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ABSTRACT

Aims. We use a combination of CFHTLS deep optical data, WIRCam [Zepey (WIRDS) near-infrared data and XMM-Newton
survey data to identifg > 1.1 clusters in the CFHTLS D1 and D4 fields. Counterparts to slicsters can not be identified without
deep near-infrared data and as such the total bled of J, H andKs band imaging provided by WIRDS is an indispensable tool in
such work.

Methods. Using public XMM X-ray data, we identify extended X-ray soaes in the two fields. The resulting catalogue of extended
X-ray sources was then analyzed for opticalr-infrared counterparts, using a red-sequence digoidipplied to the deep optical
and near-infrared data. Redshifts of candidate groups lastecs were estimated using the median photometric ri¢slglfidetected
counterparts and where available these were combined pétt®scopic data (from VVDS Deep and Ultra-Deep and usiAg A
AAOmega data). Additionally, we surveyed X-ray point s@gdor potential group systems at the limit of our detectamge in the
X-ray data. A catalogue of > 1.1 cluster candidates in the two fields has been compiled arstiecImasses, radii and temperatures
have been estimated using the scaling relations.

Resuits. The catalogue of group and cluster candidates consists o151 objects. We find several massive clustévis 10'“M,)

and a number of lower mass clusfgreups. Three of the detections are previously publishégneled X-ray sources. Of note is
JKSC 041 (previously detected via Chandra X-ray data andrreg as & = 1.9 cluster based on UKIDSS infrared imaging) for
which we identify a number of structures at redshiftzef 0.8, z= 0.96,z = 1.13 andz = 1.49 (but see no evidence of a structure at
z = 1.9). We also make an independent detection of the massiveeglldVIMXCS J2215.9-1738, for which we estimate a redshift
of z = 1.37 (compared to the spectroscopically confirmed redshift-efl.45). We use the > 1.1 catalogue to compare the cluster
number counts in these fields with models based on WMAP 7-gesmology and find that the models slightly over-predict the
observations, whilst &> 1.5 we do not detect any clusters. We note that cluster numhertsatz > 1.1 are highly sensitive to the
cosmological model, however a significant reduction in @n¢statistical (due to available survey area) and systerftate to cluster
scaling relations) uncertainties is required in order toficently constrain cosmological parameters using clustenber counts at
high redshift.

Key words. methods: data analysis surveys galaxies: clusters: denesaology: large-scale structure of Universe

1. Introduction Komatsu et al. 2009; Vikhlinin et al. 2009). Recently, attem
) ) .. of theoretical cosmologists has been focused on the ptigsibi

Development of large-scale structure in the Universe isnaise of constraining dierent models of inflation through their pre-
tive cosmological tool, which indepedently confirms thec®8S  gictions of departures from Gaussianity in the primordiat-c
of the ACDM cosmological paradigm of inflationary theory (e.9yature fluctuations (Desjacques etlal. 2009). In additiomes
coupling between dark matter and dark energy fluids are pos-

* Based on observations obtained with MegaPtiegaCam, ajoint sible, which can give testable changes in growth of largéesca
project of CFHT and CEAAPNIA, at the Canada-France-Hawaiistructurel(Baldi et al. 2010).
Telescope (CFHT) which is operated by the National Resgaothncil : ; S .
(NRC) og C(anada,)the InstitutpNationaI)zies Science de I'grswof the .. Clusters .Of galaxies, which reside in the deepest gravita-

tional potential wells, present an excellent cosmologjrabe

Centre National de la Recherche Scientifique (CNRS) of Fraand .
the University of Hawaii. This work is based in part on datacarots @S @ tracer of the the peaks of structure formation. For elamp

produced at TERAPIX and the Canadian Astronomy Data Cernstre/Allen et al. (2008) used the cluster X-ray mass fraction the
part of the Canada-France-Hawaii Telescope Legacy Sumagllabo- ratio of the baryonic mass density to the total mass dentsity)
rative project of NRC and CNRS. place constraints on the cosmological mass der@jty,whilst
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also providing an independent constraint on the cosmiclaccBonn Lensing, Optical and X-ray (BLOX) galaxy cluster sur-
eration. Further to this, Vikhlinin et al. (2009) used thaster vey (Dietrich et al. 2007) provides a catalogue of weakitens
mass function to measure structure growth to constrainthe eand X-ray selected clusters in a number of fields coveringea to
lution of cosmic acceleration, measuring the cosmic acatten  area of 64ded. In this case the limiting redshift of the catalogue
parametemwy, with a result ofwg = —-1.14+ 0.21. is z ~ 1.0 as their imaging data is limited to tH&/RI optical
Recently, Jee et al. (2009) presented a weak lensing asalysinds, leaving a number of cluster detections in their cgted
of thez = 1.4 cluster, XMMU J2235.3-2557 (Mullis et ial. 2005),with no available redshift estimate. The weak-lengigay ob-
measuring a cluster massf8.5 x 10'*M,. Based on WMAP servations can not by themselves separate out the highifieds
5yr cosmology they predict the expected number of clusters@uster candidates and their spectroscopic follow-up edious
this mass at this redshift to be £0in their 11ded survey. Itis (though rewarding e.g. Mullis et al. 2004) task.
suggested by the authors that the discovery of such aras®clu  The Palomar Distant Cluster Survey (PDCS; Postmanl et al.
within the given survey area is indicative of either a highedue [1996) performed an optical selection of galaxy clusters ave
of og or structure growth from non-gaussian primordial densityrea of 51ded. This catalogue covered a range in redshifts of
fluctuations. Jimenez & Verde (2009) investigate tikeet of 0.2 < z < 1.2 identifying 107 cluster candidates, but with no X-
non-gaussianity on the number density of such massiveethistray data provided no evidence of the potential wells thase¢he
at the redshift of XMMU J2235.3-2557 and conclude that mapstential clusters resided in. More recently, Finogueriatle
determination of high-redshift, massive clusters ciera com- (2007) presented cluster detections across the Cosmicivol
plementary probe of primordial non-gaussianity. Furtlethis, Survey (COSMOS) field. Based on initial X-ray detections
the detection of the massive X-ray selected cluster, XMMXCfgom XMM data, they identify 72 clusters across an area of
J2215.9-1738 (Stanford et/al. 2006) at a redshift of1.45 has 2ded using optical+ NIR data to determine photometric red-
been treated as another supportive argument to these findigigift estimates. Their full sample reaches a redshift liofit
(Jimenez & Verde 2009). z ~ 1.3.|[Eisenhardt et al. (2008) used the IRAC Shallow Survey
Uncertainty in the current measurements «@f is also (Eisenhardt et al. 2004) to identify 1@6> 1 galaxy cluster can-
hinted at from studies of the thermal Sunyaev-Zel'dovictiidates over an area of2Z6ded. Subsequent spectroscopic ob-
(tSZ) efect from clusters. A number of papers have claimeskrvations of cluster members confirmed 12 of these caredidat
lower than expected tSZ signals from clusters in Cosmigith further observations to follow. They determine inlitidus-
Microwave Background (CMB) maps (e.g._Lieu et al. 2006gr redshift estimates using photometric redshifts basedeep
Bielby & Shanks 2007;_Lueker etlal. 2010; Diego & Partridgeptical data from the NOAO Deep Wide-Field Survey (NDWFS;
2010; Komatsu et al. 2010) and in particular Lueker et alLl(B0 Jannuzi et gl._2004), NIR data from FLAMEX (Elston et al.
claim this to be suggestive of a lower valuew§. From their [2006) and IRAC Shallow Survey [3.6] and [4.5] imaging. With
measurements using the South Pole Telescope (SPT), they ¢is combination they successfully identify clusters uped-
constraints otrg = 0.773+ 0.025 compared to WMAP 5-year shifts of z ~ 1.5, with the success of the identification of a
constraints otrg = 0.812+ 0.026 from the WMAR-BAO+SN z = 1.41 cluster |(Stanford et Bl. 2005), at the time the highest
combination (although from WMAP alone a more consistengdshift spectroscopically confirmed galaxy clusterzAt 1.5
value ofog = 0.796+0.036 is calculated). Although thesdf@ir- however, they found their survey limited by the depth caaists
ences are only at the 1o level, they can have significanffects of the optical data available, despite the capability ofrthie
when used in simulations of structure formation (in pafticon data. This was followed by the discovery of the- 1.45 clus-
the cluster number counts). From both tSZ and cluster numher XMMXCS J2215.9-1738 (located in the CFHTLS/DBQS
studies, it is evident that significant uncertainty stilnans in 2212-1759 field) by Stanford etlal. (2006), which was inliial
the determination oérg, whilst these uncertainties can inhibitdetected in the X-ray with XMM data, withandKs band imag-
our ability to constrain non-gaussianity in the primordiahsity ing and with Keck DEIMOS spectroscopic follow-up. More re-
fluctuations. cently,l Andreon et all (2009) presented a cluster candatzaa
Critical to applying cluster observations to constraining estimated redshift o = 1.9 for an extended X-ray source,
cosmological framework are the X-ray scaling laws that mayased on red-sequence analysis using deep NIR data from the
be used to relate cluster properties such as mass, temggerdtlKIRT Deep Infrared Sky Survey. However, this remains un-
and X-ray luminosity. From a simple model of pure gravitaconfirmed by spectroscopic observations at the presentTihee
tional collapse (referred to as the self-similar model) éa¢ highest confirmed redshift cluster presently stands azthe
ample, power-law relations are predicted for the— T and 1.62 in the SubariXMM-Newton Deep Field (SXDF) discov-
Lx — M cluster relations| (Kaiser 1986). Much work has gonered independently ky Papovich et al. (2010) and Tanaka et al
into characterising these relations (e.9. Markevitch 1888; (2010). Both present red-sequence analysis and spegbiosco
Reiprich & Bohringer 2002; Vikhlinin et al. 2006; RyKeet al.  follow-up showing that the red-sequence at bright mageisud
2008; Comerford et al. 2010), with calibrations having bper is in place at least ta = 1.6. Recently the Spitzer Adaptation
formed up to redshifts of ~ 1 (Leauthaud et al. 2010). of the Red-Sequence Cluster Survey (SpARCS Muzzinlet al.
At the present time there are three promising ways to filgD09; Wilson et al. 2009; Demarco eflal. 2010) has used the red
a distant galaxy cluster — via the Sunyaev-Zel'DovidiieEt, sequence method to identify> 1 clusters in six fields covering
through its extended X-ray emission, using the red-secierzctotal area ok 50ded. A number of these have now been suc-
cluster method with near-infrared data. Optical survegdiar- cessfully confirmed with spectroscopic follow-up.
ited toz ~ 1.1 as the 4000A break moves into the infra-red Deep NIR surveys are required to identify clusterg at1,
and can no longer be used as an identification tool in optidait are only available on a limited area of the sky. A number
bands. For example, Olsen et al. (2007) presented a catalogfisuch surveys have X-ray coveragéfsuent for high-redshift
of galaxy clusters identified in all four CFHTLS Deep fieldgluster searchl (Finoguenov et al. 2010) and in this paper we
purely from the CFHTLS optical*griz data (i.e. with no prior present an overview of a promising combination between one
X-ray detections). The catalogue provides 169 clusteridatel of the best deep NIR data-sets available to date, the WIRCam
detections with a maximum redshift af= 1.2. Similarly, the Deep Survey (WIRDS; Bielby et al. In Prep), with the CFHTLS
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Deep optical data and X-ray data provided by XMM-Newtorabundance and a redshift of 0.2. We note that in reconstigicti

Subsequent papers are planned, which will present the Iahe properties of the identified groups and clusters of gedeas

redshift detections and look at the properties of clustenbers well as in the modelling of survey z-dependent charactesist

in the cluster sample. In sectibh 2, we describe the datadsetl we implement the exact corrections, based on the sourc&apec

in this survey. Sectionl 3 describes the methods used foreclushape (as defined by the expected temperature of the en)ission

detection and redshift estimation, sectidn 4 presents igtn-h and the measured redshift of the system.

(z 2 1.1) cluster candidates and sectldn 5 presents the analysisafter the background has been estimated for each observa-

of the high-z catalogue data-set. We conclude in sefiion 6.  tion and each instrument separately, we produce the finaimnos
Unless otherwise stated we use aA&DM cosmology with  of cleaned images and correct it for the mosaic of the exgosur

Qm = 0.25 andHp = 72 kms*Mpc ™, whilst magnitudes are maps in which we account forfiierences in sensitivity between

given in the AB system. pn & MOS detectors.
2. Data 2.2. Spectroscopic Redshifts
2.1. X-ray Data In the CFHTLS D1 field, we use spectroscopic redshifts

A description of the XMM-Newton observatory is given byfrom the VWDS Deepl(Le Eevre etdal. 2005) and Ultra-Deep
Jansen et al. (2001). In this paper we use the data coIIec&CUCC'a“ et all. In Prep) spectroscopic samples. The VVD&De

by the European Photon Imaging Cameras (EPIC): ihe (?nple is available publicly and consists of 8981 spectuisc

y = cally observed objects over an area dfded in the CFHTLS
(C_ZI_CuIang;agzzrlazsotcr’li()zler etlal. (2001) and the MOS-CCD CameY3? field. It consists of a magnitude limited sample with a tiofi

: , i < 24 and samples aredshiftrange of @ < 5. The Ultra-Deep
XMM-Newton observations of the CFHTLS Deep fields ar :
goals of diferent surveys. The D1 field has been covered withgamIOIe consists of 1500 spectra over an area 0f0.14ded

. e d covers a magnitude range of 22 lag < 24.75. Both of
the XMM-LSS survey (PI M. Pierre). The D2 field is locate : ; ;
within the COSMOS field and has the deepest X-ray coverag he VVDS spectroscopic catalogues attribute each objeeiga fl

date (P! G. Hasinger). The D3 field is also one of DEEP2 fiel sed on the identification. These range from 1 to 4 with 1cgbein

ost unreliable and 4 being most reliable. In addition a flégy 9
and the X-ray data has been taken there as a part of AEGIS Ven to objects identified based on a single emission line.

vey. The XMM observations of D4 field were obtained throug Spectroscopic redshift data in the D4 field were ob-

| of the AEGI PIK. N . . . .
aproposal of the AEGIS team ( andra) ned using the AAOmega instrument at the Anglo-Australia

To date most of these data have been publicly availaﬁg% . )
) ; . servatory (AAO) as part of a program to provide opticatspe
through the ESA XMM-Newton Science Archive (XBpand droscopy of X-ray point-sources in the CFHTLS (Stalin et al.

we have processed the X-ray data for all CFHTLS Deep fiel ‘
T.he coverage of the D3 by XMM is the smallest pf allaed), 701(t2h ggrsgg\’;é'(znfo V\:Z:ﬁ Igi.kg?mo? glle Cdaéesséﬁ:; ;n d27th
since most AEGIS data has been obtained using Chandra {f} ~ 13th Septé)mt?er 2007‘ (prog}am. ID" W% Pl P

that program is still ongoing. The results of our survey f . . -
COSIF\)/IOgS has already %eer? used for the identification ):)f etitiean) with central coordinates of 22:15:30 and -10@4

ray clusters ifl_Finoguenov et'al. (2007) &nd_Finoguenovlet Ihfe f'%'%()f \g_ew oitheéﬁ; Wltt? the ,?AOmega |nst(;um<_atrr1]t_|s
(In_Prep), as well as cluster science exploration (Giodiaie efinea by a diameter o € observalions were made with in-

2009;| Leauthaud et &l. 2010). As the COSMOS field is treatga’idual exposure times of 1800s during the 2006 run and 4680

in depth in these other papers and the coverage of the D3gield[} € 2007 run. In order to maximize the wavelength cover-
comparatively small, we focus here on the D1 and D4 fields. age observations were made using twibedent set-ups, the first

The XMM coverage of both D1 and D4 are comparable wit ith the 580V.grism (with a cgntral yvavelength of 4790A) and
the entire area of these two fields being observed to10-20 k&a€ second with the 385R grism (with a central wavelength of

depth, thus presenting a homogeneous dataset. All X-ragrobg’ 200A). Both grisms have a MOS resolutionRf= 1300 with

vations that we have used in this work are listed in Table 1. & dispersion of 1.033/ixel and 1.568/pixel for the 580V and
The initial data processing has been done using tR85R grisms respectively.

XMMSAS version 7.1|(Watson et gl. 2001; Kirsch etlal. 2004; Reductions were made using the AAO 2DFDR software

Saxton et gl. 2005). Upon creating the calibrated event files to perform flat-fielding and arc-lamp wavelength calibratio

perform a more conservative removal of time intervdfeeted Redshift identification was then performed on all objecti-in

by solar flares, following the procedure described in Zhdradle vidually by eye and using galaxy templates to determinexyala

(2004). In order to increase our capability of detecting exedshifts. In total from the CFHTLS D4 AAOmega spectro-

tended, low surface brightness features, we have applied ftopic data, we have redshifts for 492 objects. 139 of these a

four-stage background subtraction. of Finoguenov et al0120 QSOs, 52 are stars and 301 are galaxies, all at magnitudes of

We also check for a high background that can be present in the 22.5.

MOS chips [(Kuntz & Snowden 2008), identifying and remov-

ing from further analysis the following hot chips: MOS1 chip )

4 in ODF 0404960101 and MOS2 chip 5 in ODFs 02104900%;3- CFHTLS Deep Optical Data

0404960101, 0404960501. The resulting countrate-to-ftun ¢ All optical data used in this work was taken on the Canada-

version in the 0.5-2 keV band excluding the lines.59k 10712 -
France-Hawaii Telescope (CFHT) as part of the CFHT Legacy
12
for pnand 541x 10~ for each MOS detector, calculated for th urvey (CFHTLS). Specifically, we utilize the TO006 releate

source spectrum, corresponding to the APEC (Smithiet all}20 : -
model for a collisional plasma of 2 keV temperatur %olar e Deep survey in the CFHT D1 and D4 fiéldShe CFHTLS

1 httpy/xmm.esac.esa.ifxsa 2 httpy/terapix.iap.frcplt/T0O006-doc. pdf
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Table 1. X-ray Observations.
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Name Obs. ID R.A. Dec. Pl Filtér Net Exp (s)

(J2000) pn MOS1 MOS2
XMM _LSS 2 0037980201 36.00000 -3.83333 M. Pierre Thinl 7780.1 1882512733.5
XMM _LSS3 0037980301 36.33334 -3.83333 M. Pierre Thinl 7762.5 1812613128.8
XMM _LSS4 0037980401 36.66666 -3.83333 M. Pierre Thinl 3029.7 $358.6011.8
XMM _LSS5 0037980501 37.00000 -3.83333 M. Pierre Thinl 10294.4 (@439 14906.3
XMDSOM_1 0109520101 35.83333 -4.16667 K. Mason Thinl 18571.5 2375624768.6
XMDSOM_2 0109520201 36.83334 -4.83333 K. Mason Thinl 17389.9 2808724150.9
XMDSOM_3 0109520301 36.50000 -4.83333 K. Mason Thinl 15097.4 2Q078®21299.1
XMDSOM_5 0109520501 35.83333 -4.83333 K. Mason Thinl 17300.5 2217623186.8
XMDSOM_6 0109520601 35.66667 -4.50000 K. Mason Thinl 15336.5 210981768.6
XMDSSSC1 0111110101 37.00000 -5.16667 M. Watson Thinl 12051.0 2638 19159.7
XMDSSSC2 0111110201 36.66666 -5.16667 M. Watson  Thinl 2142.7 8907.7307.9
XMDSSSC3 0111110301 36.33334 -5.16667 M. Watson Thinl 16788.3 22022 20939.6
XMDSSSC4 0111110401 36.00000 -5.16667 M. Watson Thinl 18321.3 2623 26616.6
XMDSSSC?2 0111110701 36.66666 -5.16667 M. Watson Thinl 5857.6 1822610820.7
MLS-1 0112680101 36.83334 -4.16667 M. Turner  Thinl 2041228226.3 23846.5
MLS-2 0112680201 36.50000 -4.16667 M. Turner  Thinl 6390.5 1594 8148.5
MLS-3 0112680301 36.16667 -4.16667 M. Turner  Thinl 16841231034.0 20375.4
MLS-5 0112680401 37.00000 -4.50000 M. Turner  Thinl 180322%559.3 22823.7
MLS-8 0112680501 36.00000 -4.50000 M. Turner  Thinl 1410020720.2 20728.6
MLS-7 0112681001 36.33334 -4.50000 M. Turner  Thinl 1819930108.7 20330.6
MLS-6 0112681301 36.66666 -4.50000 M. Turner  Thinl 9589.7 5886.8 15903.5
XLSSJ022404.0-04132 0210490101 36.00834 -4.18861 LsJone Medium 61458.3 73743.5 71108.0
XMM-LSS 4 0404960101 36.66666 -3.83333 M. Pierre Thinl 3752.0 1572815341.6
XMDSOM_4 0404960501 36.16667 -4.83333 M. Pierre Thinl 7480.8 9590.10312.9
LBQS2212-1759 0106660101 333.88196 -17.73492 J.Clavel inITh 48139.6 53831.9 54507.2
LBQS2212-1759 0106660201 333.88196 -17.73492 J.Clavel inlTh 30559.4 44450.2 44544.6
LBQS2212-1759 0106660501 333.88196 -17.73492 J.Clavel in1Th 4391.1 7675.9 7775.8
LBQS2212-1759 0106660601 333.88196 -17.73492 J.Clavel in1Th 69304.4 85376.6 86686.9
CFHTLS D41 0505460101 334.22229 -17.92925 K.Nandra Medium 15579.81326 24067.8
CFHTLSD4.2 0505460201 333.49088 -17.87772 K.Nandra Medium 16975.87226 22828.1
CFHTLSDA4.3 0505460301 334.14038 -17.45453 K.Nandra Medium 21628.25826 27287.2
CFHTLSD4. 4 0505460401 333.64246 -17.44842 K.Nandra Medium 4293.1 78719 18142.2
CFHTLSD45 0505460501 333.85226 -18.09394 K.Nandra Medium 11959.01449.9 19352.9

& Note that in all observations the same filters were used fopth MOS1 and MOS2.

Table 2.Photometric depths in the CFHTLS optical and WIRD&s the detection image and the second usingkth@nage as

NIR imaging.

the detection image. Thgri y? images were in turn produced
using SWARP iny? combination mode using the CFHTLE

u

z J

H Ks

(50% point-source completeness)

r andi band images in each field. Thé mode produces an
optimized combination of the input images where the output i

D1 27.0
D4 265

253 255 247 247
251 254 251 246

gj-g effectively the probability of a given pixel being part of theysk

Deep data consists of imaging witkigriz filters. 50% point-
source completeness limits for this data are given in {dble 2

2.4. WIRDS Near-Infrared Data

distribution, based on a reducgd with the background distri-
bution (Szalay et al. 1999). We note that all images haveagpr
imately the same seeing qualityof0.6” — 0.7 and as such we

do not perform any smoothing of the images to match FWHMs
before running SExtractor. Photometric calibration of the
frared observations was performed by matching to the 2MASS
photometric data in these fields.

In addition to the optical data from the CFHTLS, we have used

near-infraredJ, H and Kg deep imaging from the WIRCam 2.5. Photometric Redshifts

InfraRed Deep Survey (WIRDS, Bielby et al. In Frep). WIRDS

gives coverages of 0.6ded and~ 0.4ded in the CFHTLS D1 We derived photometric redshifts using the Le Phare code

and D4 fields respectively. Again, 50% point-source coneplet(Arnouts et al. 2002; Ilbert et Al. 2006) with& template-fitting

ness limits are given in tabfe 2.
We construct matched catalogues for both fields incorporétr grizJHK). Templates from_Polletta etlal. (2007) were used

ing all eight available imaging bands. The WIRDS and CFHTLB combination with the additional blue-galaxy templatds o

images are all provided with the same pixel-scale.286’ and

method applied to the CFHTI®/IRDS 8-band photometry

lIbert et al. (2009). The photo-z were estimated using the me

the same area in each field, allowing catalogues to be simply dian of the probability distribution function (PDFz) rathitban
tracted using SExtractor in dual-image mode. We therefare pthe minimum of they? distribution. We show the comparison
duce two catalogues for each field, the first usingia ® image of the photometric redshifts to available spectroscopishéts
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1.5

05

* D1 -VVDS UltraDeep
© D4 - AAOmega

3. Cluster Detection
3.1. Extended X-ray Source Detections

We use the prescription of Finoguenov €t al. (2010) for edeehn
source detection, which consists of removing the PSF madel f
each detected point source from the data before applyingxthe
tended source search algorithm. We include an additioeglist
background refinement performed by Finoguenov et al. (2010)
in which we repeat the background estimate steps for eaelb-det
tor and pointing. This refines the definition of the area used f
the background evaluation, which is obtained through ttadyan
sis of the final mosaics. In particular, the area free fromeexgd
contamination of sources is refined based on the PSF model im-
age, in which we excise zones where tifieet of point sources
leads to a statistical overestimate of the background (gesp
effect being detected individually).

We use the & detection threshold in the wavelet analysis

£ ® D4 - Stanford et al 06

using the 32 and 64’ scales applied to point-source free maps.
In the following we will report direct flux estimates, madewn
ellipses determined by detection of the signal at 90% confide
level. When the signal strength on flux measurement is below
40, simulations show that contamination from unresolved poin
sources can be high (Burenin etlal. 2008).

Az/(1+2,)

Z 3.2. Cluster Red-Sequence

Fig. 1. Comparison of the spectroscopic and photometric ret order to identify optical counterparts of the extended X-
shifts in the CFHTLS D1 and D4 fields. All photometric redfay sources, we have made use of the red-sequence technique
shifts are taken form our 8-band WIRDS photometric redshifised ir_Einoguenov et al. (2010), which is itself a refinenoént
catalogues. Spectroscopic redshifts are from the VVDSaultrthe photo-z concentration technique usec_by Finoguendy et a
Deep (23< i < 24.75) sample for the D1 data (black squared2007).

and the AAOmega spectra described in sedfioh 2.2 (open blue The method is based on the modeling of the red-sequence,
circles) and 5 spectroscopic redshifts fiom Stanford épa06) which is performed using the Bruzual & Charlot (2003) popula
(filled red circles) for the D4 data. tion synthesis code, with a passive evolution model of alsing
stellar population (SSP) and assuming the Chabrier initds
function (Chabrier 2003) and no dust-extinction. The slope

the red-sequence is then reproduced by fitting the SSP models
(formed atz; = 5) to the Coma cluster red-sequence with arange
of metallicities. We assume that the slope of the red-secpisn
entirely due to the mass-metalicity relation, as suggesydubth
observations and theoretical work (Kodama & Arimoto 1997;
Stanford et al. 1998).

For a given X-ray source, we fit galaxy colours and magni-
es from theKg selected catalogues at the cluster location to
red-sequence model described above over the redsiut ra

z < 2. At each redshift step within this range, galaxies within
area of radius 0.5Mpc of the centre of the X-ray detection
a]nd withinAzgnet < 0.2 of the given redshift step are extracted
8hd the significance of an overdensity of red galaxies artlumd

in the two fields (see secti@n 2.2 for details of the spectpisc
data) in Fig[lL. The black squares show the comparison betwq:&d
our photometric redshifts and the VVDS Ultra-Deep data & tr}he
CFHTLS D1 field, whilst the blue circles show the compariso& <
with AAOmega spectroscopic redshifts in the D4 field and tha?n
red filled circles show the results for galaxies identifiedtia

z = 1.45 cluster of Stanford et al. (2006). We find accuracies
the photometric redshifts @fxz(1+2 = 0.032 with a failure rate . : SR, i
of 2.5% when comparing the [/)(ho%ometric redshifts to the VVD%OdeI red-sequence is estimated. This significance isrdeted

. X ; : ith a weighting applied such that galaxies closer to thea)-r
Deep data in the D1 field. Comparing with the VVDS Ultra- . ! o S
Deep spectroscopic redshifts, we fiody ., = 0.037 with a centre are given a higher weighting. All significant redtsece

failure rate of 1%. These figures are derived across the .'fedSHetectlons are then recorded. The weighting), is given by:

range O< z < 2 and using only flag 3 and 4 objects from the

spectroscopic datasets. We note that we see a slight sygtema ' 2 A2 \2
under-prediction of redshifts at> 1. As discussed, the PSF in w(z) = Z exp{_ (c. —cm(z, m)) ~ (m - mm(Z)) _ (L) }
the optical and infrared images are relatively consistedtvae i Tic O'mag O
have not performed any PSF matching. However, the minor dif- (1)
ferences in the PSF are the likely cause of the observedsystevherec; andm are the observed colour and magnitude of the
atic offset. Although it will cause us to marginally underestimatieh galaxy.oi¢ is the error on the observed cologg(z my) is
cluster redshifts (byAz ~ 0.05), it should not fiect our ability the model red-sequence colour at the observed magnitgde,
to identify galaxy over-densities, whilst the cluster flgifts may whilst m}(2) is the characteristic magnitude based on the model
be more precisely identified using spectroscopic follow-up  andomyg is @ smoothing parameter. Finailyis the distance from
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Fig. 2. X-ray contour maps of the CFHTLS D1 (left) and D4 (right) field he grey-scale shows the smoothed X-ray flux. Detected
extended X-ray cluster candidates are ringed and numb&h#idt point-source X-ray cluster candidates are markerebycrosses
and numbered field. Both maps cover an areg of 1°, the entirety of which is covered by the CFHTLS Deep opticgtiz data.

The solid lines denote the extent of our near-infratedk s imaging data.

the X-ray centre and; is a spatial smoothing factor. The signif-and D4 (dashed line) fields (middle panel) and @ distribu-
icance of the red-sequence measure is estimated basedsontiti of this population again for both the D1 (solid line) abd
weighting calculation relative to the median red-sequesigreal  (dashed line) datasets (bottom panel). The increase irhthi®p
measured at random positions and redshifts within the fiédd. metric redshift errors will act to smear the redshift dtsttion.
explicit magnitude cut is placed on the galaxy sample fos thHowever, for then = mj;, = 1 population potted, the median pho-
analysis, however the presence of the errors on the colalr aametric redshift error remains well below the redshifesgibn
the magnitude in the denominators means that faint souritles wvindow (z s + 0.2) we apply prior to the red-sequence analysis.
high magnitude errors are given low weightings. Furthermore, the method is reliant on the red-sequence be-
The three dferent terms in equationl 1 perform weighting in place in clusters in the survey volume. At the present
ing on colour, magnitude and spatial clustering respegtivetime, the red-sequence has been confirmed to be in placesat lea
Appropriate colour-magnitude scales are chosen basedeontthz = 1.62 based on the observations_of Tanaka etal. (2010).

redshift range being probed. These are as follows: However, observations of clusterszat 1.5 are somewhat lim-
ited and the prevalence of the red-sequence and it's domwénan
— 0<z<05: (b—i) colour,i magnitude over star-forming galaxies in clusters at these redshsfttaf
— 05 < z< 1: (r - 2) colour,zmagnitude from certain. A fraction of groups and clusters at such rétish
— 1<z<15: (i — J) colour,J magnitude may be dominated by star-forming galaxies, in which case the
— 15 <z < 2: (z- Kg) colour,Ks magnitude success rate of the red-sequence analysis would be reduced.

We note that the model red sequence showsfEsebwith
. . . . respect to the observed red sequence at a given redsh#tisThi
fie dABS Sii]aéerga\{v:efolf:r?csé)fr:glo gi;hzg'g%regsz'grt]ztt)?gg%se'gen&ue to the systematic uncertainty in the models and alsoalue t
near-i¥1frared data? rovides siynifi,cant imzerVements ; tp small photometric zero point errors in the observed dataduve
P 9 P not calibrate the fiset with spectroscopically confirmed clusters

is possible using optical data alone. For example, Olseh et it is dificult due to the lack of s - :
3 . " X pectroscopic redshifts par-
(2007) perform a cluster search in the CFHTLS fields using t %ularly at highz The cluster redshifts are estimated using the

CFHTLS deep optical data and are limited to identifying red: edian redshifts of the galaxies identified as cluster mesbe
shifts of counterparts for clustersak 1.1 only. :
Th f ving the red hod .dV|athe above method.
e success of applying the red-sequence method to Iden-q 5| of the detections, we perform visual checks of the red

tifying cluster members at > 1.1 is reliant on a number of g ,ence identifications and assign a flag based on theyofalit

factors. The first factor is the sensitivity of the data to phes- y,4 jgenification. These were assigned based on the fallpwi
ence of the red-sequence. We show the characteristic maghia i

tude as a function of redshift in the top panel of Fiy. 3. In the

range 1< z < 1.5, this isJ band magnitude is used, whilst at1. Good X-ray centre, reliable redshift estimate.

15 < z < 2.0, theKg band magnitude is used. Additionally, 2. Unable to use X-ray centre, reliable redshift estimate.
we show the median photometric redshift errors as a funaion 3. Spectroscopic redshift confirmation required.

redshift for all galaxies withim;, + 1 in both the D1 (solid line) 4. Potential projectionféects.
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the surface brightness profiles of clusters (Vikhlinin eR&8i06).

24t Reiprich & Bohringer[(2002), amongst others, have shovat th
23F J* ; K* 3 the bulk of the cluster flux is contained within this radiufeT
= : B-model (Cavaliere & Fusco-Femiano 1976) is given by:
¥ 22F : 3
g // F 2 -38+1/2
21 | S(r) = S(0)|1 + (r ) } (3)
20 F : 3 core
025¢ : ]
000 — DI : E whereS(0) is the central fluxr is the cluster radius and we use
— 045 P--- b4 : E the parameter8 andr e given by the scaling relations:
ST : E
A B = 0.4(KT /1keV)3 4)
0.05E
0308 f and
< Feore = 0.07(KT /1keV)*%3r500 (5)
£
£ We note that although th®@model is considered a good de-
g scription of the cluster shape, characterization of theslarts
T remains uncertain, whilst groups show a larger scatter eir th
X-ray profiles. Further, given the redshift range we are prgb

in this paper, it is important to note that these scalingti@ts
have been derived at redshiftsof 1.

Zotor In order to estimate the intrinsic cluster luminosity, we ap

ply the K-correction following the approach used by and de-

Fig. 3. Top panel: The characteristic magnitude as a function 8gribed in Reiprich & Bohringer (2002), Bohringer et £004)
redshift used in equatidd 1. Note that theband magnitudes and Finoguenov et al. (2007) among others. Therefore, agply
are used in the redshift ranged z < 1.5 and theKs band the K-correction to account for the temperature and redshift of
magnitudes are used at51< z < 2.0. Middle panel: Median individual clusters, the intrinsic luminosity is given by:
photometric redshift errors of galaxies in the magnitudegea
M (2 + 1 as a function of redshift for the D1 (solid line) and Lot 24kev = 41d?K (2, T)Cs(z T)Fg (6)
D4 (dashed line) fields. Bottom panel: The photometric rétdsh

distribution of galaxies in th&s selected catalogue with magni-wheredy is the luminosity distance to the cluster.
tudes ofm = m;,(2) + 1. From the luminosity, we estimate both the mass and tem-

peratures for a given cluster based on derived scalingoatat
(Markevitch et al! 1998). The cluster temperature is theref
Redshift identification potentially unreliable. given by:
Identification ok, but not a groyguster.
No identification possible. KT = 0.2 + 6 x 10/0%0(Lor-ziev/E;)-4445)/2.1 (7)
Detection out of IR data area.

ONoO

whereE; is given by:

Note that as we only present a subset of the cluster identifica
tions in this paper, not all the flag values are utilized is faper, E;= VvOm(1+23+Q, (8)
however we list the full range of possible flags for consisyen

with the full catalogue, which includes tizes 1.1 detections. The radius measuresgo, is then related to the cluster tem-

peraturekT, by:

3.3. Cluster Properties & Scaling Relations rsoo = 0.391Mpc KT /keV)*3/E, 9)

From the clus_ter apperture flux measurements a_nd redstift es  \\e solve for the above inter-related parameters itergtivel
mates we derive the total cluster fluxes, luminosities ansS@& ¢, aach cluster starting from the observed X-ray signal
The XMM X-ray observations will not be sensitive to the outer The above procedure of measuring the cluster Iuhinosity

faint regions of the cluster X-ray emission, partlculaldr;_/g_sven has been calibrated against weak lensing mass measurement i
the distant nature of the clusters presented here. Derarnirar- Leauthaud et al[ (2010) within< 1, yielding

curate estimate of the total flux therefore relies on two poss
ble methods, re-observation to gain greater depth or muglefi
the X-ray profile. In this work we extrapolate the total flux fo L E-1 0.64+0.03
each cluster from the observed flig, by iteratively fitting g3- MaooE; = 1027 M,, (1.07 + 0,15)( X~z )

model to the observed X-ray emission, from which we estimate

the correction factoiCs(z T). Thus the total flux is given by:

10%27ergsst (10)

This is consistent with local measurements of the mass-
_ luminosity relations, within the adopted correction fopekted
F(< rso0) = Cs(z T)F 2 X ; . ;
(< fs00) = Cy(2 T)Fa @) evolution with redshift. In this work we perform the mass es-
wherersgg is the radius enclosing the matter density %Gfe timates of the clusters by extrapolating this relation tghler
critical density, which corresponds to the observed steiegen redshifts.
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Table 3.WIRD Cluster Survey > 1.1 cluster candidates.

ID Field Catno® R.A. Dec. Zs Ors  Zphot  Zspec’ Flag
(J2000)

WIRDXC J0224.3-0408 D1 23 36.0777 -4.1403 .26;8%2 9.1 145 — 3
WIRDXC J0225.0-0421 D1 44 36.2442  -4.3550 24°% 65 139 — 3
WIRDXC J0227.2-0423 D1 48 36.7988  -4.3861 24°% 29 124 132 5
WIRDXC J0225.2-0429 D1 58 36.2938  -4.4955 4@&%% 40 146 — 5
WIRDXC J0225.8-0434 D1 64 36.4403 -4.5826 .141f8:8‘11 2.7 1.14 1.10 5
JKCS 041 (a) DL 76 36.6808 -4.6951 0TY% 54 110 113 1
JKCS 041 (b) DI 76 36.6808  -4.6951 A4¥%2® 60 149 — 3
WIRDXC J2216.3-1729 D4 17 334.0701 -17.4900 .46;8:8‘11 2.1 146 — 5
XMMXCS J2215.9-1738 D4 25 333.9975 -17.6340 37%% 17.9 1.37 145 1
WIRDXC J2216.4-1748 D4 32 334.1084 -17.8084 .4];8:83 3.1 1.40 1.42 3
WIRDXC J2213.9-1750 D4 37 333.4828 -17.8372 .16;8%% 54 1.16 — 3
BLOX J2215.9-1751.6 D4 38 333.9883 -17.8574 .1];8%2 8.5 1.17 — 3
WIRDXC J2214.2-1757 D4 50 333.5445 -17.9652 .2at% 25 1.28 — 5

—=0.04

@ Running ID number in full extended X-ray source catalogue

b Redshifts in italics are tentative based on a single spsubpic redshift, spectroscopic redshifts of galaxies steced in the red-sequence
analysis or the redshift of a QSO.

4. Cluster Candidates at z> 1.1 to identify the red-sequence, the red-sequence 'signal‘fasc-
tion of redshift and the redshift histogram within the arsédy
Our XMM-Newton maps of both fields (CFHTLS D1 and D4)adius. We also provide for each cluster.& X 2.5’ (or larger
are shown in Fid.12, with the > 1.1 cluster candidates denotedor the more extended detectiomgis colour image constructed
by the red ellipses and numbers (the numbers correspondingiging theSTIFF software [(Bertin 2010). We use tigeband im-
rectly to the IDs given in tablel 4). The extent of the WIRDSadatage to provide the blue channel, theand image for the green
is shown by the solid outlines and corresponds to 5 WIRCaghannel and th&s-band image to provide the red channel and
pointings in the D1 field and 3 in the D4 field. In total we deteghilor the gamma correction and lower and upper brightrigss |
62 extended X-ray sources within the D1 field and 40 within thgs in order to optimize the images for publication. X-rayneo
D4 field. Typically all sources are based on detections &0 tours have been overlayed on the colour images in each case,
counts. In the D1, we find that 46 out of the 62 detections app&ghilst galaxies selected as cluster members via the redeseg
to be associated with galaxy over-densities identifiedgifi® method are highlighted (white arrows) and, where available

red-sequence analysis, with 40 beingzat 1.1 and 6 being at spectroscopic redshifts are denoted (white circles).
z> 1.1. In the D4, the number of X-ray sources associated with

a red-sequence detection is 28 out of the 40, with 22 being at . ) )

z < 1.1 and 6 being az > 1.1. The X-ray detection found to  We provide the details of our cluster analysis based on the es
not be associated with galaxy over-densities are mostlited timated redshifts and X-ray data in table 4. All candidaigedi
result of source confusion of close pairs. This is an issaewle here were detected in the X-ray data and are estimated to be
are actively working to resolve, whilst our requirement ol atz > 1.1 based on the red-sequence analysis described above
detection of both an extended X-ray emission and a clustef@donjunction with photometric redshifts. Cluster IDs green
red-sequence should minimize thiegt of false detections in (column 1). The best estimated redshift (photometric ocspe

our final catalogue. As discussed, in this paper we focusa@seth SCOpIC) is given in column 2. For each cluster we gix (i.e.
sources with red-sequence identificationg at 1.1 as it is the the radius enclosing a matter density 20@e critical density,
identification of this population that the deep near-irdchdata column 3), the iteratively determined total flux(r < rsoo) (col-
facilitates. umn 4), and massVzoo (column 5), the X-ray luminosityl.x
%&olumn 6) and the cluster temperatufg, (column 7). Finally

In table[3 we present the locations of the extended X-r : o ) :
2 P e detection reliability flag is given in column 10. NotettFar

detections and the results of the red-sequence analysitistWe . .
the red-sequence redshift estimatg,(column 6) with the sig- the calculatlons of the cluster properties, we have use(ﬂe_dm
nificance of the resulty,s (column 7). The median photometricm.OIOgy with @ = 0.25 andh = 0.72 in order to be consistent
redshift of the galaxies selected via the red-sequencgsisal With the'Leauthaud et al. (2010).
Zphot, IS given in column 8. Spectroscopic redshift identificasio
are given in column 9, where redshift in italics representde || the following candidates were detected using the avail-
tive identifications based on either a QSO that may be idedtifizp|e X-ray data and analyzed using the full 8-band photome-
with the cluster, non-red-sequence galaxies at the estthtddis- ry available in the optical from CFHTLS-Deep and the near-
ter redshift or just a single red-sequence identified gafe¥ng infrared from WIRDS. We have checked all our candidates
a spectroscopic redshift. Normal text denotes multipleam-  against known clusters using the NASA Extragalactic Databa
rating spectroscopic identifications of red-sequence@®a  (NED). In cases where a candidate has already been identified
For each candidate we present the spatial distributiondbf rewith or without a redshift estimate, we compare our resulte w
sequence selected galaxies, the magnitude-colour diagsath the previous detection.
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Table 4. WIRD Cluster Survey > 1.1 cluster candidates.

1D Zf 200 F(< I’500) Moo Lx(01-24keV) Tx Flag
©) (10%%erggs/cn?)  (10*Mg) (10%%ergy's) (keV)
WIRDXC J0224.3-0408 1.45 0.0169 .92+0.31 085+ 0.08 605+ 0.99 218+015 3
WIRDXC J0225.0-0421 1.39 0.0171 .48+0.55 073+0.16 461+ 2.06 185+028 3
WIRDXC J0227.2-0423 1.24 0.0189 .43+ 0.62 091+0.13 496+ 1.26 210+£022 5
WIRDXC J0225.2-0429 1.46 0.0186 .02+ 0.67 103+ 0.13 749+ 1.67 243+022 5
WIRDXC J0225.8-0434 1.14 0.0213 .2¥+0.84 115+ 0.13 648+ 1.27 241+020 5
JKCS 042 1.13 0.0259 <1102+ 159 <178+015 <1168+168 320+024 1
JKCS 041 1.49 0.0224 <1042+ 150 <188+016 <2142+308 385+024 3
WIRDXC J2216.3-1729 1.46 0.0162 .1+ 0.46 068+ 0.15 372+1.45 180+0.27 5
XMMXCS J2215.9-1738 1.45 0.0229 BD+0.45 191+ 0.05 2050+ 0.85 382+007 1
WIRDXC J2216.4-1748 1.40 0.0203 .59+0.49 125+ 0.08 943+ 1.01 273+£013 3
WIRDXC J2213.9-1750 1.16 0.0213 .65+0.74 103+ 0.12 491+ 1.00 217+018 3
BLOX J2215.9-1751.6 1.17 0.0224 .13+0.39 122+ 0.06 664+ 0.50 247+008 3
WIRDXC J2214.2-1757 1.28 0.0207 .02+0.95 114+ 0.15 683+ 1.62 244+024 5

a Best estimate cluster redshift - photometric redshift ssil@ultiple corroborating spectroscopic redshifts ardaa.
b We detect multiple structures with the red-sequence aisdiysJKCS 041. However, we are unable to separate the Xsragsions from the
different structures and therefore give upper limits to the Xpraperties based on taking the entire X-ray emission fohea

4.1. CFHTLS D1 Extended Sources the red-sequence result, we see a broad peak froml.2 to

] _ z~ 1.5 with a significance of 5¢~. The primary solution gives
In the D1 field we detect 8% 1.1 extended X-ray cluster candi-5 regshift ofz = 1.24*925, This correlates with a peak in the

dates using the combination of X-ray and NIR data. The X-raggqshift distribution and we find a median photometric réftish
data covers the entire 1degf the CFHTLS Deep field, whilst of the galaxies in this structure b 1.39. Looking at the spatial
the NIR data covers 0.6ded. Ourz > 1.1 detections are nec- gistribution of thez ~ 1.39 red-sequence galaxies, we find a
essarily limited to the area covered by the NIR imaging. Thgrongly clustered group within the X-ray contours. A taifil3
candidate locations are shown over-layed on the smoothey X-ga|axies are classified as red-sequence members at therclust
data in Fig[2. Coordinates and cluster properties are ptese yedshift within the observed X-ray contours. Again we see no

in table[4. In the following sub-sections we present eacthef tsjgnificant signs of structures at redshiftszof 1.1 using either

Taking thez = 1.39 solution, we estimate a cluster mass
4.1.1. WIRDXC J0224.3-0408 (D1-23) of Moo = 0.73x 1014M®, .an X-ray |UminOSity Oﬂ_x =46 x
10*%erg’s and a cluster radius 0fpo = 0.017.
In the first high redshift candidate in the D1 field, we find a
clearly extended X-ray signal (yellow contours in Hig. 4)twi
a extended flux signal of.Bo. The region of the X-ray de- 4.1.3. WIRDXC J0227.2-0423 (D1-48)

tection is somewhat obscured in the opfidR data due to a \ye find a~ 40 signal for this X-ray source, which is clearly ex-

bright foreground star. We see a strong signal in the redesgte o geq (Figl). The red-sequence gives two possible sakii
analysis, however the signal is very broad and covers thgeran e atz = 1.247994 with a significance of Do and the second

z ~ 1.1 - 1.6. Two peaks in the analysis are visible, the firsf, 003 209 "
atz = 1.26*213 with a significance of 9o and the second at tz =0.23") ; with a significance of 3o-.

008 o A number of thez ~ 1.24 red-sequence selected galaxies lie
— 0.20

z = 1.53'57,, with a significance of Bo-. The broadness of the ;i) the X _ray signal, whilst several of the brightesttiethe

two peaks in the red-sequence analysis suggest that thepenay ., \nest of the X-ray detection. One of these has a spectro

gﬁ;i‘fggﬁ E:rl]gssea[?)ﬁr?itsﬂg%? d?tg f;]r:a%l%;ggt?r?gtt%ep?\%ﬁm? scopic confirmation oz = 1.325 and lies close to the boundary

etry). Taking the photometric redshift distribution, wesebve a of the X-ray signal. A further galaxy selected as being a-clus

. o , ter member via the red-sequence method (and also close to the
large peak at high redshift with= 1.45. Given the large uncer- edges of the X-ray detection) is found to have spectrosatipic

tainties on the red-sequence results and the general crser, - : ;
. . . o easured redshift of = 1.481, somewhat higher than our esti-
with the photometric redshift peak, we take the median nédsh, o 4 ojster redshift. The full spectroscopi% sample Ebdes
of this peak (i.ez = 1.45)_as the cluster redshift. There are NQithin ~ 1.2 of the X-ray centre is given in tablg 5, ordered
apparent red-se_quence.5|gna_¢|s bezowl.1. _ by their distance from the centre of the X-ray detectitin, We
Based on this Zedshn‘t estimate, we p_redg:t a cluster massjf, provide our photometric redshift estimatg.g) for each
M024%0 = 0.85x 10"M and an X-ray luminosity df, = 6.1 x object where available. The flag value provided gives thdicon
10™erggs. dence level of the spectroscopic redshift measurenzgiat)(as
described in sectidn 2.2.
4.1.2. WIRDXC J0225.0-0421 (D1-44) We estimate a cluster mass Bhoo = 0.91x 10"Mo, an
X-ray luminosity of Ly = 5.0 x 10*%rgs and a cluster ra-
Candidate WIRDXC J0225.0-0421 is shown in Hiy. 5. The Xdius of r,g0 = 0.019 based on ouez = 1.32 cluster redshift
ray signal is measured with a significance-02.60-. Analyzing estimate. The high sensitivity of X-rays towards low reftshi



10 R. M. Bielby et al: The WIRCAM Deep Infrared Cluster Suriey
Cluster ID : D1-g3 J Cluster ID : D1-44 J
20 22 24
[ /\ T T =
r : el o >
— 2 ’/ vt nt N I —
E C ° 4 &‘ ¢ 4 ) E
£ L g
—°F » Fopmtze T =
g : S 7 TTS g
A 0 N — 3 [a]
< O‘ i 1 N Zim <
H\H‘.\MHH’%‘W\‘ ‘Eo P i ]
0.5 0 -0.5 0 05 1 15 2 25 0.5 0 -0.5 0
A R.A. [arcmin] 2 phot A R.A. [arcmin] 2 phot
ID =23,z =1.45,flag: 3 ID =44,z =1.39, flag: 3
/. ;
-4.34
-4.13
-4.35
3} 3]
8 -4.14 8
-4.36 8
-4.15
-4.37
36.09 36.08 36.07 36.06 36.26 36.25 36.24 36.23
R.A. R.A.

Fig. 4. Top: Spatial distribution, colour-magnitude plot and redrig. 5. As in Fig.[4, but for candidate WIRDXC J0225.0-0421.
shift distributionisignificance from the red sequence analysis.

The red points in the spatial distribution and colour-méagie  Taple 5. Spectroscopically confirmed galaxies around WIRDXC

plot show the photometrically identified red-sequencexdefa j0227.2-0423 close to the predicted cluster redshift.
Blue points show galaxies not selected as being part of the re

sequence at the estimated cluster redshift and grey pdiots s “R.A. Dec. Ar Ks Zphot Zpee  Flag
galaxies within the cluster radius at other redshifts. Thiedt (J2000) 0 (AB)

panel shows the redshift distribution of galaxies withie thus- ~ 36.7946 -4.3777 0.0094 21.09 134f 1.325
ter radius (divided by the overall field redshift distrikarti- field 36.8162 -4.3820 0.0179 24.87 18%¥ 1191
black histogram), whilst the significance of the red-seqeate- 357994 -4.3842 0.0020 21.14 1/8%  1.179
tections as a function of redshift is given by the solid re@li  5¢ 7026 43777 00174 20.45 1.135; 1298
The dashed horizontal lines give the significance scaldoBot 36.8152 -43797 00176 23.42 l;g'% 1993
Colour image combining CFHTLS, i and WIRDSKg band ' ' : : oo
imaging of cluster candidate WIRDXC J0224.3-0408. The yel-36-7828  -4.3779 00180 22.87 183 1227 22
low contours show the X-ray emission. White arrows denote36.8174 -4.3981 0.0221 22.99 — 1150 2
galaxies selected via the red-sequence analysis. The avea c
ered by the image is.2 x 2.3'.

W EFEFEPENDN

4.1.4. WIRDXC J0225.2-0429 (D1-58)

X-ray source 58 the D1 field is a flag 5 cluster candidate with

an estimated redshift af= 1.46. The red-sequence analysis re-

sults and thumbnail of the candidate are shown in Big. 7. The
groups means that the contribution to the X-ray detectiomfr red-sequence detectionat 1.46 is relatively weak compared
the z=0.23 component will be very important, even in the prege other candidates, but we see few signs of alternative red-
ence of a confirmed high-z cluster. In this caselth@andM,oy sequence redshifts based on the analysis. The X-ray signal i
should be treated as upper limits. detected at a level of 40- and we include this source in the high
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Fig. 6. As in Fig.[4, but for candidate WIRDXC J0227.2-0423. Fig. 7. As in Fig.[4, but for candidate WIRDXC J0225.2-0429.

Table 6. Spectroscopically confirmed objects around WIRDXC

redshift catalogue to help in indicating the upper limitstbe  j0225.8-0434 withi\z = 0.1 of the estimated cluster redshift.
numbers of high redshift clusters in this field.

Iteratively solving for the cluster properties using thalstgy R.A. Dec. Ar Ks Zphot Zpee  Flag

relations and the = 1.46 redshift solution, we find a cluster (J2000) 0 (AB)

mass 0fMago = 1.03+ 0.13x 10 My, an X-ray luminosity of ~ 36.4405 -45790 0.0036 23.81 1:ff 1.169 3

Ly = 7.49+ 2.43x 10*3 erggs and a radius akgy = 0.0186. 36.4332 -4.5798 0.0076 22.61 1H¥ 1.123 3

36.4377 -4.5814 0.0029 20.69 lj@gj 1.095 2

4.1.5. WIRDXC J0225.8-0434 (D1-64) 36.4383 -45763 0.0066 21.73 l“.jgg 1.176 3

) _ ) 36.4432 -4.5748 0.0083 21.05 ljgg 1.177 3

The thumbnail for candidate WIRDXC J0225.8-0434 is showngg 4228 .45884 00185 22.65 199 1170 2

in Fig.[8. The extended X-ray signal, detected at a signal®af,
shows a relatively compact structure. The red-sequendgsasia

estimates a cluster redshift o= 1.13*5.3° with a confidence of

~ 2.60-. Taking the estimated cluster redshiftof 1.13, we esti_mate
We find threezpne ~ 1.13 red-sequence selected objectd cluster masg 200 = 1.15x 1014M®g an X-ray Ium|r303|ty of

within the X-ray contours, with a number of other sources & = 6.5 10%%erg’s and a cluster radius 0fo = 0.021°.

comparable photometric redshifts close-by. A number otspe

troscopically observed objects are available around thjsad 4 1 6 jkCS 041 (D1-76

(see Fig[B), two of which lie close to the estimated clusterr ( )

shift: the first atzspe: = 1.169 and the second afec = 1.123. This candidate was reported by Andreon et al. (2009). It is

We note that neither is selected as being a cluster member stimwn in Fig['ID and appears to be a complex combination of

the red-sequence analysis. different structures along the line of sight. The X-ray det&dso
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Fig. 9. Spectroscopic redshift distribution within?1 of the cen-
tre of the X-ray emission for candidate JKCS 041 (solid black
line histogram). The redshift distribution of the entirengde is
458 shown by the filled grey histogram.
(&}
(3]
o

tometric redshift analysis, we find that the photometriadat
these galaxies are (where an accurate photometric redhstsift
been calculated) best fit by starburst templates, corréibgréne
lack of any red-sequence in these objects. Given the spliial
tribution of these galaxies and their blue colours, it iglkthat
these are not associated with the bulk of the extended Xigay s
nal.
36.45 36.44 36.43 Taking thez = 0.96 spectroscopic redshift peak, we find a
RA. small signal in the red-sequence analysis, whilst the joosif
the spectroscopically confirmed= 0.96 galaxies are well cor-

. o ) related with the X-ray contours. Again however, for the gala
Fig.8. As in Fig.[4, but for candidate WIRDXC J0225.8-0434ies for which the photometric redshifts corroborate thecspe
Spectroscopic redshifts are shown in green in the lowerlpanescopic redshifts, the photometric data are best fit by starbu

templates. Again the blue colours of these galaxies sudigaist
they may not be associated with the bulk of the X-ray produc-

clearly extended with a detection of.28.1.5x10 *erggs/cm?,  ing gas, although they remain a strong candidate for sonte sor
making it the second brightest object in aue 1.1 cluster cat- Of structure, potentially a small group or filamentary staue
alogue. Within the extended X-ray emission we also deteate@long the line of sight.
point-source signal in the XMM data, the location of which is Moving to the third solution, we find a strong signal from the
given by the bluex in Fig.[I0. This point-source was identifiedred-sequence analysiszat 1.07+ 0.06, which corroborates the
and filtered out by the point-source removal processing aasl w = 1.13 estimate from the spectroscopic redshift distribution.
measured to have a flux oféx 10-*Sergg's/cn?. Taking the photometric fitting, the photometry for two of the

From the public VVDS Deep Survey, a large number of speconfirmedz = 1.13 galaxies is best fit by elliptical templates. Out
troscopic redshifts are available within the field. Anahgihe of the three spectroscopically identified solutions, weettiie
distribution of the spectroscopic identifications withi@’lof the z= 1.13 solution as the most plausible structure to be associated
X-ray profile centre (black histogram in Figl. 9), three raftsh with the bulk of the X-ray emission.
peaks are evident at redshiftsof 0.80,z= 0.96 andz = 1.13 From the red-sequence analysis however, we find the
(the redshift distribution of the complete VVDS deep saniple strongest red-sequence solution at a redshift ef 1.49°0.28
given by the filled grey histogram in Figl. 9). We plot the gédax Selected cluster members at this redshift are highlighted b
identified at these redshifts in FIg.]10. Identified 0.8 galaxies white arrows in FiglZZI0 and are observed to align well with the
are given by green circleg,~ 0.96 galaxies by orange circlesX-ray contours. Three spectroscopic redshiftzat 1.5 are
andz ~ 1.12 galaxies by red circles. available from the VVDS data, however these are not selected

Combining this data with the photometric redshift data arak part of the red-sequence analysis and are attributecpeit
the red-sequence analysis, we find firstly thatzke0.80 galax- troscopic flags of only 1 and 2. Despite the lack of spectrpisco
ies appear to beffset from the X-ray emission, whilst we seeconfirmation, this apparemt= 1.49 structure is a strong candi-
no significant signal in the red-sequence analysis. Frorptiloe date as contributing source to the X-ray detection.

-4.59

-4.60
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Table 7. Spectroscopically confirmed objects around JKCS 041 Cluster ID : D1-76 J
within Az = 0.1 of the estimated cluster redshift. =0 =2 R4
[rr ol =T L I P T T T T ~
RA. Dec. Ar Ks Zonot Zgee  Flag B / \ JF . I
(J2000) 0 (AB) ol ) N “

36.6917 -4.6949 0.0108 204 OFf 0797 4 é “k A AN e
36.6920 -4.6920 0.0116 23.1 038 0794 9 o T ©
36.6861 -4.7099 0.0158 19.6 — 0.795 4 =°r 1o
36.6720 -4.6811 0.0166 23.0 07§ 0797 2 2 1~
36.6973 -4.6907 0.0170 21.8 0% 0798 2 < f?’ L) - ;%
36.6831 -4.6980 0.0037 — 2.1]33‘1‘ 0.959 3
36.6851 -4.6883 0.0080 22.1 Ozﬁgg 0960 3 L ! T i ] o
36.6848 -4.6870 0.0090 204 0:4% 0962 2 0.5 0 05 0 05 1 152 25
36.6715 -4.6930 0.0095 21.2 1*_%@3 0.963 2 A R.A. [arcmin] 2 phot
36.6713 -4.6832 0.0153 23.0 0:44 0962 2
36.6779 -4.6763 0.0190 20.8 0:82 0965 2 ID = 76, z = 1.49, flag: 3
36.6822 -4.6978 0.0030 24.8 0:4% 1.127 22 . ’
36.6751 -4.7030 0.0098 20.3 14 1128 2
36.6687 -4.6911 0.0128 216 108 1130 3
36.6674 -4.7059 0.0173 20.0 1:4% 1125 3 SHER
36.6648 -4.7045 0.0185 19.6 0:48 1.125 3
36.6951 -4.6966 0.0143 24.0 2738 1490 2
36.6891 -4.6798 0.0174 224 154 1517 2 -4.69
36.6996 -4.6890 0.0198 222 1FF 1537 1

Dec

-4.70

As stated, this X-ray source is at the same position as tt
reported by Andreon et al. (2009) ag & 1.9 cluster (the cen- -4.71
tre coordinates of the two detections are withi2 Gof each
other). The Andreon et al. (2009) X-ray detection was made
ing observations from the Chandra X-ray telescope, makiizg t ; ;
XMM based observation an independent detection of this-clt 36.70 36.69 36.68 36.67 36.66
ter.Andreon et all (2009) performed a red-sequence asalgsi RA.
ing UKIDSS DR3 deep andK NIR data. The latest depths for

these bands reported for the UKIDSS Seep ExtragalactieSury_, - . . .
(Warren et all 2p007) aré(Vega) = 222 an(EI)K(Vegg) — 2?3 Fig. 10.As in Fig.[4, but for candidate JKCS 041 and with an im-

iven 5- detected point sources with’ Zpertures £ 231 and 29€ size of B' x 2.8". The coordinates of the cluster as given b_y
2 228 respectivelypin the AB system). Trr)ﬂs comp;éares to dept.‘?‘%‘dreqn et al.L(2009) are shown by the blue cross.The laeatio
(in the AB system) from the WIRDS data df= 24.3,H = 241 Of theffiltered out point-source is given by the bkie
andKs = 24.1, again using & detected point sources with’ 2
aperture.

Using the UKIDSSIK data; Andreon et al. (2009) reportedy. 2. CFHTLS D4 Extended X-ray Sources
a cluster redshift oz = 1.9 with a confidence of .6¢. In con-
junction with this detection, they also comment that atleas We have atotal of sizx > 1.1 extended X-ray cluster candidates
more cluster is detected along the line of sight. Based on tiglentified in the CFHTLS D4 field based on the initial X-ray de-
red-sequence analysis with the CFHTWSRDS data, we find tections in combination with the red-sequefptetometric red-
no significant detection of a red-sequence atl1.9. shift analysis. The distribution of these candidates axavsh
We make estimates for cluster properties takingzkel.13 (circled in red) in FigL2, over-layed on the filtered X-raypna
andz = 1.49 candidate structures. As discussed zthel.13 so-
lution appears to be confirmed by spectroscopic obsen&tion » 1 WIRDXC J2216.3-1729 (D4-17)
whilst the z = 1.49 solution remains tentative and based on
photometrigred-sequence observations. Taking these two sollihe X-ray detection for candidate WIRDXC J2216.3-1729is de
tions, and using the total extended flux measurement in edehted at a level of 20. This is a relatively weak source, with
case, we place upper limits on the cluster mass for a clusteradentative red-sequence detectior at1.46. This detection (at
z = 113 of Mo < 1.78 + 0.15x 10"*Mg and for a cluster at a level of~ 2.50) correlates with a peak in the photometric red-
z = 1.49 of Mg < 1.88+ 0.16x 10"M . We note that based onshift distribution at the same redshift. Given the low détec
this estimated upper limit for the mass of the possibie 1.49 signals involved, we attribute this candidate flag 5 and.idelit
structure that the spectroscopic redshifts of the threeatdbgpan in the sample as part of placing upper limits on the numbers of
too large a range to all be part of the same bound structure. clusters in the fields.
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Fig. 11.As in Fig.[4, but for candidate WIRDXC J2216.3-1729Fig. 12.As in Fig.[4, but for candidate XMMXCS J2215.9-1738
and with an image size of.3 x 3.3'. The white circles and
numbers in the lower panel indicate objects with spectnpisco

From the measured X-ray flux and the redshift estimate pf@dshifts. The blue cross shows the coordinates of XMMXCS
sented here’ we find a cluster mass,\d)z"oo = 068+ 0.15 % J2215.9-1738 as pUbllShed by Stanford et al. (2006)
10 M@, an X-ray luminosity oL, = 3.72+ 1.45x 10* ergg's
and a radius offz0 = 0.0162.
serve a QSO a = 1.462 lying in what appear to be the cluster
outskirts. We give all the available spectroscopic redsHibm
Stanford et 8l. (2006) and AAOmega in table 8.

This detection is the same as the spectroscopically cordirme, Based on the spectroscopically measured cluster redshift
z = 1.4 cluster of Stanford et al. (2006). From our imaging, w8 Z = 145, we estimate a cluster mass Moo = 1.9 &

see a strong clustering of red-sequence galaxies botraipatio-0° % 1011 Me. Taking the velocity dispersion ef, = 580+
(Fig.[12 lower panel) and in magnitude-colour space (Eig. 40 kms*, measured by Hilton et all_ (2007), and combining
upper panels). The red-sequence analysis and photomedric his with the virial radius oRR, = 1.05 Mpc estimated by the
shift distribution both indicate a cluster redshifeof 1.37. This Same authors, the total virial mass is estimated tdvhe =

is reassuringly close to the redshift measured by Stanfoatl e 1.5+ 0.6 x 10" Mo, comparable to our estimate from the X-
(2006) ofz = 1.45 and confirms the reliability of our redshiftray observation. The X-ray luminosity is estimated tolhe=
estimation techniques. In Fig.J12, we show those galaxias-id 20.50+0.85x 10" ergs's, with a cluster radius @boo = 0.0229.
tified as cluster members by our red-sequence analysis.dfour

these have been spectroscopically confirmed as cluster erem a a

by/Stanford et &l. (2006) and are circled and labeled in thedig 4,23 WIRDXC J2216.4-1748 (D4-32)

Stanford et al.|(2006) present spectra for a further twotelusWIRDXC J2216.4-1748 is a clear extended X-ray detection,
members that are not selected as cluster members as part ofwdth several red-sequence galaxiezat 1.4 found within the
analysis, whilst from the AAOmega spectroscopic data we ol-ray detection (Fig[_13). The significance of the- 1.4 red-

4.2.2. XMMXCS J2215.9+1738 (D4-25)
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Table 8.Spectroscopically confirmed objects around XMMXCS Cluster ID - WIRDS—CS-Dd -3z /

J2215.9-1738 withirhz = 0.1 of the estimated cluster redshift.

———— T <~

R.A. Dec. Ar Ks Zphot Zspec Class
(J2000) ) (AB)
3339961 -17.6339 0.0014 2056 1'3F 1447 Gal

333.9953 -17.6332 0.0023 20.87 1¥% 1451 Gal
333.9937 -17.6329 0.0039 20.63 1'5¥ 1452 Gal
333.9937 -17.6362 0.0044 20.36 1¥¥ 1453 Gal
333.9932 -17.6271 0.0081 22.22 1% 1.453 Gal
333.9885 -17.6314 0.0094 21.27 1:3¥ 1454 Gal
334.0151 -17.6415 0.0191 21.00 O%& 1462 QSO

A Dec. [arcmin]
!
20

10
N

P, T e | I A‘HW:O
0.5 0 -0.5 0 05 1 15 2 25

A R.A. [arcmin] Zphot

Table 9. Spectroscopically confirmed objects around WIRDXC
J2216.4-1748 withiz = 0.1 of the estimated cluster redshift.

ID =32,z = 1.40, flag: 3

R.A. Dec. Ar Ks Zphot  Zspec Class
(32000) 0 (AB) 17.79
334.1091 -17.8035 0.0050 19.41 — 1.419 QSO
sequence detection is72-, whilst the X-ray detection is mea-  .17.80

sured with a signal of 9o. Although the red-sequence analysi:
does not appear conclusive, we note that the detectionidesic
with a strong peak in the photometric redshift distributeord
that no significant signal in the red-sequence analysises a¢ &
any other redshifts.

We note that, although we have no spectroscopic confirr
tion of selected cluster members, we observe a spectrasdlypi
confirmedz = 1.42 quasar (taken from the AAOmega data an
given in tabld D) within the extended X-ray detection, whig
speculate may be part of this structure.

For this candidate, we find a cluster massvfg = 1.25+
0.08 x 10** M@, an X-ray luminosity ofLy = 9.43 + 1.01 x ; :
10 ergy's and a radius afo = 0.0203. 33413 33412 33411 33410 33400

R.A.

-17.81

-17.82 B

4.2.4. WIRDXC J2213.9-1750 (D4-37)

The red-sequence analysis agifls image with selected cluster Fig. 13.As in Fig.[4, but for candidate WIRDXC J2216.4-1748
members and spectroscopic identifications for clusteridatel and with an image size of.2 x 2.5".. The white circles and
WIRDXC J2213.9-1750 are shown in Figl14. The X-ray detefmbers in the lower panel indicate objects with spectnisco
tion for this source is measured at a signatdo- and is clearly redshifts.

extended.

The detection lies close to the edge of our NIR data and
thus have larger photometric errors than in the main regaidns10-1° ergg's/cn? and an angular diameter of the major axis of
our data. In addition the central region is obscured by ahibrig16.8”. This compares to our detection®f< rsqp) = 5.1+0.59x
star, hampering the red-sequence analysis. Despite thebe p10-1° erggs/cn¥ andryg = 0.0224 (~ 80”). They are unable
lems, we detect a strong peak in the red-sequence analysigoaheasure a redshift for this source however as their aisalys
z = 1.16 with a significance of 0. The galaxies selected ass limited to BVRI imaging with no NIR data. The candidate
cluster members are well clustered within the extendedyX-rgnay also be present in the cluster survey of Olsenlet al. 2007
emission. who present a candidate (CFHTLS-CL J221556-175023) at a

We have only a single spectroscopic redshift from thgistance of 105 from our detected cluster core with a redshift
AAOmega data in the region of this candidate, however it liesstimate ofz = 1.1. The Olsen et al[ (2007) analysis is limited
at a lower redshift and is not selected as a cluster membeuby @ CFHTLSu*griz data and attribute the detection their lowest
analysis. Based on a cluster redshiftzof 1.40, we estimate a confidence grade (D). The locations of the X-ray detections f
cluster mass oMpp0 = 1.0 x 10M, an X-ray luminosity of BLOX J2215.9-1751.6 and CFHTLS-CL J221556-175023 are
Lx = 4.9 x 10%%rg's and a cluster radius oo = 0.021° given by the blue crosses in tigeKs image in Fig[Ib. BLOX
J2215.9-1751.6 aligns with the centre of our X-ray contpurs
whilst CFHTLS-CL J221556-175023 iffeet to the North.

Using the optical plus NIR data, our red-sequence analysis
This candidate is also detected in the work_of Dietrich et glFig.[18) produces a significant peak in the probabilityribst
(2007) and is listed as BLOX J2215.9-1751.6. They find a réen atz = 1.11 (with a significance of 8¢). This is reinforced
liable X-ray detection with a flux measurement of 5 0.6 x by a strong peak in the photometric redshift distributiothva

4.2.5. BLOX J2215.9-1751.6 (D4-38)
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Fig.14.As in Fig.[4, but for candidate WIRDXC J2213.9-175@Fig. 15. As in Fig.[4, but for candidate BLOX J2215.9-1751.6

and with an image size of? x 2.5'. and with an image size of3 x 3.3". The blue crosses mark the
central coordinates of the detections of BLOX J2215.9-1651
by Dietrich et al. [(2007) and of CFHTLS-CL J221556-175023
(offset by 105 northwards of our detection) by Olsen et al.

median redshift oz = 1.17. Galaxies selected as part of the red2007).

sequence at = 1.17 are highlighted with the white arrows in

Fig.[I8. A number of the brightest of these galaxies are lglear ) ! ,
clustered within the core of the X-ray extended signal aqmbap 12Ple 10.Spectroscopically confirmed objects around WIRDXC
to follow the shape of the X-ray profile. J2214.2-1757 withihz = 0.1 of the estimated cluster redshift.

A small number of spectroscopic redshifts are available ing A Dec. Ar Ks Zoo  Zom  Class
the region around this cluster candidate, however nonevaik a (J2000) 0 (AB) i P
able for any of the galaxies selected as cluster memberé&@ia t 3335403 -17.9484 0.0173 19.38 — 1.196 QSO

red-sequence analysis.

Estimating the clustering properties from the given refishi
we find a cluster mass dflygo = 1.22 + 0.06 x 10** Mg, an
X-ray luminosity ofLy = 6.64+ 0.50x 10* ergg's and a radius of 3¢ Visually the red-sequence selected galaxies do not appear
of rypp = 0.0224. to be well spatially clustered.

We have no spectroscopic data for any of the galaxies in the
X-ray emission region. However we note another QSO from the
4.2.6. WIRDXC J2214.2-1757 (D4-50) AAO):nega spectrogscopic data close to the X-ray emissiontand a
The thumbnail for candidate WIRDXC J2214.2-1757 is showaredshift ofz = 1.196. This is given in table 10.
in Fig.[18. The extended X-ray signal, detected at a signal of Based on a redshift of 1.28, we estimate a cluster mass of
~ 40, shows a relatively compact structure. The red-sequendgy = 1.14 + 0.15x 10** Mg, an X-ray luminosity ofLy =
analysis estimates a cluster redshifzef 1.28 with a confidence 6.83+ 1.62x 10* ergys and a radius afg = 0.0207.
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Fig. 16.As in Fig.[4, but for candidate WIRDXC J2214.2-1757Fig. 17.As in Fig.[4, but for candidate WIRDS-CS-D1-p282.
The white circles and numbers in the lower panel indicate ob-
jects with spectroscopic redshifts.

candidate a flag of 5. We note that we find a small number of
. objects with spectroscopic redshifts close to the X-rayssion,
4.3. X-ray Unresolved Candidates? however none of the red-sequence selected objects have been
Thus far all the detected candidates have been part of the eRserved and the objects that have been observed are notat co
tended source catalogue. As discussed, this excludes argeso sistent redshifts.
that are close in size to the PSF of the image within the con- The second candidate found in the point-source list is in the
straints we have set. Especially as we are concerned with higp4 field and is shown in Fig._18. Note that the elongated X-ray
redshift systems, this risks the possibility of missingtigatarly  signal is due to the non-symmetric nature of the PSF acress th
compagcffaint clusters. We have therefore reviewed the poinfield of view of the observations, however despite this thecde
source catalogue for the two fields, running the red-sequiahc tion is still classed as a point-source by the X-ray detecigo-
gorithm with the weighting tuned to select more compactiapatrithm. A relatively strong red-sequence signal is seen,idatad
clustering by setting- = 300kpc. by the clustering of red objects to the top-left of the X-rayig
From this analysis, we find three candidates for high retishéion. These are found to be at a redshifz ef 1.267355 based on
compact clusters that are filtered out by the algorithm uselét the red-sequence analysis. We note the presence of a eblativ
tect extended X-ray emission. The thumbnails and red-seguebright foreground galaxy which may hold an AGN and therefore
results for these are shown in figutes[14, 18[add 19. may be the source of the X-ray emission. Again we attribute th
The first candidate is found in the D1 field and based on tisandidate a flag of 5.
red-sequence analysis for this source, we estimate a fedshi  The final point-source detection with signs of a red-seqeenc
z = 1.35. This red-sequence detection is found with a stromfgtectionis shownin Fi@.19. Again a strong red-sequemngcasi
signal, but the red-sequence members are distributectleut$i is observed, in this case at a redshifzef 1.130.22. A number
the X-ray point source signal. We see no obvious AGN candif the selected galaxies are found with the PSF profile of the
dates at the position of the X-ray signal and assign the elusKX-ray detection and appear well clustered. A second gra@ipin
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Table 11.WIRD Cluster Survey > 1.1 cluster candidates.

ID R.A. Dec. Z I'200 F(< r500)E Maogo LX(01'2.4keV) Tx Flag
(J2000) 0 (10%Mg)  (10%¥ergys) (keV)
WIRDCS-1-p282 36.644929 -4.1936979 1.35 0.016293@0.63 060+0.22 260+1.76 159+039 5
WIRDCS-4-p265 333.9341 -17.699511 1.26 0.0165.87@ 020 056+0.08 205+0.48 147+013 5
WIRDCS-4-p434 333.3954  -17.872525 1.13 0.0187.49%092 067+022 227+140 157+035 5
a Cluster redshift estimated from red-sequence analysipemtoscopic redshift if available.
b Extrapolated cluster flux (1&ergg's/cn?).
Cluster ID : D4-265 J Cluster ID : D4-434 J
El E
g g
Q O
St St
[ [0
=) [
< <
LTS Lo e R 11131 ‘ L \M%‘.«HH
0.5 0 -0.5 0 05 1 15 2 25 0.5 0 -0.5
A R.A. [arcmin] 2 phot A R.A. [arcmin] 2 phot
-17.690
17.865
-17.695
17.870
(] 6]
<] [
o -17.700 (a]
-17.875
-17.705
-17.880
-17.710
-17.885 |
333.945 333.940 333.935 333.930 333.925 333.405 333.400 333.395 333.390 333.385
R.A. R.A.

Fig. 18.As in Fig.[4, but for candidate WIRDS-CS-D4-265.  Fig.19.As in Fig.[4, but for candidate WIRDS-CS-D4-434.

of galaxies with the same red-sequence redshift is seereto th
upper left of the X-ray emission. Again, a relatively briditite-

ground galaxy is observed within the PSF providing a cartdiddimit of our detection thresholds. As such we estimate hedéat

for AGN emission as the source of the detection. This caneiddW-masses for these objects 0.5 — 0.6 x 10**My).

is also attributed with a flag of 5. In summary of the check for unresolved clusters, no obvious
As with the primary cluster candidates, we estimate the toandidate has been found and the 3 candidates considered are

tal flux/luminositymass properties of the compact cluster catikely AGNs and not unresolved clusters. Thus, we can exlud

didates based on the derived redshifts. The results are give a large influence of spatial resolution of XMM-Newton on the

table[I1. We note that these are all low-flux detections at theported cluster statistics.
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Fig. 20.Cluster luminosity probed as a function of redshiftin th&ig. 21. Cluster number counts as a function of redshift. The
D1 (top panel) and D4 (lower panel) fields. The #&g(open filled black circles show the candidate cluster counts from t
circles) and flag3 (filled circles) extended cluster candidateflag<3 objects in the D1 and D4 fields combined. Open cir-
are shown. Open stars show the point-source confusioreclustles show the counts based on the fiagbjects. The solid line
candidates. The dashed line shows the X-ray luminosityt limihows the model predictions based on the WMAP 7-year cosmo-
based on the minimum extended X-ray flux detection in the, datagical parameters. Thefect of the - uncertainty in the scal-
whilst the solid line shows the X-ray luminosity limit based ing relations is illustrated by the dashed line, whilst thstitdot
the median X-ray flux limit. line shows the fect of the b- uncertainty in the scaling rela-
tions, combined with a WMAP 7-yr model taking the 2incer-
tainty limits onQ, andos.
5. The Cluster Sample

5.1. Cosmology from Cluster Number Counts

In Fig.[20, we show the derived X-ray luminosities of our eludimit flag<5 sample. There are two key elements théta the
ter candidates in the CFHTLS D1 and D4 fields as a function Bmber count measurements and models: the cluster scaking r
redshift. The high-redshift flagB cluster candidates are showrations and the cosmological parameters used (in parti€ja
by filled circles, the flag5 cluster candidates are shown by th@ndcs). Looking at the &ect of changes in both of these, the
open circles and the potentially unresolved detectionstamen  dashed line shows the result of adjusting the scaling paease
by open stars. For both fields, the dashed line shows the agninby 1o, whilst the dash-dot line shows th&ext of adjusting the
ity limit estimated from the minimum detected extended ¥-rascaling parameters again by tombined with a change in the
flux in each field, whilst the solid line gives the luminosiipit WMAP 7-yearQqy andog values by 2r. The second of these,
calculated from the median X-ray flux limit. The point-soarcwhich takes values adyh? = 0.1323 andog = 0.741, lowers
detections are consistent with being faint sources in which the model number counts by a factor #f2.5 at redshifts of
tended signal from the cluster outskirts is below the datact Z~ 1 - 2.0. This illustrates the sensitivity of the cluster number
threshold of the XMM data. counts to the cosmological parameters and is more consisten
We present the number counts of clusters as a functionwith our flag<3 candidate counts. The number counts based on
redshift in the two fields in Fig_21. The filled circles shove th the flags3 favour a lowerrg, which we note is in agreement with
number counts based on only fi®candidates and the open cirthe results of Finoguenov etal. (2010). Based on their sawipl
cles show the cluster number counts for the full #&gandidate 0 < z < 2 clusters, they publish cluster number counts that prefer
sample. As they include a number of tentative detectiores, th 5% reduction in the value ofs from the WMAP 5-year value.
flag<5 counts give the upper limits to the number of detectable Significant uncertainty remains in the number count analy-
clusters based on the data used here. In both cases thel@ottesis. In particular the scaling relations present problemany
rors are statistical. We note that we do not detect any ctsiste potential application of cluster number counts to placing-c
z > 1.5 and so the final data-point represents an estimated upgieaints on cosmological parameters. The scatter in thengca
limit to the cluster number counts based on the areal coearhg relations, particularly for galaxy groups, remains sigaifit, the
our survey. effect of which is illustrated by the dashed line in Higl 21. In
Model number counts were predicted using the cosmologddition, we note that the redshift range over which scaléig
ical code of_Peacock (2007) with the WMAP 7-year cosmolations have been calibrated is in the main limitedztes 1
ogy (i.e.Qnh? = 0.1334,05 = 0.801/Komatsu et al. 2010) and(Leauthaud et al. 2010). Of course, we also note that, afhou
applying the areal coverage and flux limits of our surveysThive present a relatively large area for such a high-redshift s
is shown by the solid line in Figd._21. We find that the modeley, statistical errors due to low numbers of clusters rarhijh.
over-predicts the number counts compared to theBacandi- Finally, uncertainty in a number of the cluster detectiartpuire
dates by~ 20, whilst matching well with the fulk > 1.1 upper spectroscopic confirmation of cluster members.



20 R. M. Bielby et al: The WIRCAM Deep Infrared Cluster Suriey

Returning to the lack of cluster detectionszat: 1.5, we . v
note that given the WMAP 7-year model we would expect Voo (Ly) = “Q £ (L Z d 12
~ 3 — 4 cluster detections within the survey area at such red- max(Lx) = Zonin (fx(Lx. 2)) dz z (12)
shifts. Based on the red-sequence model, we estimate acehar e e o
teristic Ks band magnitude of cluster membersngf ~ 21.5 at VN€€Zmin and zmax are the redshift limits. The lower limit is
1.5 < z < 2, which is well within our magnitude completenesé"’lken ag = 1.1, whilst we set an upper I|m|t.czf= 2.0, assum-
limit. Increasing photometric errors will give poorer pbotet- N9 for_ the purpose of th(_a luminosity f_un_ctlon tha‘g the I_acfk 0
ric redshifts (see Figll3), which will weaken the signal fram detections at b < z < 2.0 is due to statistical cosmic variance.
given cluster (note that the photometric redshifts are trspde- Q(fx(Lx, 2)) is the sky area as a function of the X-ray flyx probed
select potential cluster members). For galaxies at thigagter- 2Y the X-ray data andV(z)/dzis the diferential comoving vol-

istic magnitude and in this redshift range, we find a mediaorer gme element per steradian (Avni & Bahtall 1980; Mullis et al.
on the photometric redshift measurements 66505 o, < 0.1, 004_)' L L
compared tor 0.03—- 0.05 atz < 1.5. Looking at the photome- Fig.[22 shows our calculated X-ray luminosity function in

try for this same population, we find increases in the magleituthe redshift range.1 < z < 2. The Ium_inosity function_ for the
errors of~ 0.05-0.08mag. In order to gauge théect of this in- flag<3 sample is again shown by the filled circles, whilst the lu-

crease in the magnitude errors, we re-run the red-sequeate a"inosity function derived from the flag is shown by the open

ysis on the same catalogues but with a 0.1 mag error addedifi§/€S- Again, errors on the bin numbers are statistiddi¢agh

quadrature to all 8 bands. Taking all the X-ray extendedcsir the horizontal bars _simply ShOW_ the bin extent). The sohe |i
(including those originally classed as< 1), we find that 70% 9IVeS the model luminosity function based on the WMAP 7-year

of detections retain the same redshift solution given tiisdase ]Ezosmcf)log(;cal_ par%meters, whilst the da?jhed line ShOWSfEQe e
nthe s f e phoometry. Outof the O wiltding s (2011 AL he M Tyeat oo pranenis by
lutions given the increased photometric errors, 72% haela rtk‘;‘ WMAP 7-vear moam; at Iuminogities bt > fx 10%%rqg's
sequence S|gn|f|ﬁancr? Oisd< 3. Based on tTIS analyZIS\,_-)'[-hen"I'aking the sin{;le luminosity bin aty < 5x 1OZ3ergs/s Wegfind
we may expect that the red-sequence completeness at5 is e ~ 97 21 .
reduce)(/:i bypno more than 3O%q P > a deficit of clusters compared to the model luminosity fumtti
Alternatively, the lack of d.etections may be the result apith _th(_a cluster_data point falling a factor of 3 belo_w the mb_d
greater levels of star formation in clusterszat 1.5. Increased Prediction (eéquivalentts 2c-based on the error estimate). With

star-formation in cluster member may cause the red-seguenctn€ flagss luminosity function however, we find good consis-
be more diicult to detect, if higher fractions of bluer galaxied€NcY With the model over the full range of luminosities that
are present. Thisfect is very dificult to quantify at this point °Y" c_Iuster <_:and|dates sample (although the data poinigepro
as it relies on having samples of unbiased clusters and groffirginally higher than the model). . o
at these redshifts in order to understand the propertietusf c . The Iumlnos_lty fgnctlon hlgh_llghts the fliculty in identify-
ter members. This will be further complicated by the formati N9 the low-luminosity systems In the sample. Although dir a
epoch of the red sequence varying from cluster to clusteluas ¢ SOlute limit for detection is 10*%ergy's in both fields (Fig.20)
ters will not all form at the same time. Ultimately, the reffish at redshifts of 11 < z < 2.0, the identification of such low lumi-

: : : A .
up to which we can detect clusters via the red sequence metR9gity groups proves flicult atLx < 4 x 10*%ergy’s. Including

tative detections appears to correct for this, howelir t

is something that must be learned from real data and as s ) : : X ; X
the highest redshift at which the red-sequence analysisean?"N9s greater risks of including objects falsely identifées clus-

claimed to be fiective isz ~ 1.6 at this point [(Tanaka et al. ters. Additionally, at fainter luminositiguxes the volume cor-
2010). ) rection ¢ 1/Q(fx)) increases significantly making our cluster

Finally, given the low numbers of clusters predicted to bEPUNIS in the lowest luminosity bin in Fig.122 more uncertain
detectable by the X-ray data in this redshift range, it isilala Thus a disagreement betweenainof clusters and the cos-
that the lack of detection of any clusters at such redshitig mmelogical prediction comes primarily from lowest mass tus
be the result of statistical cosmic variance (i.e. thatetee no OF 9roups close to the detection limit and not from the massiv

clusters above our detection thresholds at these redanifte ClUSters, where detection is clear and identification isenadavi-
volumes sampled). ous. A similar picture has been seemn.in Finoguenov/et al.qp01

with the conclusion that, for a robust assesment of the cbsmo
ogy, one needs to increase the area of such surveys to at least
5.2. X-ray Luminosity Function 50ded and use the most massive clusters in the sample. We
It is intructive to see in which way the prediction of high numnOteatE‘fit in the SXDFIf'?lz%rllg St‘c.h ”;aSS'V‘? clusters hﬁ;’; been
bers of clusters in the WMAP7 cosmology disagrees with Oéno_un Inoguenay et al. {2 ) tis also quite conceiv
. e fraction of valid flag:5 identifications increases as the mass

served cluster characteristics, such as total mass or asityn : e
In this vein, we calculate the X-ray luminosity function inet of the system decreases, which can be verified through ttee spe
froscopic follow-up.

redshiftrange 1l < z < 2 based on our cluster candidate samp
in the two analyzed fields. The cluster luminosity functignis

given by: 6. Conclusions

1 N 1 Using a combination of XMM-Newton X-ray data and opti-
#(Lx.2) = AL Z VAT (11) calNIR photometry, we have performed a surveyzof 1.1
i=1 max{Lxi) cluster candidates in the CFHTLS D1 and D4 fields. Crucially,
whereN; is the number of clusters in a given luminosity bin oNIR data is required in order to apply the red-sequence aisaly
width AL andVmax(Lx;) is the total comoving volume in which at such redshifts (as the 4000A break moves out of the optical
a cluster of luminosityLx; could have been detected above thmto the NIR bands). As such the WIRDS data, which provides
flux limits of the survey. This is given by: the best combination of wide field and deep NIR data currently
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S —— cluster candidates, BLOX J2215.9-1751.6 has been prdyious
o Flag<s ] identified as & = 1.1 cluster based on optical photometry only
e Flag<3 ] (Dietrich et all 2007; Olsen etlal. 2007). With the additidthe

—— WMAP7 model ] WIRDS NIR data, we improve upon this redshift estimate, plac

- - WMAP7 model - 20 (Q,,0) | ing the cluster ar = 1.17.

] Adding to the 7 high-confidence candidates, we present 8

A ] further candidates attributed with confidence #&gbringing

I R AN ] our total number of candidates up to 15. These candidates hav

6 N only either weak extended X-ray emission, point-sourae Kk

107 N E ray detections or non-secure redshift estimates from tbe re

' ] sequence analysis (i.e. due to small numbers of memberigalax
or poorly clustered member galaxies). By including theselca
dates, we place upper limits on the numbers of clusters we are
able to detect in the given area using the X-ray detectiomatet

on this data-set.

Comparing to other surveys incorporating 1 — 1.1 clus-

10_3' . . ' . ] ter samples, Eisenhardt et al. (2008) reported 206 1 clus-

‘ — I ter candidates from the IRAC Shallow Survey (based on dptica
10* 10* 10 and infrared photometry without any requirement for X-ray d
Losouey (€QS/S) tections) with a sky density of 14.6deg?. [Finoguenov et al.
(2007) presented a collection oz 1 cluster candidates with a

Fig. 22. X-ray luminosity function calculated for.1 < z < 2.0 sky density ok 3.8deg? and Finoguenov et al. (2010) reported

candidate clusters in the CFHTLS D1 and D4 fields. The fille@n 13z > 1 cluster candidates in the SXDF with a sky density of

circles show the X-ray luminosity function for flag cluster ~ 10.0deg?2 Our combination of deep optical and near infrared
candidates only, whilst the open circles show the resulafor photometry with the XMM X-ray data is therefore an important
candidates with flags. The solid line shows the predicted lu-addition to the available surveys of high redshift clustanai-
minosity function based on our survey geometry and WMAP #ates.

year cosmological parameters. The dashed line shows the sam We show cluster number counts based on our high redshift

but with the WMAP 7-yea),, andog parameters reduced bycluster candidates and compare these to predictions bagseé o

20 WMAP 7-year cosmological parameter estimates. The<flag

sample shows lower number counts compared to the WMAP

7-year model, which takes into account the survey geometry
available, is one of the best currently available resouimethe and detection method. This tentatively favours lower valioe
identification of high redshift clusters. Using the WIRDSale the cosmological parametefs, andos than prescribed by the
conjunction with CFHTLS deep optical photometry, we idgnti WMAP 7-year results and we show that this is comparable to
atotal of 15z > 1.1 cluster candidates in a total area dddeg. a 20 reduction in both of these parameters. This sensitivity of

All candidates were selected based on X-ray emission in degdpster number counts @, andog, which is particularly strong

XMM data, which provides a relatively unbiased sample. atz > 1, illustrates the promise of using cluster number counts

Of our 15 cluster candidates, 7 are considered firm cant»- constrain cosmology. Based on our survey, we highligét th
dates (flag:3). These have both strong and clearly extended ¥ssues remaining in applying this method however. As stated
ray emission combined with strong red-sequence detectibngmodeling the number counts relies on a clear knowledge of the
cluster members that are clearly clustered within the Xerey detection limits of the cluster survey. We therefore prewido-
tection. For a number of these, spectroscopic redshift idatacus on non-secure (fla) candidates found using our detec-
available. One of these (WIRDSCS-4-25) is the previousiyid tion methods. By including these objects, we find good agree-
tified cluster, XMMXCS J2215.9-1738, at= 1.45. Our red- ment between the WMAP 7-year model and the cluster number
sequence analysis independently determined a clustehifedsounts. Significantly, we also present the- 1.1 cluster lumi-
estimate ofz = 1.39, showing the success of the red-sequenoesity function for our sample and find good agreement beiwee
method. We estimate a luminosity and mass for this cluster @fir data and the WMAP 7-year model, except at faint luminosi-

2.1 x 10*ergy's and 19 x 10M,, making it the most mas- ties, where we only find good agreement if we include the-ffag

sive cluster in our sample. Additionally, WIRDSCS-1-76 hasandidates. We conclude that such non-secure candiddtes wi

been previously identified by Andreon et al. (2009), as-al1.9 timately be a combination of correct and false cluster dites,
cluster (JKS041). As they note, there appear to be a numbdrich we find introduce an uncertainty in our survey equiva-
of structures in the line of sight of this X-ray source. Baselént to the 2r constraints o2, andog from WMAP. Any con-

on red-sequence analysis and photometric redshifts weifigenstraints on cosmology also rely on the cluster scaling iceiat

four apparent structures with redshiftsof= 0.80,z = 0.96, which are required to constrain the X-ray luminosity limit o

z = 1.13 andz = 1.49. The first three of these are confirmethe survey. We discuss th&ect of the relations, noting that the

by VVDS Deep spectroscopic data, although the 0.80 and scatter on the scaling relations is a key issue and in additio

z = 0.96 structures appear, based on both the spectroscopic egrdains for these relations to be calibrated beyordl.

red-sequence data, to be dominated by blue star-formirmxgal The observations presented here suggest that there are per-

ies. Thez = 1.13 andz = 1.49 both show strong signs of a clus-haps too few clusters & > 1, based on the numbers of rel-
tered red-sequence correlated with the extended X-ray fidx aatively secure identifications of groups and clusters, caneqb

the spectroscopic redshifts for the former again prove ffeze to predictions using WMAP-7 cosmology. However, the cutren

tiveness of our red-sequence analysis. Based on our asiakyesi level of statistical and systematic uncertainties preusrdraw-

see no evidence for a clusterzat 1.9. Of the remaining flag3 ing a secure conclusion. Ultimately, cluster number cocats

¢ (Mpc“/10“ergs.s")

45
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provide a complimentary and independent method for coinstramuliis, C. R., Vikhlinin, A., Henry, J. P., et al. 2004, ApX)B, 175
ing the cosmological model. In the longer term, the techesquMuzzin, A., Wilson, G,, Yee, H. K. C., et al. 2009, ApJ, 698349

presented here (combining X-ray cluster detection folldJg
red-sequence identification) present an unparallellelsnigae
to deriving relatively unbiased group and cluster sampiéith
such samples we will be able to independently const€aijn

og and determine the level of non-gaussianity in the primaordi

density fluctuations.
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