1 and C2 X-ray
source were inspected visually, in order to identify any obvious clus-
tering at or close to the X-ray position. Images in individual bands
and pseudo-true colour images (r/z/3.6 pm and r /3.6 um/4.5 wm)
were used in this process. This step was performed by up to six peo-
ple and the final classification was subject to the decision of two
moderators.

Visual inspection is relatively rapid to perform and provides use-
ful information on the broad nature of each X-ray source, e.g. bright,
clustered galaxies consistent with a low-redshift cluster, a misclas-
sified point source, or a significant, extended X-ray source with
at best a grouping of faint, red galaxies consistent with being a
high-redshift cluster. However, visual classification is likely to pro-
vide only an imprecise estimate of the redshift of each system. In
practice, though all 88 C1+C2 sources were inspected visually, the
classification efforts were focused on the 33/88 C14-C2 sources
lacking a secure spectroscopic identification.

Of these 33 sources, 12 displayed convincing evidence for be-
ing a cluster at a redshift sufficiently below z = 0.8 to be a secure
classification. (Fig. 1 provides an image of a typical system.) The
remaining sources displayed either (i) weak or absent optical emis-
sion with an identifiable clustering of 3.6 um sources; (ii) a clear
case of a misclassified point source; or (iii) a weak, yet potentially
extended X-ray source with no identifiable overdensity of galaxies

Figure 1. An example image of one of the 12 extended X-ray sources
unambiguously associated with a z < 0.8 cluster on the basis of visual
inspection. The image is composed of rz3.6 um data and is 2 arcmin on
a side with standard astronomical orientation. The white contours indicate
X-ray emission.
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Figure 2. A comparison of the appearance of the confirmed z = 1.2 cluster
XLSSC 046 in the r band (left-hand panel) and the 3.6 um waveband (right-
hand panel). Each image is approximately 2 arcmin on a side with standard
astronomical orientation. The white contours indicate X-ray emission.

at 3.6 um. Of these classes of objects, those in group (i) are retained
as candidate z > 0.8 clusters (we note at this stage that the visual
classification may include sources at z < 0.8 but the philosophy
at this stage is that any cut avoid being conservative). Sources in
group (iii) could either represent false detections resulting from the
X-ray pipeline or potentially very distant X-ray clusters with little
evidence of galaxy clustering at any wavelength. In either case, the
prospects for spectroscopic confirmation of such systems are ex-
ceptionally poor and — as they represent at best one or two systems
out of a sample of 88 — are not retained as candidate distant clusters
at this stage.

This simple sifting can work to at least z = 1.2 as the highest
redshift XMM-LSS cluster XLSSC 046 (Bremer et al. 2006) is
straightforwardly selected in this way with an obvious compact
overdensity of 3.6 um galaxies at the X-ray position with no bright
optical counterparts (see Fig. 2). However, at high redshifts whether
a cluster is straightforwardly identifiable depends on several factors
affecting its surface density contrast against the background and
foreground galaxies. If the foreground/background density in the
z = 1.2 cluster field had higher and the spatial distribution of red
cluster galaxies less compact (spread over a 1-arcmin-radius region
rather than the 15 arcsec radius of the detected overdensity), the
system would have been harder to discern in this way.

Two exceptions to this process are clusters 06 and 19. Cluster 06
lies at the very edge of the SWIRE footprint and has data available
at 3.6 um but not 4.5 um. Cluster candidate 19 lies just outside
the SWIRE footprint yet had previously been flagged as a high-
redshift candidate on the basis of the extended X-ray image and
faint, i-band detection of the candidate BCG. We include it in the
following discussion and in Table 1 yet do not include it in the
number of systems quoted in the z > 0.8 area limited sample.

The visual classification supported by the existing spectroscopic
observations populates each cluster class as follows: spectroscop-
ically confirmed or candidate clusters at z < 0.8, 57 in number
(hereafter ‘z < 0.8 clusters’); spectroscopically confirmed clusters
at z > 0.8, 9 in number (see Fig. 3; hereafter ‘confirmed clusters’);
candidate clusters at z > 0.8, 14 in number (see Fig. 4; hereafter
‘candidate clusters’); point-like or marginal sources with no clear
identification, 8 in number (see Fig. 5; hereafter ‘unknown extended
sources’).

3.2 The surface density of faint, red galaxies

Following the visual inspection, the colours of galaxies in all fields,
whether or not identified as clustered from initial inspection, are

examined in order to identify any clustering in both position and
colour. These colours, given data of suitable depth, can provide an
indication of the redshift of the system.

The photometric analysis employs the  — 3.6 pm and 3.6 pm —
4.5 um colours derived from the CFHTLS and Spirzer/IRAC data.
These colours have been proven to select for distant cluster galaxy
populations (see Papovich 2008; Muzzin et al. 2008). With data of
sufficient depth, the use of the 3.6 um — 4.5 um colour is particu-
larly powerful as it is a strong function of redshift in the range 0.5 <
z < 1.5 for galaxies with a wide range of star formation histories
and the scatter in colour between histories is relatively small (see
Papovich 2008). For all clusters, the surface density of galaxies
within 1 arcmin of the X-ray position with » — 3.6 pm > 3 and (in-
dependently) r > 22 and 3.6 pm — 4.5 um > —0.1 was computed.
For 3.6 um sources that are undetected in r (approximately r >
25.9), the computed colour is a lower limit on the true colour. These
values were compared to those computed for the z < 0.8 clusters
and 1000 randomly placed apertures over the survey area. Fig. 6 dis-
plays these values for all C1 and C2 clusters and cluster candidates
in the 9 deg? area. As expected, the spectroscopically confirmed dis-
tant clusters are in the top right-hand side of the distribution, along
with many of the candidates. This is evidence that at least a subset
of the candidates are at redshifts similar to, or even higher than,
those of the spectroscopically confirmed clusters, with the candi-
date fields having a higher surface density of sources with the red-
dest 3.6 um — 4.5 pm colours than the spectroscopically confirmed
z > 0.8 clusters.

The separation of cluster classes indicated in Fig. 6 is supported
by a two-sided Kolmogorov—Smirnov (KS) analysis of the surface
density values (in this case using 7 — 3.6 um colours). A KS test
between the z < 0.8 cluster sample and the 1000 random apertures
results in a probability that the two samples are drawn from the same
population of 0.74, which is sensible, given the photometric criteria
are designed to be sensitive to z > 0.8 galaxies. The correspond-
ing KS probabilities between the z > 0.8 sample (confirmed and
candidate clusters) and the z < 0.8 clusters, the random apertures
and the unknown sources are 5 x 1074, 5 x 107> and 4 x 1072,
respectively, thus confirming the trend observed in Fig. 6.

However, some overlap remains between the visually assigned
classes. For the low- versus high-redshift sources, this is partly
due to the fact that photometric uncertainties will result in low-
redshift galaxies exceeding the applied colour cut and vice versa
— this blurring is expected to be most evident for clusters close to
the effective redshift cut-off implied by the photometric criteria. In
addition, while it is unlikely that any of the 57 z < 0.8 clusters are
at z > 0.8, we do note that two of the z > 0.8 candidate clusters
ultimately result in photometric redshift estimates slightly less than
z = 0.8. In general though, when considering the z > 0.8 candidate
clusters and the unknown extended sources, the surface density
analysis indicates that the optical-MIR data cannot provide an un-
ambiguous assessment of these systems. Put another way, there is
no straightforward threshold that can be applied to the surface den-
sity of optical-MIR selected galaxies along the line of sight to the
extended X-ray source sample that will generate a complete sample
of distant cluster candidates with low contamination. We address
this point further in Section 4.

3.3 Identifying cluster red sequences

In addition to computing the surface density of faint, red galaxies,
colour—magnitude diagrams (CMDs) and colour histograms in both
r — 3.6 um and 3.6 um — 4.5 um were created for the confirmed
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7

Figure 3. Colour images of spectroscopically confirmed clusters (see Table 1). The images are composed of rz3.6 um data. The white squares indicate
spectroscopically confirmed galaxies at the cluster redshift. The white contours indicate X-ray emission. The images are 2 arcmin on a side with standard
astronomical orientation.

and candidate z > 0.8 clusters and compared to the background
colour distribution (e.g. see Fig. 7). Assuming that a cluster contains
a significant number of passively evolving galaxies, the presence of
a red sequence should confirm a cluster identification and the char-
acteristics of that sequence should indicate an estimated redshift for
the cluster when compared to stellar population models (Fig. 8).
The analysis indicates that the confirmed clusters, located at 0.8 <
z < 1.2, display red sequence colours broadly consistent with the
expectation of a simple model of an old, passively evolving stellar
population considered at the confirmed spectroscopic redshift (see
Fig. 8 for further details). A number of the candidate clusters at z >
0.8 also display red sequences consistent with the expectation of
a high-redshift passive stellar population. However, it is also clear
that a subset of the candidate clusters do not display red sequence
colours consistent with this simple model of a high-redshift stellar
population — specifically they appear to be systematically bluer in
r — 3.6 pm than the expected colour for 1 < z < 2. This effect

can be understood by noting (as indicated in Fig. 7) that a number
of sources detected at 3.6 um in the candidate clusters are unde-
tected in CFHTLS W1 r-band data. The indicated r — 3.6 um red
sequence colours are therefore lower limits and will underestimate
the true colour. A further limitation is that the 3.6 um — 4.5 um
red sequence colour is largely degenerate with redshift at z 2> 1.3.
The above steps indicate (often strongly) that each of the confirmed
and candidate clusters is associated with an overdensity of galax-
ies consistent with z > 0.8. However, although the optical and MIR
imaging data are effective at determining the presence of overdensi-
ties of high-redshift galaxies, they only provide limited information
on the redshift associated with the red sequence location.

3.4 Photometric redshift analysis

Having searched for evidence of red sequences in CMDs, we extend
our analysis by removing the assumption that any distant cluster
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Figure 4. Colour images of candidate clusters (see Table 1). The images are composed of rz3.6 um data. The white contours indicate X-ray emission. The
images are approximately 2 arcmin on a side with standard astronomical orientation.

galaxy population has a significant red sequence, and allow the We use the public code Le PHARE (Arnouts et al. 2002; Ilbert
possibility that the galaxies associated with a cluster can have a et al. 2006) to estimate the photometric redshifts. Le PHARE is based
range of spectral energy distributions (SEDs) corresponding to a on a standard template-fitting procedure. The templates are red-
range of star formation histories. shifted and integrated through the appropriate transmission curves.
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Figure 5. Colour images of marginal or unknown extended X-ray sources (see Table 1). The images are composed of rz3.6 um data. The white contours
indicate X-ray emission. The images are 2 arcmin on a side with standard astronomical orientation.
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The photometric redshifts are obtained by comparing the modelled
fluxes and the observed fluxes with a x> merit function. We run the
code using exactly the same configuration as used in the COSMOS
field (Ilbert et al. 2009). The set of templates was generated by
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Figure 8. The distribution of cluster red sequence locations in the
r — 3.6 pum versus 3.6 um — 4.5 pum plane. The blue points indicate spec-
troscopically confirmed clusters at z > 0.8 and red points indicate candidate
clusters at z > 0.8. Errors are fixed at 0.1 mag in 3.6 um — 4.5 yum and at
0.5 mag in r — 3.6 um. The black line indicates the locus followed by a
passively evolving 1 Gyr solar metallicity burst of star formation occurring
at zr = 5 (BCO3). The colour of this model stellar population at redshifts 1,
1.5 and 2 is indicated, respectively, by the black circle, triangle and square.

Polletta et al. (2007) for the elliptical and spiral galaxies. 12 blue
templates generated with the Bruzual & Charlot (2003, hereafter
BCO03) code were added. Four different dust extinction laws were
applied (Prevot et al. 1984; Calzetti et al. 2000), and an additional
bump at 2175 A, depending on the considered template. Emission
lines were added to the templates using relations between the ul-
traviolet continuum, the star formation rate and the emission-line
fluxes (Kennicutt 1998). Moreover, an automatic calibration of the
zero-points was performed using a sample of 650 spectroscopic red-
shifts within the photometric data area drawn from the XMM-LSS
sample described by Adami etal. (2011). The calibration is obtained
by comparing the observed and modelled fluxes (Ilbert et al. 2006)
at known spectroscopic redshifts.

Having demonstrated that the optical and MIR colours of candi-
date z > 0.8 galaxies provide only a relatively inaccurate estimate
of the redshift of a given confirmed or candidate cluster, the photo-
metric redshift analysis described here is limited to those confirmed
and candidate clusters with additional NIR photometry in at least
the J and K bands (see Table 1 for a list of clusters with JK;
photometry). At z > 0.8 the JK; bands sample the rest-frame opti-
cal SED including the prominent D4000 feature which provides a
strong JK; colour signature — and thus strong constraining power in
a photometric redshift analysis — as a function of redshift for galax-
ies composed of evolved stellar populations. Fig. 9 displays the
photometric redshift histograms for all clusters with available JK;
data. For clusters with spectroscopic redshifts, data are plotted for
all galaxies within 30 arcsec of the X-ray source that are brighter
than the K;-band completeness limit of each data set (see Sect-
ion 2.2). For clusters with photometric redshifts (see below) zphor <
1.2 and z,pec > 1.2, data are plotted for all galaxies within 1 arcmin



Distant galaxy clusters in the XMM-LSS survey 145

and 30 arcsec, respectively, of each X-ray source that are brighter
than the corresponding K;-band completeness limit.

We represent the redshift density function for each cluster using
both a standard histogram (6z = 0.1) and a variable kernel density
estimation (VKDE) approach. The VKDE approach represents the
contribution of each galaxy to the redshift density function as a
Gaussian of width o = 0.03 x (1 + z) and unit area. A first estimate
of the photometric redshift of each cluster is determined by identi-
fying visually the peak associated with the X-ray source in Fig. 9.
We then compute the cluster photometric redshift as the mean of
the VKDE-weighted redshift distribution, i.e.

: K@ dz (1)
cluster = 7 ., 4

f K(z)dz
over the local interval where the VKDE distribution K(z) exceeds
0.5 x K(zpear)- The resulting zejygeer for all candidate clusters is dis-
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played in Table 1. For the five spectroscopically confirmed clusters
with NIR data coverage, we can compute the effective photometric
redshift error of this method as

) 1/2
1 (Zspec - thot)
y 3 (G @
(l + Zspec)

which yields o, = 0.025. This error will naturally increase as one
extends this approach to the candidate clusters which typically
represent less clear redshift peaks composed of smaller numbers
of galaxies. Fig. 9 also displays photometrically selected cluster
galaxies in the field of each cluster. Cluster galaxies are selected as
occupying the local interval K(z) > 0.5 X K(Zcjuster)- Fig. 9 further
displays the J — K; CMD for photometrically selected members of
each cluster.
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Figure 9. Photometric redshifts and NIR photometry for each cluster with available JK data (see text for additional information). Left-hand panel: photometric
redshift histogram for all sources located close to each X-ray cluster centroid. The red curve indicates the VKDE distribution and the dotted line is the
appropriately scaled background. The vertical red tick mark indicates the computed photometric redshift for each cluster. For spectroscopically confirmed
clusters, the vertical black tick mark indicates the spectroscopic redshift. Middle panel: i/Ks image of each cluster. Each image is 2 arcmin on a side and follows
standard astronomical orientation. The white contours indicate the X-ray emission in each field and the green circles indicate photometrically selected cluster
members. Right-hand panel: colour-magnitude diagram for sources within 1 arcmin of each cluster X-ray centroid. For spectroscopically confirmed clusters,
the black squares indicate spectroscopically selected cluster members. For candidate clusters, the black squares indicate photometrically selected members.
The points indicate all other sources. The horizontal red and dotted black lines indicate the computed red sequence location and associated uncertainty. The

angled dotted line indicates the photometric completeness in each field.
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Figure 9 — continued

4 DISCUSSION

4.1 Cluster red sequences: implications for the galaxy
assembly history

In Section 3.3, we investigated the limitations of the 7 — 3.6 wm and
3.6 um — 4.5 um data in the determination of the location of cluster
red sequences. We return to this issue with the NIR data and the
results of the photometric redshift analysis in hand and investigate

two approaches to compute the colour sequence of cluster mem-
ber galaxies selected by (i) photometric redshift; and (ii) statistical
background subtraction on the NIR colour-magnitude plane.

4.1.1 Computing the red sequence colour employing
photometric redshifts

Fig. 9 displays the CMDs of cluster galaxies in confirmed and
candidate clusters selected by photometric redshift (or spectroscopic
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Figure 9 — continued

redshift if available) and proximity to the X-ray source. In order to
identify the location of any red sequence in each cluster, we apply the
method outlined by Fassbender et al. (2011) whereby one identifies
the third reddest galaxy in each CMD (3RG) and selects galaxies
displaying J — K; colours within 3RG =+ 0.3. We then compute the
cluster ‘red sequence’ colour as the median of this set of galaxies
(Cieq) and the spread as either the colour of the galaxies enclosing

68 per cent of the distribution (i.e. 0. = 0.5 x [Cg4 — Cys]; for
N > 3) or the full colour range (for N < 3). We apply this method
to all confirmed and candidate clusters with J — K imaging and
display the resulting Cy,eq and o values in Fig. 10. For cluster 19
we set Cyeq equal to the colour of the candidate BCG and o, =
0.1. In many cases this approach identifies a viable, yet often poorly
populated, red sequence. However, we note that this approach does
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Figure 9 — continued

not identify a clear red sequence for candidate clusters 16, 17 and
18. We address this result in more detail in Section 4.1.2.

For those clusters displaying a clear red sequence consistent with
Ced and o, we compare the red sequence colour versus redshift
data to a set of representative colour—redshift loci generated using
the BCO3 spectral synthesis code. The plot indicates that the location
of the putative red sequences of the confirmed and candidate clusters

follows a clear locus in colour—redshift space that can be described
by the simple passive evolution of an old stellar population. We do
not attempt to fit the stellar population parameters best describing
the data beyond noting that solar metallicity models arising from a
1 Gyr burst of star formation at z; > 5 appear to be favoured over
either extended (t = 1 Gyr), subsolar (Z= 0.4 Z)) or younger (z; <
5) bursts of star formation. It is worth noting at this point that the
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Figure 9 — continued

strength of this conclusion rests upon the red sequence colours of

the candidate clusters at z > 1.5. In one sense, this demonstrates the
important leverage that distant clusters place upon our knowledge of
galaxy evolution in dense environments. In another sense, however,
this result can only be viewed as tentative pending spectroscopic
confirmation of these clusters.
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4.1.2 Computing the red sequence location employing
background subtraction on the colour—-magnitude plane

24

An alternative approach to identifying the red sequence of can-
didate cluster galaxies is to investigate their distribution directly

on the colour—-magnitude plane. The main issue is to isolate the
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Figure 9 — continued

potentially weak cluster signature from the ‘background’ of non-
cluster galaxies along the line of sight. To achieve this we bin the
colour—magnitude distribution of galaxies located within 1 arcmin
of each cluster X-ray centroid. Galaxies are binned on the J — K ver-
sus K plane with bin dimensions of 0.2 and 0.5 mag. respectively.
The CMD of non-cluster galaxies (termed the model background
here) is formed by selecting all sources at >1 arcmin from each

cluster or cluster candidate and scaling the resulting distribution by
the relative cluster and background sky areas.

Although the resulting background subtracted CMD for each
cluster displays an identifiable overdensity of faint, red galaxies,
the signal is accompanied by variations in the true background as-
sociated with each cluster (both Poisson and cosmic in nature). Upon
subtraction of the scaled model background these variations persist
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Figure 10. Cluster red sequence colour computed for spectroscopically
confirmed (solid squares) and candidate (open squares) clusters. The colour—
redshift data are compared to model predictions generated using the BC03
spectral synthesis code. Each model features either a 1 Gyr burst (solid
line) or a T = 1 Gyr (dashed line) solar metallicity stellar population with a
standard Salpeter IMF. Models are displayed for formation redshifts of 10
(red), 5 (green), 4 (cyan) and 3 (blue).

as residual positive and negative signatures. However, their statisti-
cal distribution should average to zero over all cluster fields and, in
an attempt to reduce their impact, we stack the binned subtracted
CMDs to investigate the average cluster CMD. Prior to stacking
we shift each cluster distribution on the colour-magnitude plane to
account for the k-correction and distance dimming of an evolving
stellar population at each cluster redshift. We correct each cluster to
a common redshift applying an apparent colour and magnitude shift
based upon the evolution of a 1 Gyr solar metallicity burst of star
formation occuring at zz = 10 and described by a Salpeter initial
mass function (IMF). Using this same model we have confirmed
that the colour terms between the different NIR filter systems em-
ployed are small compared to the photometric zero-point errors for
each cluster. We stack all confirmed and candidate clusters as fol-
lows: spectroscopically confirmed clusters at z > 0.8 (five systems),
candidate clusters at 0.8 < zphot < 1.2 (four), candidate clusters at

Zphot > 1.2 either with a clear red sequence (four) or without (three,
i.e. clusters 16, 17 and 18). We also stack the CMD of six control
fields constructed in order to test the null hypothesis that each clus-
ter candidate is false. We take the location of six clusters observed
with HAWK-I and shift the cluster centroid to an adjacent detec-
tor (approximately a 3 arcmin shift). We then repeat the stacking
procedure using these new centroids and apply the same colour and
magnitude shifts as applied to galaxies selected according to the
original cluster locations.

Fig. 11 displays the colour histrogram generated from each stack
by summing the CMD along the magnitude axis with the restriction
K, < 225, for J — K; < 0.5, or Ky < 23.0 — (J — K,) other-
wise, to consider the photometrically complete region of the CMD.
Fig. 11 confirms that there is little difference in the intrinsic red

10 — 1

number
T
)

Figure 11. Colour histograms generated by summing over the stacked
colour-magnitude histograms for each cluster subsample: spectroscopi-
cally confirmed clusters (solid black; five systems), candidate clusters with
Zphot < 1.2 (green; four systems), candidate clusters at zphor > 1.2 with
evidence for individual red sequences (red; four systems) and without (blue;
three systems), and six random locations within the HAWK-I fields (dashed
black). The numbers represent the average number of galaxies at each colour
brighter than the applied brightness cut. See text for further details.
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sequence properties between spectroscopically confirmed clusters
at z ~ 1 and the candidate clusters. More importantly, the subset
of candidate clusters lacking apparent red sequences on the basis
of photometric redshift selection have been shown to have average
red sequences statistically identical to the remainder of the can-
didate sample following the stacking analysis. We speculate that
these clusters display a range of star formation histories that are
not well described by the available SED templates used in the pho-
tometric redshift analysis. The resulting photometric redshift peak
will be broadened by this systematic uncertainty and attempting to
select cluster galaxies using the photometric redshift method de-
scribed in this paper will result in a greater level of background
contamination relative to clusters with well-modelled SEDs. Thus,
the already weak red sequence may be diluted further by the in-
creased effective background along these sightlines. This effect can
only be verified once spectroscopic redshifts are available for these
clusters. All of the stacked cluster colour distributions are clearly
real and significant when compared to the null distribution. For the
clusters without an individual red sequence, the fact that only three
systems contribute to the average supports the assertion that the
majority (if not all) are real as otherwise the signal observed in the
average histogram would be very much diluted. We therefore con-
clude that each of the clusters presented in this sample is real in that
the extended X-ray source is associated with a galaxy population
clustered both spatially and in colour, whose spectra, photometric
redshifts and/or colours are consistent with z > 0.8.

4.2 The cluster red fraction

The cluster red fraction provides a simple statement of the popu-
lation mix of cluster galaxy members selected by colour and mag-
nitude. It is conceptually identical to the cluster blue fraction com-
puted by Butcher & Oemler (1984) yet here we focus on the the
red galaxy component in order to highlight the contribution of the
cluster red sequence to each cluster in our sample. We compute the
red fraction as the ratio

_ NR.cluster - NR,back

Jr , 3

Nt cluster — NT back
where Nr denotes the number of galaxies satisfying J — K >
3RG — 0.3 and K, brighter than an evolving model early-type
galaxy. The model assumes a galaxy of K, = 22.5 at z = 1.5
described by a 1 Gyr solar metallicity burst of star formation occur-
ring at zz = 10 and described by a Salpeter IMF. The corresponding
K, limit at the redshift of each cluster is computed accordingly.
Nt denotes the total number of galaxies satisfying the appropriate
magnitude limit. Ny, includes all galaxies within 1 arcmin of
the X-ray centroid and Ny, includes all galaxies at greater than
1 arcmin from the cluster centroid with the value scaled to match
the relative areas of the cluster and background samples.

The red fraction values for all confirmed and candidate clusters
with J — K, photometry are displayed in Fig. 12. The figure indicates
that the cluster sample displays a range of red fraction values ranging
from clusters almost wholly dominated by the red sequence (fg ~
1) to those with low values, i.e. fg < 0.2. The observation of a
wide range of red fraction values supports the assertion that the
compilation of a complete sample of X-ray-selected distant clusters
can provide a relatively unbiased view of galaxy populations in
such systems. A comparable analysis of the red fractions in a non-
X-ray-selected distant cluster sample has not yet been performed —
which is unfortunate as the results of such a study would provide a
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Figure 12. The red fraction for all confirmed (solid squares) and candidate
(open squares) z > 0.8 clusters with J — K photometry. Error bars on the
red fraction are Poissonian.

valuable perspective on the wavelength-dependent biases affecting
distant cluster identification.

The range of red fraction values displayed by the distant clus-
ter sample is similar in extent to that of comparable mass clusters
at redshifts z ~ 0.3 (Urquhart et al. 2010) also studied within the
XMM-LSS survey (note that we discuss mass estimation based upon
X-ray flux measurements in Section 4.3). However, the XMM-LSS
distant clusters will increase in mass by a factor of ~5 between a
redshift z = 1.5 and z < 0.3 (Boylan-Kolchin et al. 2009). Such low-
redshift clusters of mass >5 x 10'* M typically display dominant,
bright red sequence populations with fr > 0.8. If one assumes that
the evolution of galaxies on to the red sequence occurs following
the rapid cessation of star formation (quenching) — for example, as
a result of ram pressure stripping (Gunn & Gott 1972) or galaxy—
galaxy interactions (Dressler et al. 1994) — then the large observed
range of red fraction values displayed by the XMM-LSS distant
cluster is consistent with the scenario whereby the galaxy popula-
tions have been caught in a variety of states transforming between
active star-forming environments (where the red fraction is low and
comparable to that of the field) and a ‘red and dead’ environment
typified by z < 1 massive clusters.

4.3 X-ray fluxes and cluster masses

A key motivation for identifying the most distant clusters is to deter-
mine their global properties and thereby reveal the details of cluster
evolution. One of the most important properties is the total clus-
ter mass. Unfortunately, this is not observable directly but it can,
with certain assumptions, be determined from other observables in-
cluding the X-ray flux (luminosity) of a system. While one could
employ well-studied scaling relations at z < 1 in order to convert a
flux measurement to one of mass, the extrapolation of these scaling
relations to z > 1 is fraught with uncertainty. We therefore adopt an
alternative approach whereby we compare the X-ray flux observed
from clusters of known redshift (either spectroscopic or photomet-
ric) to the flux expected from a model cluster of specified properites.
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Figure 13. X-ray flux measurements for clusters with confirmed spec-
troscopic redshifts z > 0.8 (filled triangles) and candidate clusters with
photometric redshifts zphot > 0.8 (open squares). The contours indicate the
expected flux versus redshift properties of model clusters of given mass (see
text for details).

This approach offers the reassurance that the model assumptions are
defined and compared to the two observables (flux and redshift) in
as clear a manner as possible.

Fig. 13 compares the flux values for individual clusters to the
flux of model clusters computed as a function of cluster mass and
redshift. The model assumes the luminosity—temperature relation
of Arnaud & Evrard (1999) with self-similar evolution. The mass—
temperature relation is taken from Arnaud, Pointecouteau & Pratt
(2005) with § = 200 and massive clusters (extrapolated down to the
entire mass range) with self-similar evolution. A comparison of the
flux values for the individual clusters to the model indicates that
the clusters display an approximate mass limit of 6 x 103 to 1 x
10" M. All clusters display masses inferred from this comparison
less than 4 x 10'* M. We refer to this as the baseline model in the
following text.

It is clear that adopting a different set of model assumptions will
affect the mass estimates returned by the above analysis. Fig. 14
examines the extent to which adopting an alternative set of scal-
ing relations influences the estimated cluster mass. We retain the
assumption that scaling laws evolve in a self-similar manner and
compare two alternative approaches to our baseline model described
above (Fig. 14, black solid lines): (i) a model which replaces the
My—T relation for a M5yy—T relation taken from Sun et al. (2009),
valid down to 1 keV, and assuming the Lsy,—7 relation described by
Pratt et al. (2009) — see Fig. 14 (blue dotted lines); and (ii) a model
which considers the flux—redshift relation for self-similar clusters
following the scaling laws described in Vikhlinin et al. (2009) — see
Fig. 14 (red dashed lines). Each of these alternative models gener-
ates mass estimates for clusters of given flux and redshift which are
generally a factor of 2 lower than those generated applying the base-
line model. Fig. 15 examines the extent to which allowing a given
scaling relation to evolve with redshift affects the estimated cluster
mass. Once again, the black lines in Fig. 15 indicate the baseline
model described by self-similar evolution. Alternative evolution
prescriptions include that of Reichert et al. (2011; blue dotted line),
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Figure 14. A comparison of the predicted flux versus redshift behaviour of
model clusters of varying assumed scaling relations. The black solid lines
indicate the baseline model of Arnaud & Evrard (1999) and Arnaud et al.
(2005). The blue dotted lines indicate a model assuming a Msgp—7 relation
from Sun et al. (2009) and a Lsoo—T relation from Pratt et al. (2009). The red
dashed lines indicate a model employing scaling laws described in Vikhlinin
et al. (2009). See text for further details.
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Figure 15. A comparison of the predicted flux versus redshift behaviour
of model clusters of varying assumed evolutionary properties. The black
solid lines indicate the baseline model described in the text which assumes
self-similar evolution. Alternative evolution prescriptions include that of
Reichert et al. (2011; blue dotted line), Clerc et al. (2012; red dashed line)
and the evolving scaling relations derived by Vikhlinin et al. (2009; green
dot—dashed line).

Clerc et al. (2012; red dashed line) and the evolving scaling rela-
tions derived by Vikhlinin et al. (2009; green dot—dashed line). In
this case, introducing alternative assumptions regarding the evolu-
tion of scaling relations can generate mass estimates for clusters of
given flux and redshift which are up to a factor of 2—4 greater than
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those generated applying the baseline model. The above considera-
tions indicate that models considering potential variations in cluster
scaling relations and their evolution can generate mass estimates
for z > 0.8 clusters which vary by up to an order of magnitude.
However, given the shape of the contours displayed in Figs 13, 14
and 15, it is apparent that the relative masses of the z > 0.8 clusters
are likely to be robust against uncertainties in the assumed cluster
scaling relation model.

4.4 The abundance of distant X-ray-selected clusters

Having compiled a sample of z > 0.8 confirmed and candidate clus-
ters, it is instructive to compare their observed abundance to the
number predicted using a calculation based upon all relevant cos-
mological, cluster scaling relation and selection considerations. We
computed the expected abundance of distant clusters by assuming a
Tinker et al. (2008) redshift-dependent mass function. These authors
provide a functional form of the halo mass distribution calibrated
using numerical simulations up to z ~ 2.5. For this calculation, we
assume oy = 0.787 (Dunkley et al. 2009). Halo masses are then
converted from Mygo, to Moy following Hu & Kravtsov (2003)
assuming a Navarro—Frenk—White (NFW) mass profile and a con-
centration model from Bullock et al. (2001). The conversion from
masses to X-ray observables is performed based upon the same
baseline Myo.—Tx and Lx—Tx scaling laws as quoted above. We as-
sume a scatter of oy, 17y = 0.6 in the Lx—Tx relation. Both scaling
laws are assumed to evolve self-similarly. The XMM-LSS C1+C2
selection function (Pacaud et al. 2006) accounts for the probabil-
ity of detecting a cluster, given its X-ray observables, namely its
[0.5-2] keV count rate and its apparent core radius (corresponding
to a B model with 8 = 2/3). For this purpose, model count rates
are estimated assuming an APEC spectral model with abundance Z =
0.3Z¢. The core radius is assumed to scale with the halo radius
following a simple scaling relation (Clerc et al. 2011): R, = 0.24 x
Rs00-

The final expected redshift distribution is integrated in various
redshift bins: we predict 28.5 clusters lying at z > 0.8, 5.2 at 7 >
1.3 and 2.5 at z > 1.5 in 9 deg? of the surveyed area. By com-
parison, the sample of high-redshift clusters presented in this work
consists of up to 22, 7 and 6 clusters at z > 0.8, 1.3 and 1.5, re-
spectively, thus showing a rough agreement with model predictions.
However, we note a slight (~20) excess of z > 1.5 clusters in our
sample. If confirmed, this excess could be due either to an over-
estimate of photometric redshifts or to an unaccounted selection
bias that would arise due to, for example, an increased contami-
nation of the X-ray flux from unresolved AGNs in these objects.
Furthermore, model uncertainties also impact the predicted number
of high-redshift clusters. In particular, relaxing the self-similarity
constraint on the evolution of the cluster mass—luminosity relation
can lead to considerably different predictions (Pacaud et al. 2007).

A further comparison of interest is that between the surface den-
sity of XMM-LSS distant clusters and that of other X-ray-selected
distant cluster samples present in the literature. The surface density
of 7> 0.8 clusters in the XMM-LSS survey is 2.3 - 0.5 deg 2 above
a nominal mass limit of ~1 x 10'* M. This may be compared to
a figure of 15 z > 1.1 clusters in approximately 1 deg® reported
by Bielby et al. (2010) above a mass limit of ~1 x 10" Mg. In
addition, Fassbender et al. (2011) present a compilation of 22 0.9 <
z < 1.6 clusters detected in up to 79 deg” of archival XMM ob-
servations with a mass limit of (1-2) x 10" Mg (though specific
details regarding the selection function are currently unavailable).
The surface density of clusters reported in Fassbender et al. (2011)

lies between 0.3 and 1.3 deg™ with the exact value depending
upon the subset of XMM observations analysed. We note that the
Fassbender et al. (2011) compilation contains two previoulsy pub-
lished XMM-LSS clusters with the result that this comparison is
largely but not completely independent.

The variance observed in these reported surface densities arises
from differences in the techniques applied to select extended X-ray
sources, confirm galaxy overdensities and subsequently compute
photometric redshifts or to compile spectroscopic redshifts. A fur-
ther point worth noting is that distant clusters are often detected in
survey data originally compiled to study galaxy clusters at z < 1.
As such, they represent a subset of marginal detections and whether
they are subsequently classified and confirmed as distant clusters is
a very sensitive function of the set of selection tests applied to the
data. With this in mind we have attempted to generate a complete
sample of distant X-ray clusters in a manner that depends solely
upon the X-ray data by performing an analysis of all extended
sources in a subset of the XMM-LSS area. One cannot completely
escape the requirement of input from other wavebands, e.g. the op-
tical, NIR and MIR data employed in this paper. However, we have
attempted as far as possible to select galaxy overdensities associated
with each extended X-ray source in a manner which is insensitive
to the assumed star formation history of individual galaxies.

More detailed follow-ups of individual clusters, including spec-
troscopic and deeper X-ray imaging observations, are currently un-
derway. Ultimately combining the precise redshift measurements
into a self-consistent analysis including selection effects and model
uncertainties (Pacaud et al. 2007; Clerc et al. 2011; Reichert et al.
2011; Maughan et al. 2012), we will be able to draw firm conclu-
sions from the abundance of high-redshift clusters.

5 CONCLUSIONS

The analysis presented in this paper effectively completes the as-
sessment of 88 extended C1 and C2 sources from approximately
9 deg” of XMM-LSS data. Of these sources 59 display spectroscopic
or photometric redshifts z < 0.8, 21 sources display spectroscopic
or photometric redshifts z > 0.8 (or colours consistent with the
same redshift limit in the case of candidate clusters 23 and 24), and
the remaining eight sources appear to be consistent with misclassi-
fied point sources or marginal detections. The sample also contains
cluster 19 at a photometric redshift z = 1.67 which is included in
this paper, having been flagged as a potential distant cluster at an
earlier stage. The distant cluster sample is complete in that it rep-
resents (with the low-redshift and marginal source identifications)
a complete account of a 9 deg” area of the XMM-LSS survey. This
sample is generated from the X-ray data employing a quantitative
selection function (Pacaud et al. 2006) and it therefore permits a
number of important questions in cosmology and galaxy evolution
to be investigated.

The complete nature of this sample is dependent upon the primacy
of the applied X-ray selection procedures. Although it is difficult
to conceive of a targeted X-ray survey for distant clusters that does
not employ information at additional wavebands (e.g. optical, MIR,
etc.), the application of a simple selection threshold to identify
high-significance clusters in these additional wavebands (e.g. the
surface density of optical-MIR selected sources) will lead to either
an incomplete X-ray sample or a large rate of contamination (from
low-redshift or spurious sources) (cf. Fig. 6). These comments do
not undermine the nature of optical-MIR selected samples of distant
clusters — which are complete in terms of the applied selection crite-
ria. Instead they reflect the fact that distant X-ray-detected clusters
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must be confirmed at other wavebands. In doing so with this paper
we have attempted to perform as comprehensive an assessment as
possible of each confirmed and candidate system with the aim of
compiling a complete sample of X-ray-selected distant clusters.

It is important to recognize that the analysis presented in this
paper represents only one stage in the creation a complete sample
of distant X-ray clusters. Clearly, much of the interpretation as
to the nature of each cluster rests upon the photometric redshift
analysis, and spectroscopic confirmation of the redshifts of these
clusters must be considered as the next, important step. Furthermore,
the extent to which point source emission from unresolved AGNs
(both within each cluster and superposed along the line of sight)
modifies the appearance of a sample of distant X-ray clusters is
not well understood. We intend to employ the superior angular
resolution of the Chandra observatory to characterize the point
source contribution to a representative subsample of the distant
clusters presented in this paper. Only when these steps are complete
will we have a better understanding of what constitutes a complete,
robust sample of distant clusters. This XMM-LSS distant cluster
sample represents an important resource and will form the basis for
studies in both the growth of large-scale structure and the evolution
of cluster galaxies to be presented in forthcoming papers.
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