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ABSTRACT

We present the results of a search for galaxy clusters inr8ulsiM Deep Field. We reach
a depth for a total cluster flux in the 0.5-2 keV ban@of 10~!° ergs cnt? s~! over one of
the widest XMM-Newton contiguous raster surveys, coveengrea of 1.3 square degrees.
Cluster candidates are identified through a wavelet detectf extended X-ray emission.
The red sequence technique allows us to identify 57 clusirdidates. We report on the
progress with the cluster spectroscopic follow-up andwaetieir properties based on the
X-ray luminosity and cluster scaling relations. In additi@ sources are identified as X-ray
counterparts of radio lobes, and in 3 further sources, Xecoanterpart of radio lobes provides
a significant fraction of the total flux of the source. In theaicovered by NIR data, our
identification success rate achieves 86%. We detect a nuaflradio galaxies within our
groups and for a luminosity-limited sample of radio galaxiee compute halo occupation
statistics using a marked cluster mass function. We contpareluster detection statistics in
the SXDF with the predictions of concordance cosmology amceat knowledge of the X-ray
cluster properties, concluding that a reduction of conancgog value by 5% is required in
order to match the prediction of the model and the data. Tanislasion still needs verification
through the completion of cluster follow-up.

Key words: cosmology: observations — cosmology: large scale stracbfiruniverse —
cosmology: dark matter — surveys

1 INTRODUCTION X-rays as one of the most reliable tools in the search for ivass

halos (e.g. Bohringer et al 2002). Deep XMM and Chandraetgv
Extended X-ray emission from groups and clusters of gataise such as CDFS (Giacconi et al. 2002), CDFN (Bauer et al. 2002),
an unambiguous signal of high density, high mass envirotsnen Lockman Hole (Finoguenov et al. 2005), COSMOS (Finoguerov e
(e.g. Borgani & Guzzo 2001, Rosati et al. 2002). The low scatt  al. 2007), XMM-LSS (Pacaud et al. 2007), CNOC2 (Finoguertov e
of X-ray emission around the mean with respect to the unitgyly  al. 2009) show the potential of efficient group/cluster detse and
mass of the object and advances in X-ray surveys, have isstathl
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illustrate their competitiveness with spectroscopic greurveys.
Such data have contributed directly to studies of galaxsnédgion
(e.g. Tanaka et al. 2008; Giodini et al. 2009), Large Scaiec8ire
(LSS) and its relation to AGN activity (Silverman et al. 200&nd
have also shown the power of X-ray surveys to find and study sky
densities in excess of 100 groups per square degree (Baaér et
2002).

At high redshifts, deep X-ray surveys offer both the highest
sensitivity towards the cluster mass and are competitithadest
optical surveys for finding groups. Clusters at differerdstafts
provide homogeneous samples of galaxies in a high-density e
ronment, enabling studies of the evolution of stellar papahs
(e.g. Blakeslee et al. 2003, Lidman et al. 2004, Mei et al.6200
Strazzullo et al. 2006). Current results from the deep NIRISia-
dicate a strong evolution in galaxy color segregation nedsift
1.7 (Cirasuolo et al. 2007). Deep X-ray surveys of the sanhdsfie
are therefore of further importance to provide the diredence of
the role of groups and clusters of galaxies in cosmic galasxidb
up.

This paper concentrates on cataloging and analysis of éhe st
tistical properties of the X-ray clusters primarily dettin XMM
observations of the Subaru XMM Deep Field. The basic X-rag da
reduction and a construction of the catalog of extendedcssuis
discussed 2. In §3 we describe the cluster identification using a
refined red sequence method by including a galaxy presetess-
ing multi-band photometric redshift catalog. The stanchef$pec-
troscopic follow-up is presented ifd. In §5 we provide a final
catalog of identified clusters, including the results of spectro-
scopic follow-up. This is the first X-ray survey where spécere
is paid to select out the systems where extended X-ray emissi
caused by radio lobes. The details and the results of thiedoe
are outlined irf5.1. Statistical properties of the clean X-ray cluster
sample are discussed at the end®f{6 concludes the paper.

All through this paper, we adopt a “concordance” cosmologi-
cal model, withH, = 72 km s~ Mpc™!, Qu = 0.25, Q4 = 0.75
(Komatsu et al. 2009), and — unless specified — quote all X-ray
fluxes in the [0.5-2] keV band and rest-frame luminositiethi;
[0.1-2.4] keV band and provide confidence intervals at thi 68
level.

2 XMM DATA REDUCTION

The SXDF incorporates a deep, large-area X-ray mosaic with
XMM-Newton, consisting of seven overlapping pointings enrg

1.3 0O° region of the high Galactic latitude sky with an exposure
time of 100 ks in the central field (in separate exposureshands

in the flanking fields (for details see Geach et al. 2007). Bbtine
pointings were carried out in 2000 August, and the remaittinge
were made in August 2002 and January 2003.

For cluster detection, we used the XMM-Newton mosaic im-
age in the 0.5-2 keV band, consisting of 7 pointings, 400 ksec
in total. A description of the XMM-Newton observatory is giv
by Jansen et al. (2001). In this paper we use the data callbgte
the European Photon Imaging Cameras (EPIC)piR€CD cam-

ing the procedure described in Zhang et al. (2004). In order t
increase our capability of detecting extended, low surfaoght-
ness features, we have applied the 'quadruple backgroustcast
tion’ (Finoguenov et al. 2007) and also check for high baokgd
that can be present in a few MOS chips (Snowden et al. 2008),
identifying none. The resulting countrate-to-flux coniensin the
0.5-2 keV band excluding the lines 1s59 x 102 for pn and
5.41 x 1072 for each MOS detector, calculated for the source
spectrum, corresponding to the APEC (Smith et al. 2001) mode
for a collisional plasma of 2 keV temperature, 1/3 solar aaunce
and a redshift of 0.2. We note that in reconstructing the gutigs

of the identified groups and clusters of galaxies, we implarttee
exact corrections, based on the source spectral shapefifaeddey

the expected temperature of the emission) and the measened r
shift of the system.

After the background has been estimated for each observa-
tion and each instrument separately, we produce the finaico$
cleaned images and correct it for the mosaic of the exposapsm
in which we account for differences in sensitivity betwean&
MOS detectors.

We use the prescription of Finoguenov et al. (2009) for ex-
tended source detection, which consists in removal the P&feim
for each detected point source from the data before applyiag
extended source search algorithm. The signal-to-noige irabige
of the point-source cleaned image is shown in Elg. 1. As can be
seen from the figure, the image exhibits a fairly uniform aigho-
noise ratio. Without the refined background subtractioa sifgnal-
to-noise image exhibited large-scale variations, whialid¢mimic
an extended source. On the image, the ellipses show thégposit
and the angular extent of detected sources. The total nuofber
extended sources detected is 84. Identification of sousmpsred
to split several sources, increasing the total to 92. Thestiwld
for the wavelet source detection has been set to 4 standard de
ations. The calibrated map of the wavelet noise (Vikhlinirak
1998) has been produced and used for modelling of the suerey s
sitivity. The extent of the source, which we used for ideafion
and flux estimates, has been followed down to 1.6 times tha loc
wavelet noise value. The significance of the flux estimatelman
lower than 4 sigma. This is due to both a change in the signifiea
of the source between the peak of its significance and itseate
well as a difference in the error field for detection and flukr@x-
tion. The later difference is driven by difference in the fliation
level between the wavelet noise (important for detectiong an-
smoothed source+noise (important for the flux estimatedseldif-
ferences decrease with the increasing exposure of theys(and
e.g., are gone in our analysis of CDFS (Finoguenov et al.ep.pr
Apart from the allowance for systematical errors assodiatith
AGN removal lately, the procedures of calculating the deritsi
maps are the same as in Finoguenov et al. (2007). Prior rémova
of point sources simplifies the extended flux estimate aml alls
lows us to use the X-ray center of extended emission as a prior
for identification, as detailed below. A small fraction ofusces

era (Struder et al. 2001) and the MOS-CCD cameras (Turner et (~ 15%) remains unidentified even in the area with best follow-up

al. 2001). All Epicpn observations have been performed using the
Thin filter, while both Epic-MOS cameras used the Mediumilte

In addition to the standard data processing of the EPIC data,

which was done using XMMSAS version 6.5 (Watson et al. 2001;
Kirsch et al. 2004; Saxton et al. 2005), we perform a more @ens
vative removal of time intervals affected by solar flareslofe-

data. Only 6% can be accounted for by remaining deficiencits w
the source identification (see below). We believe this caarbef-
fect associated with joined detection of a number of substhold
point sources (e.g. Burenin et al. 2007). A study of the arddithis
source population is on-going using CDFS and CDFN data, evher
one can profit from Chandra resolution (Finoguenov et alrépp).
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Figure 1. An image of the signal-to-noise ratio in the 0.5-2 keV bandrafackground subtraction and point source removal. Tlagé@has been smoothed
with a Gaussian 082 width. White color corresponds to the values smaller thagr@y color starts at 1 sigma and black color corresponds tectien
significance of 6 sigma per 200 square arcsecond elemeigtsédlindicate the wavelet sources, labeled accordingeteatalog. The coordinate grid is for

the Equinox 2000.

3 REFINED RED SEQUENCE TECHNIQUE FOR
CLUSTER IDENTIFICATION

As a primary method for cluster identification we used the re-
fined red sequence technique, described in this sectios. ¥t
further refinement of the photo-z concentration technigsed in
Finoguenov et al. (2007). Uncertainty, related to iderdifin of
clusters based on the photo-z data alone has been addnessed i
Breukelen et al. (2007). We deem our technique as the mogstob
cluster identification when only broad band photometriadat
available. With the refinements, described here, this fgclenis
also sensitive to identification of galaxy groups. Howes&ongly
star-forming galaxy groups can not be detected through wmath
niques. This point is thoroughly checked using zCOSMOServ
yielding only 1% of such systems (Finoguenov et al. in prep.)
which are located at < 0.3. As we discuss below, our identifi-
cation atz < 0.3 is anyway not complete, due to lack of U-band
photometry.

First we consider the calibration of the model red sequence,
then we detail the application procedure and describe timheari-

teria. To model the evolution of the red sequence, we adegdk-
sive evolution model of a single stellar population (SSB3uaning
no dust extinction, using the Bruzual & Charlot (2003) papiain
synthesis code. In order to reproduce the slope of the radcseq,
the red sequence in the Coma cluster (Bower, Lucey & Elli2]199
has been fitted by the SSP models formed;at= 5 with various
metallicities. Model galaxies are ’calibrated’ in this wgyidman
et al. 2008). The model red sequence can then be evolved back i
time to arbitrary redshifts. Note that this modeling is lthea the
assumption that the slope of the red sequence is entirelyodihe
mass-metalicity relation, as suggested both by obsenstad in
theoretical work (e.g., Kodama & Arimoto 1997, Stanford kt a
1998).

The fitting procedure is three-fold. First, we extract ga@ain
the area centered on the extended X-ray emission. We thiemadst
significance of an overdensity of red galaxies around theeainod
red sequence at a given redshift. This procedure is perfbrame
0 < z < 2.5. All significant (with details given in the following
subsections) detections are stored for further consideraAs next
we go through the step of approving the identifications. Hsellts
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Figure 2. Comparison of two wavelet reconstructions of the SXDF fieleft paneldisplays a standard scale-wise decompositi@ht panelincludes a
three-level subtraction of the PSF wings associated wetpthint-like sources, as described in the text. The scalésliior both images are the same. Clearly
the left panel is much less diffuse. Both images4iiex 55’. The pixel size ist’” on a side.

of spectroscopic follow-up of similar sources in CNOC?2 fjelis-
cussed in Finoguenov et al. (2009), showed that the mostbieli
identification has more than 3 galaxies inside the X-ray shaip
the source. In using the red sequence, to avoid chance poojec
small dispersion of galaxies with respect to the model regdsece
shall also be preferred. We therefore favor these idertidics,

even if they are not the most significant ones. When two or more

identifications fit, we consider splitting the X-ray sourazEerd-
ing to the galaxy counterpart and check significance of these
sources, retaining only the significant ones and assignilogver
flag (=2), if such a procedure is impossible, the X-ray sousce
identified as confused (flag=4). Robust identifications rectear
concentration of red galaxies inside the detected X-raysgimmn.
Some identifications are less obvious and require morevielip
work. These are marked correspondingly (flag=3). A comprehe
sive list of source flags is discussedds. Now we present the de-
tails of the method.

3.1 Construction of the photometric catalog

We use the SubarBV Riz photometric catalog from DR1 (Fou-
caud et al. 2007; Furusawa et al. 2008). Ehkand selected cat-
alog is used for this work. We also useH K photometry from
UKIDSS (UKIRT Infrared Deep Sky Survey) Ultra Deep Survey
(UDS) Third Data Release (Warren et al. 2009). Objects fransU
are cross-correlated with the Subaru catalog. The cataldgrd
ther supplemented by Spitzer IRAC photometry from deep SpUD
program (Pl James Dunlop) and Spitzer Wide-area InfraRéxdhEx
galactic survey (SWIRE, Lonsdale et al. 2003). We use SEixira

to detect objects on the IRAC images and cross-correlatdihe
objects with Subaru objects. We ugé aperture for photometry
and apply aperture correction. Since data from differdestmpes
have different PSF sizes, we use total magnitudes to devioesc
Stars are removed on the basis of their colors and compactnes
We then feed the catalog to our photometric redshift code. A
detailed description of the code is given in Tanaka et aD@20but
a brief outline is given here. The code uses a library of tategl
based on Bruzual & Charlot (2003) models. We assume thedel
to describe the star formation histories of galaxies anowait,
dust extinction and intergalactic extinction to vary. Eatiserved
object is fitted with all the templates and the best-fittingdelds
determined using thg? statistics. The quality of the photometric
redshift estimate has been compared to the spectroscajsiaifts,
yielding 10% outliers|epnot — zspec| > 0.2) and0.03(1 + z) un-
certainty on redshift estimate below,.. = 4. Dominant fraction
of outliers is atz < 0.3 and is due to lack of U-band data.

3.2 Selection of Galaxies for cluster identification

As mentioned above, we go over the redshijtgt which we apply
the cluster red sequence method. We select galaxjes-atnot| <
0.2, wherez,no: is a photometric redshift. As next, we only con-
sider the galaxies located within 0.5 Mpc (physical) from tenter
of X-ray emission at a given redshift (see description oflBup-
low for more details of the weighting scheme). The apertize is
fixed on a physical scale and thus its apparent size on theeslgsv
with redshifts, at which we look for an over-density of redaga
ies. This radius is wide enough to include most of the gataiie



a candidate cluster, while it is small enough to detect wégthass
from high redshift clusters.

Clustersin SXDF 5

detection of bright red galaxies, adjusted according tsigasvo-
lution model, and the smoothing parametgr.,, which we set to

Using a fixed aperture to select galaxies for the red sequencea value of 2.

test is sufficient for our purposes as the probed mass rangysef

The third term in Eqg. 1 takes into account the concentrations

tems in the survey is narrow and 0.5 Mpc typically encompasse of galaxies. A galaxy at the center of the cluster has heawegght

rs00 Of the system. Alternative choice of galaxy selection caaibe
ther X-ray extent or an estimate afyo based on the redshift guess
and X-ray properties of the system. The X-ray extent is deitezd
by statistical significance of the detection and would idtrce un-

even demand on matching between galaxies and the X-rayesourc ae

Furthermore, for nearby objects the extent of the emissqre-
dicted to go into the scales where confusion becomes impdta
for the depth of our survey), so the observed extent will be-tr
cated. Using the fixed aperture, we can make a fair compadfon
significance level of detection of overdensities at vari@gshifts.

3.3 Application of the red sequence method

To probe if there is any overdensity of red galaxies at a greeh

shift z, we count galaxies around the model red sequence. We use

a Gaussian weight when counting galaxies in a form of

color; obs — COLOTmodel (%) ?
> e |- —

%

* 2
X exp [_ (mag’i,ObS - magmodel(z)) ‘| %

Omag

exp (—(2)?) 1)

Or

wherecolor; obs andmag; -»s are the color and the magnitudeiof
th observed galaxyy; o»s iS the observed color error twlor;, ops,

than that in the outskirts. The relative weight as a functibdis-
tance from the center is controlled by the smoothing paramet
We takeos,, = 1.0 Mpc. This means that a galaxy at 0.5 Mpc from
the center (i.e., galaxy at the edge of the extraction apgrtias
—0-25 — (.78 weight relative to a galaxy at the center. Alto-
gether, we take into account the color evolution and the ritadg
evolution of the red sequence (1st and 2nd term, respegtivae
concentration of galaxies (3rd term) and a density of red>des
around the red sequence at any given redshift.

To quantify the significance of the overdensity of red galax-
ies at the position of a cluster candidate, we put an apeofuttee
same size at a random position in the Subaru-XMM Deep Fiald an
perform the same procedure 500,000 times. This gives amagwer
number of red galaxies and its dispersion in the field at angied-
shift. Then, the significance is evaluated as a relativedmresity of
the cluster candidate to that of the field. A formal error & thd
sequence redshift is not straight forward to estimate sineeise
many parameters to derive the significance and the absadunié-s
icance changes with these parameters. To remedy this crityple
we simply take the full-width at half maximum of the significze
peak as the error. In Tab.1 we list the significance of the eed s
guence and the uncertainty of the redshift of the cluster.

4 SPECTROSCOPIC FOLLOW-UP

Since 2004 ther < 1.3 galaxy cluster candidates have been in-
tensively followed up as part of a SXDF VLA program on VLT
and targeted Gemini proposals (Simpson et al. 2006 and m)pre
Geach et al. (2007) reported multi-object spectroscopy aur f

colormedel(2) is the model red sequence color at the magnitude candidate X-ray galaxy groups around moderate-luminasitjo

of the observed galaxynag,,,q.:(#) is the characteristic magni-
tude based on the model, which is tuned to roughly reproduee t
observed characteristic magnitudes.., is the smoothing param-
eter detailed below;; is the distance from the X-ray center and

is also a smoothing parameter as shown below. To accounyger s
tematic zero point errors in observations and for systematg-
nitude/color errors in models, we take a minimum erroejns

of 0.1 mag. For example, if an object has.,s < 0.1, we take
04,00s = 0.1 for this object.

Since different colors are sensitive to red galaxies aeckffit
redshifts, we adopt the following combination of colors andg-
nitudes.

0.0 < z < 0.5 : B — i color andi magnitude

0.5 < z < 1.0 : R — z color andz magnitude

1.0 < z < 1.5 :4 — K color andK magnitude

1.5 < z < 2.5: z — 3.6um color and3.6m magnitude

In the Subaru/XMM Deep field, we have id-band photometry,
which is crucial for lowz red galaxies. Thus, our method is not
very sensitive to clusters at< 0.3 with estimated incompleteness
in the cluster catalog of 6%.

The luminosity function of red galaxies varies with bothhric
ness of a cluster and redshift (Tanaka et al. 2005, 2007).if@ m
mize the richness and redshift dependency of the red segtectt-
nigue, we weight galaxies according to their luminosityisTik im-
plemented in the second term of Eq. 1, by adding high weigthteo

sources. van Breukelen et al. (2007; 2009) report some afethe
sults of Gemini program. Other spectroscopic observatafrtbe
field are reported in Yamada et al. (2005), Smail et al. (2@0®)
Akiyama et al. (2dF/AAOmega, in prep.). A total of 4k spedtexve
been obtained thus far.

Using the identification of the cluster with a red sequence
method, we looked for spectroscopic redshifts of any of éukse-
guence galaxies. Where there has been a consistent spegims
redshift found, we considered it as a refinement. Next, weched
for more spectroscopic redshifts in all galaxies matchimg se-
lected redshift t@.005 x (1 + z), which is twice a typical velocity
dispersion. In addition we have also looked for galaxy @risty
at different redshifts, when data allowed, but found noietgl In
the cluster catalog we report both the spectroscopic riidghen
available and a number of galaxies used to derive it, whichbea
used to assess the quality of the spectroscopic follow-up.

In Tab[2 we list the coordinates and redshifts of the 144gala
ies assigned to the X-ray clusters. In case the cluster baghan
3 spectroscopic members, this assignment is tentative.

5 A CATALOG OF IDENTIFIED X-RAY CLUSTERS

In this section we describe our catalog of 57 X-ray galaxgtets
detected in the SXDF/UDS field. In the catalog ([hb.1) we pro-
vide the cluster identification number (column 1), R.A. arecD
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of the peak of the galaxy concentration identified with theerded
X-ray source in Equinox J2000.0 (2-3), photometric reds#i.

In case there are spectroscopic redshift determinatiothéoclus-

ter member galaxies, the median spectroscopic redshifstisdl
instead. The cluster flux in the 0.5-2 keV band is listed in col
umn 5 with the corresponding 1 sigma errors. The flux has units
of 107** ergs cm? s7L. The rest-frame luminosity in the 0.1
2.4 keV band in units 010%2 ergs s! is given in (8). Column 9
lists the estimated total mask/zo, computed following Rykoff et

al. (2008) and assuming a standard evolution of scalingioek:
MaowE. = f(LxE;'). The corresponding?zoo in arcminutes

is given in column 10. Column 11 lists X-ray flag and the number
of member galaxies insidBz00, N (2) is given in column 12. The
errors provided on the derived properties are only statistind do
not include the intrinsic scatter in thex — M relation, which
makes individual mass estimates uncertain by 0.2dex (Wikhl

et al. 2009). To provide the insights on the reliability oftfbdhe
source detection and the identification, in col (13) we ptevihe
significance of the X-ray flux estimate and in col (14) the 8ign
cance of the red sequence. Col. (15) shows the red sequedice re
shift and its uncertainty. Col. (16) provides the mediantphmetric
redshift of galaxies on red sequence. Finally, col. (17)viges a
reference to the extended source catalog in Ueda et al. {2008

Both flux estimates and the calculation of the properties of
clusters are similar to the procedure outlined in Finoguegtaal.
(2007). An X-ray quality flag XFLAG) have been derived for the
entire catalog based on visual inspectigALAG=1 is assigned to
objects with high (in generab 6) significance of the X-ray flux
estimate, and having a single optical counterpart. The oatd-
gory of clusters XFLAG=2), are low significance detections, for
which X-ray centering has a large uncertainty (uB€d), hence
a larger weight is given to the location of the optical coupaet.

In addition, in cases when a single X-ray source has beerirsli
several sources, matching the optical counterpart, thgrexsflag
is set equal 2 or larger. The clusters for which the photomedd-

shift of the optical or NIR counterpart is uncertain are flagjgs
XFLAG=3, which is mostly a concern at > 1.2. XFLAG=4 indi-

cates a presence of multiple optical counterparts, whosgibo-

tion to the observed X-ray emission is not possible to sepama
rule out. Finally, the systems with potentially wrong assigent of
an optical counterpart are marked>as AG=5.

In Ueda et al. (2008), the results of the analysis of the same
XMM data has been presented, identifying a total of 32 extend
sources. The extended sources were identified by examiainges
extent over the point spread function assuming a Gaussigmeas
intrinsic image profile. For extended sources consideredigpa-
per, we search for sources from Ueda et al. (2008) catalagndro
the cluster central position within a radius of 32 arcsegpical
size of significant extended emission. The positional er¢tr) of
the Ueda et al. (2008) sources are also taken into accouhein t
matching. We recover 20 out of the 32 extended sources in Efeda
al. (2008) and identify 15 of them as clusters. In [Thb.1 wevige
a match between our cluster catalog and the extended sdarces
Ueda et al. (2008). The remaining differences can be urmtmist
as different sensitivities of the algorithm to extent of &¢remis-
sion, which in our case is taken into account in the modelbhifttpe
survey.
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Figure 3. Survey area of SXDF (black curve) as a function of the total
source flux in the 0.5-2 keV band. COSMOS flux-area curve sparding
to the results in Finoguenov et al. (2007) is shown as grey lin
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Figure 4. Cumulative cluster number countbg(N > S) — log(S))

for the SXDF field. The solid grey histogram shows the data deshed
grey histograms denote the 68% confidence interval. Thedibitstogram
shows dog(N > S) — log(S) of the COSMOS survey. The long dashed
curve shows the prediction for no evolution in the luminpgitnction in
Rosati et al. (2002), which provides a good fit to the date abdv 14
ergs s cm~2 flux. The dashed line shows the WMAP5 predictions for
log(N > S) — log(S) under our assumptions for scaling relations and
their evolution excluding. The solid line has been producemiatch obser-
vational predictions by adopting a 5% reductiorsin

5.1 Identification of X-ray jets and halo occupation statisics

of radio-galaxies

Extensive Inverse Compton X-ray emission from large radiexg

ies has been detected above redshift 1, such as 3C 356 (z=1.12
Simpson & Rawlings 2002), 3C 294 (z=1.786; Fabian et al. 2003
6C 0905+39 (z=1.833 Erlund et al. 2008) and 4C 23.56 (z=2.48;
Johnson et al. 2007). The flux of the emission depends on the en
ergy density of the target photons, which in case of the CMBgi



as(1 + z)* so canceling out the dimming expected from increased _
distance (Felten & Rees 1969; Schwartz 2002). Those stpdies
dict a large number of extended sources detected in deepy X-ra
surveys, whose origin of the emission does not stem from ¢tie h
gas associated with potential wells of those systems, hosisad
caused by the inverse Compton scattering of CMB photons @n th
relativistic electrons of a Mpc jet. However, there has netrba
single survey, which can quantify the effect.

In order to carry out this study we use an expected match in
the shape of the emission between the X-ray and radio solinee.
requirement for a match in the orientation between X-rayracéb
elongation to withinl0° substantially reduces a chance correspon-
dence and is therefore used here to build the best-practicemes
of such matches, which later can be used to treat more complex
cases. We used the VLA survey of the field at 1.4 GHz to identify
the radio sources (Simpson et al. 2006). The RMS of the image
is 12—2Q:J. There has been 14 complex morphology radio sources
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detected inside X-ray selected clusters in SXDF, all shawig[3.
Therefore a positional and azimuthal match is subject tosmch
alignment of 0.7%, which can therefore be rejected with lugh-
fidence. With this method we have found three X-ray sourdas (I
25,28 and 70), which emission is entirely matched to a raalioce.
Three additional sources match substructure detectectiX-ttay
images (IDs 4, 39, 69) and the original sources had to be (gplit
troducing new sources 90, 91 and 92 assigned to X-ray jets)-to

sure unbiased flux estimates of both components. In casaisf cl

ter ID=69 and X-ray jet ID=92 the identification revealedelient
redshifts of the counterparts, therefore increasing thabaur of
X-ray jets detected without detecting the cluster emissiofh ob-

jects. This source has also been discussed in Geach et @r)(20

and Tu et al. (2009). All four objects also exhibit a matchpatl
extent between radio and X-rays, which supports a physicl |
The properties of the X-ray emission associated with ragti® gre

summarized in Tafl3. Column 1 lists object ID, columns 2 and 3

list the coordinates of center of X-ray emission, column gorés
the spectroscopic redshift of the radio galaxy, column ®repthe
X-ray flux in units of10~'% ergs cn? s™! and column 6 displays

the corresponding rest-frame luminosity in unitslof? ergs s .

We used the power law model with photon index equal 2 in deriv-

ing the flux estimates and calculating the K-correction feraxs

and aa = 0.7 index for the radio. Col (7) lists the radio coun-

terpart in the catalog of Simpson et al. (2006), col (8) reptre

flux (F}) at 1.4GHz in mJy, col (9) reports the rest-frame radio lu-
minosity (L) at 1.4GHz, calculated using the following formulae:

L, = 47 D? F,(142){a—1). The luminosity distancelf; ) is cal-
culated using the redshift listed in col. 4. The radio sosirespon-
sible for most of the IC emission are at the®> W/Hz level (the
effect is detected from 20% of all such radio sources), whieh
characterized by the volume abundance-o10~¢ Mpc™ dex™*
at redshifts near 1. Comparison to theoretical model of tfieo
Fabian (2004), the IC effect detected in our survey is preduuy
the abundant sources at the faint end of the radio luminésitg-
tion they considered. This implies that the predictionhirtFig.3
need to be rescaled on X-axis by factor of 10. We can directty-c
pute the required factor using our X-ray and radio measun&me
as reported in col.(9). Indeed the obtained ratio is largen tL.. We
have already dropped the factor associated with the asgmyt
the evolution of the magnetic field (which lowers the inferberay

flux for a given radio flux), which adds another factor of 4, so o

average a factor of 10 stronger production of X-rays conpéoe
a conservative assumption in Celotti & Fabian (2004) is olegk
All six radio sources listed in TdB.3 are considered in detaa part

1014
M

200
Figure 6. Mass function ofz < 1 identified X-ray emitting halos (solid
circles with error bars) and those selected to have a radaxygdrom a
luminosity-limited sample. Solid triangles with error bashow halos with
the spectroscopically confirmed radio galaxies withigy and open trian-
gles with error bars show matching wittir2rao0, but keeping the galaxies
with consistent photometric redshift estimate but havingspectroscopic
information.

of the sample of Vardoulaki et al. (2008). At the same fregyen
there is a good agreement with NVSS measurements and only one
source (radio ID=7) has a steep spectrum (or much larger flux a
lower frequencies compared to our estimate here). Thuscaur
clusion on a factor of 10 stronger production of X-ray is heitan
artifact, nor a result of using a different frequency banthpared
to Celotti & Fabian (2004).

One of the X-ray jets is remarkably bright in X-rays (ID 25).
It would be the most luminous cluster in the field, while ani-opt
cal counterpart is barely detected. The X-ray jet is locakear an
X-ray detected group into which its host is probably acagetiThe
X-ray luminosity of the dominant group is an order of magdéu
fainter than that of the X-ray jet. In Fig.5 we present all b
plex morphology radio sources located inside the extendedyX
emission.

In comparing the radio galaxy catalog to the catalog of X-
ray clusters we note that a number of these sources matcthand t
chances for the X-ray cluster to host a radio galaxy seentctease
with cluster mass. In order to characterize that we used aalein
ing of the survey to compute both the mass function of thestuh-
ple and the mass function of X-ray clusters that host a raaliexy.
We have excluded the 4 cases where X-ray emission is caused by
IC. In calculating the mass function, we take into accouatwbl-
ume of the survey towards each cluster mass. For radio galaxi
we select the luminosity-limited sample 6f 4cr. > 5 x 102
W/Hz, which is valid to z of 1, given our flux limit of 1Qaly. We
therefore restricted the cluster selection and volume coation to
aredshift of 1. The limiting luminosity is located in the radource
population dominated by FR I's (core brightened), whichréfiere
justifies our use of limits for a point source. Finally, sirsggectro-
scopic identification of radio catalog is not complete, wiedate
two examples of matching: one is by taking the spectrosetiyic
identified radio galaxies with redshifts matching that @& thuster
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Figure 5. Comparison of complex radio sources with extended X-rayssiom in SXDF. Images at 1.4 GHz frequency are overlaid witht@urs show-
ing the wavelet reconstruction of extended X-ray emissionspatial scales of 32 64/, and 128. From upper left to lower right the cluster IDs are
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Figure 5. Continued... From upper left to lower right the cluster IDs 89, 57, 69, 70, 84.

and the other is by assuming that once the radio galaxy i¢ddca  clusters above a given flux limit vs the flux value, the cluster
within the 0.2r200 it belongs to the cluster. There 15 galaxies in log(N > S) — log(S) (e.g. Rosati et al. 1998). The details of our

total that fulfil this criterium, and after applying the raduminos- calculation, which is shown in F[d.4, are outlined in Finegav et
ity threshold there is 9 left, which we used to compute thekexr al. (2007). In addition to the 57 identified sources, 9 saaiere
mass function. Only one system has a photometric redshithéo located in the area with insufficient optical data due toegigurvey
radio galaxy, but the galaxy is also on the red-sequencegestigg geometry or a presence of the bright star. In calculatioh®fipper
that the association is real. The results are quantitgtaietilar and limit on thelog(N > S) —log(S) we have added those sources us-
demonstrate in Figl6 that indeed the probability to observadio ing the typical flux extrapolation for our apertures of 1.Buges

galaxy increases with mass of the halo. These results ofegtdir  identified as X-ray counterparts of radio jets were not atersd
HOD determination for radio AGNs are in good agreement with forlog(N > S) —log(.S). 11 sources locate within the area of best
clustering analysis of 2SLAQ LRG survey (Wake et al. 2008); p photometric data, but still lacking identification, weret iwonsid-
formed at redshifts near 0.6 and a similar selection of radiger. ered in thelog(IN > S) — log(S). The computed uncertainties in
log(N > S) — log(S) are purely statistical. The comparison of
thelog(N > S) — log(S) to COSMOS results of Finoguenov et
5.2 Cluster counts al. (2007) reveals a good agreement at low fluxes, while aegux

: Y . .
It is common to characterize a cluster survey by its area as a &xceeding x 107 there is a lack of sources in the SXDF, com-

function of the limiting flux (which we do in Figl3) and pregen Paréd to most previous surveys. The variation of a stasisiic
the results as a relation between a cumulative surfacetglenfsi  Pright sources is driven by the sample variance in such fléldst
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Figure 7. lllustration of the cluster luminosity probed as a functafrclus-
ter redshift in the SXDF. Filled circles represent the declusters with
error bars based on the statistical errors in the flux measmts only.
Short-dashed, long-dashed and solid black lines show theé@ction lim-
its of -14.5dex -14.8dex and -15.0dex associated with 9@n8i0L0% of the
total area, respectively.

Kravtsov 2003) and is very important for the field-to-fieldwguari-
son (e.g. McCracken et al. 2007) on how clustering affee<tn-
clusions regarding galaxy evolution. We present the pres/imod-
eling of thelog(N > S) — log(S) of Rosati et al. (2002), which
describes well the cluster counts abave ** ergs cmm? s, The
short-dashed line is result of combining the adopted sgalita-
tions, WMAPS5 concordance cosmology (Komatsu et al. 2008) an
a cosmological code of Peacock (2007). Since it clearly preer
dicts the observed counts and previously published clustents,
we considered the effect of excluding low-luminosify,(< 102
ergs s'') or high-redshift clusters:(> 1.2) or both. None of these
attempts were successful in providing a satisfactory &miutn or-
der to match the observations, we adopted a 5% lower value,of
with a corresponding model prediction shown as a solid [ife
role of SXDF in implying a change in the cosmological paramst
is however moderate, since the small size of the field caasgs |
deviations at the bright end of theg(N > S) — log(S).

5.3 Sample characteristics

In Fig.[4 we plot the observed characteristics of the SXDEtelu
sample together with detection limits implied by both syrdepth
and our approach to search for clusters of galaxies.

In Fig.[8 we report the redshift distribution of the identifix-
ray structures and attempt its modelling, assuming WMAPS co
mology and using the adopted scaling relations and theiluevo
tion. Compared to a summary of scaling relations, preseinted
Finoguenov et al. (2007), we adopted a dirbgt— M calibrations
of Rykoff et al. (2008), which match well the results of COSBIO
(Leauthaud et al. 2009). To compute the K-correction, werged

L — T relation, for which we adopt
k‘T/k:eV =02+6x 10(lg(LX/Ez/er'gs/s)744.45)/21) (1)

and a fixed metalicity of 0.3 solar. The procedure for the
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Figure 8. Differential redshift distributiondN/dz /d2 per square degree)
of 57 identified X-ray groups and clusters of galaxies in tk®8 (points
with error bars). The thick grey histogram shows the spsctpically
confirmed systems. Short-dashed black curve shows the moetdiction
adopting WMAPS5 cosmology. Solid line shows the WMAPS prédit
with a reduced by 5% value aofg. Similar to Fig4, we are accounting
for the incomplete identification by the 20% upward cor@tfior the data.

flux extrapolation is the same as in Finoguenov et al. (200
WMAPS5 concordance model prediction for the dN/dz is shown in
Fig.[8 as a dashed curve and our best fit model to log(N)—Iatg)

is shown as solid curve. We show the results of our spectpisco
follow-up (grey histogram) and account for incompleteniessur

red sequence identification by increasing the counts bytarfa¢
1.2, which accounts for the area with lack of optical datanBéng

the contribution of low luminosityx < 10*? ergs s'') systems
produces negligible result. The largest deviation betwbeerdata
and the model is the lack of clusters in the 0.6—1. redshifgea
which can also be seen in Hiyy.7. The follow-up of the caneislat
(summarized as a grey histogram in Hig. 8) is quite complete a
those redshifts, so it might be an effect of large-scalectiire and
shall be investigated further through a comparison to athereys
like COSMOS. The number of missing clusters at those regsisif
around 10 similar to the deficit diog(N > S) — log(S) at high
fluxes. The number of our high-z candidates is consistett thg
cosmological expectation.

5.4 X-ray luminosity function

The procedure of calculating the luminosity function is i&mto
COSMOS (Finoguenov et al. 2007).

In Fig.[9 we present the luminosity function of SXDF clusters
inthe0.2 < z < 1 and1 < z < 2.5 redshift range. The choice of
low redshift of 0.2 is due to incompleteness of the followatow
redshifts and we also make an upward correction of the dalazy
accounting for incomplete coverage of the X-ray data by titecal
data. The SXDF results for the2 < z < 1 compares well to the
COSMOS results in the < z < 1.2 range, which are also shown
in the figure (dashed line). In Figl 9 we also show the preatictif
our cosmological modelling and the assumed scaling relstithe
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Figure 9. Luminosity function of clusters in the SXDF field. Black cses
indicate the data in the redshift range 0.2-1.0 and greyt @iows the
data in the redshift range 1-2.5, which is the first measunéneported for
z > 1. We apply the 20% upward correction for incompleteness uster
identification of the field. The dotted line shows the besbftte COSMOS

data ovel0 < z < 1.2 (Finoguenov et al. 2007). The dashed lines shows

the WMAPS5 prediction for the luminosity function in the 0-dldck) and
1-2.5 (grey) redshift range. Solid lines shows the changbeémmodel due
to a 5% reduction imrg value.

model describes well both the luminosity function, and édshift
evolution.

We have tested the effects of log-normal scatter on the lumi-

nosity function withdlg(Lx) = 0.2 (Vikhlinin et al. 2009) and
found them to be important only &, > 10 ergs s'*.

The sensitivity towards an assumption ®f value is not so
large for low-mass systems, and in consistency with prevtests,
we show the prediction of a 5% reduced valuergin Fig.[3 (solid
line). So, itis difficult to see if a particular part of XLF isasing a
requirement for lowering thes value. Changing?.,, value would
require a self-consistent recalibration of data, whichegdmd the
scopes of this work, while the current dataset is sensitivg t

changes in2,, exceeding 10%. Using galaxy groups one can break

the degeneracy betweél,, andos present in fitting the cluster
counts. The biggest remaining uncertainty is scatter irstaing
relations for galaxy groups, which is not well known.

6 CONCLUSIONS

We have searched for extended X-ray emission in the SXDF

and presented the catalog of identified X-ray groups andestsis
of galaxies. Our analysis of the extended X-ray emissiorh t

Subaru-XMM Deep Field revealed a new class of sources, asso-

ciated with the inverse Compton emission from radio lobes. F
extended objects identified as galaxy clusters, we derietitis-
tical properties of the survey and compare them to publisasalts

on COSMOS (Finoguenov et al. 2007) and the prediction of cur-

rent best-fit cosmology and cluster scaling relations. Wesictered
log(N > S)—log(S), dn/dz and XLF testdog(N > S)—log(S)
test showed that SXDF lack extended X-ray sources brighter t
5 x 1071° ergs cm2 s7!, compared to other surveys, which we
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attribute to sample variance. XLF is in good agreement witisc
MOS and is well modelled, but somewhat more uncertain due to
incompleteness of the identification in SXDF field. Compauttine
WMAPS5 cosmology together with the scaling relations forselu
ters to the cluster counts, we detect a sensitivity of theptauto-
wards present uncertainty in the cosmological parametatsila
lustrate it by changing the value of by 5% to provide a best

fit to our data and showing the change in the prediction fohbot
log(N > S) — log(S), dn/dz and XLF tests.
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Table 1.

Catalog of the SXDF X-ray selected galaxy groups.

R.A Decl. z flux10—14 Lo.1—2.4keV Maoo 7200 flux red sequence median Ueda
ID Eq.2000 ergscm?’s™ ! 10* ergss! 10" Mg / flag N(z) significance redshift  photo-z ID
@ @ 3 4 ®) (6) ™ ® @© @) @11 12 (13) (14) (15)
SXDFO1XGG 34.68284 -5.54973 0.378 140,19 8.95-154  7.30.73 25 2 6 58 7.6 029700 040 08760889
SXDFO3XGG 34.33485 -5.48511 0.382 1432.33 10.94-2.72 821117 25 1 5 40 23 022705 035
SXDF04XGG 34.47560 -5.45160 0.693 043109 11.6%3.30 6.55-1.05 1.5 2 3 34 87 061150  0.70 0621
SXDF06XGG 34.73260 -5.47054 0.451 05212 6.52-1.51 5680.76 2.0 1 4 43 85 0357005 045 0934
SXDFO7XGG 34.60464 -5.41436 0.646 08213 24.6%3.82 10.680.96 1.9 1 6 6.5 8.4 0561001  0.65 0784
SXDFO8XGG 34.36312 -5.41925 0.645 045108 15.49-2.48  8.09:0.75 1.7 2 3 6.4 53 053100  0.65
SXDF10XGG 34.19894 -4.55896 0.409 043211 3.21#1.07 3.84072 1.9 3 2 29 15 030f597  0.40
SXDF14XGG 34.49784 -4.63107 0.396  0#4213 3.88:1.22 4.350.78 2.0 5 2 32 33 030f5% 035
SXDF15XGG 34.23301 -4.65666 0.437 0805 2.06:0.64  2.880.51 1.6 1 1 36 47 034709 040
SXDF16XGG 34.35674 -4.65945 0.196 045513 0.9200.22 215030 2.8 1 3 42 19 0157005  0.25 0453
SXDF18XGG 34.53927 -4.67350 0.312 0469.19 3.39-0.94 4.30:068 24 2 2 36 28 02775% 030

The rest of the table will be released after acceptance gidper

¢ — stellar halo

€T ddaxs ursiasn|o
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Table 2. Spectroscopic redshifts of cluster member gadaxie

R.A Decl. z cluster
Eqg.2000 ID
(1) @ (3) (4)

34.672458 -5.534833 0.381
34.675250 -5.547528 0.381
34.678875 -5.580494 0.375
34.681125 -5.553822 0.375
34.690000 -5.545900 0.375
34.690667 -5.548917 0.383
34.315625 -5.488881 0.382
34.328500 -5.491192 0.381
34.332292 -5.502233 0.383
34.333792 -5.492828 0.381
34.359750 -5.507003 0.383
34.488667 -5.465550 0.694
34.470042 -5.438756 0.695
34.475771 -5.451581 0.690
34.735500 -5.472017 0.452
34.737667 -5.472025 0.450
34.745083 -5.497194 0.453
34.758708 -5.467483 0.450
34.579429 -5.396031 0.646
34.588342 -5.421225 0.643
34.598000 -5.416903 0.647
34.604929 -5.421614 0.646
34.607771 -5.422281 0.647
34.612500 -5.418975 0.646
34.346642 -5.405492 0.644
34.346871 -5.414247 0.643
34.375917 -5.425039 0.648 8
34.202500 -4.555364 0.409 10
34.204000 -4.555958 0.409 10
34.489558 -4.650786 0.394 14
34.513667 -4.625025 0.397 14
34.239917 -4.664153 0.437 15
34.352625 -4.662078 0.197 16
34.359542 -4.659900 0.195 16
34.361042 -4.662269 0.196 16
34.531042 -4.682667 0.314 18
34.544083 -4.710425 0.310 18
Abridged

OO NNNNNANOOODODOORRDRRDPPRWWWWWERRERPERPEREPR
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Table 3. Properties of extended X-ray emission associatidradio jets.

ID host R.A Decl. z fluxt0—1° Lo.5—2kev Simpson Flux LiacH- Lyvs/Lyvy
cluster Eq.2000 ergscm s~ 10" ergss* ID 1.4GHz, mJy 10® W/Hz x(1+42)737
1) (2 (3) 4) (5) (6) ) (8) 9) (10)

SXDF90OXGG 34.47560 -5.45160 0.693 14660.50 3.6t1.1 19 4.83 87+ 1 4.2
SXDF25XGG  34.24682 -4.82231 1.179 6489.91 54+7.1 7 9.6 605 + 2 3.6
SXDF28XGG  34.49991 -4.82799 0.192 1240.37 0.14:0.04 20 4.6 4.4+ 0.02 12.
SXDF91XGG 34.14713 -4.91255 0.865 0F#40.27 2.81.0 12 6.59 200 £1 1.0
SXDF92XGG 34.39369 -5.22180 0.645 0£0.23 1.5-0.4 33 2.37 36 +0.4 4.7
SXDF70XGG 34.35118 -5.21950 0.919 1890.34 8.2:1.5 18 4.84 170 £ 1 3.1

@ — only one radio lobe is used in the X-ray estimate
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