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1 INTRODUCTION

ABSTRACT

We have obtained deep optical spectroscopic data of the highest-redshift cluster candidate (z ~
1.4, CVB13) selected by Van Breukelen et al. in a photometric optical/infrared catalogue of the
Subaru XMM-Newton Deep Field. The data, which comprise 104 targeted galaxies, were taken
with the DEep Imaging Multi-Object Spectrograph on the Keck 2 telescope and yielded 31
secure redshifts in the range 1.25 < z < 1.54 within a 7 x 4-arcmin? field centred on CVB13.
Instead of one massive cluster at z = 1.4, we find evidence for three projected structures at
z = 1.40,1.45 and 1.48. The most statistically robust of these structures, at z = 1.454, has
six spectroscopically confirmed galaxies. Its total mass is estimated at >10'4 Mg and it may
therefore be termed a cluster. There is an X-ray source at the cluster position which is marginally
spatially resolved but whose X-ray spectrum is too hard to be thermal cluster emission. Its
origin could be the summed X-ray emission from active galaxies in, and projected on to, the
cluster. Serendipitously, we have discovered a cluster at z = 1.28 with a mass of >10'* Mg
at the same position on the sky, comprising six spectroscopically confirmed cluster galaxies
and at least one additional radio source. The selection of CVB13 for the cluster catalogue was
evidently aided by the superposition of other, presumably lower mass, structures, whereas the
single cluster at z = 1.28 contained too few galaxies to be isolated by the same algorithm.
Given the complicated nature of such structures, caution must be employed when measuring
the mass function of putative high-redshift clusters with photometric techniques alone.

Key words: galaxies: clusters: general — galaxies: high-redshift — radio continuum: general —
X-rays: galaxies — X-rays: galaxies: clusters.

with redshift reflects the growth function of the Universe, which
is determined by Qy (the matter density parameter), 2, (the dark

Clusters of galaxies are important probes for both cosmology and
astrophysics. They are the most-massive virialized structures in the
Universe, and they are therefore excellent targets to study large-
scale structure formation. The cluster mass function directly links
to the normalization of the power spectrum of density perturba-
tions, o', which is the rms in the density on a scale of 8 7! Mpc
(h = Hy/100kms~! Mpc~!). The evolution of the mass function
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energy density parameter), and w (the dark energy equation-of-state
parameter). Further, clusters are of great interest to astrophysics be-
cause they can be approximated by a ‘closed-box’ environment. This
makes them ideal laboratories to study the interaction of galaxies
and the intergalactic medium, which is thought to play a large role in
galaxy formation and evolution. An important remaining question is
why so little baryonic matter in clusters forms stars (e.g. Cole 1991;
White & Frenk 1991). Feedback processes coupling baryonic mat-
ter from galaxies to the intergalactic medium are likely to counter
further condensation of the intergalactic gas and halt star formation.
Two examples of these processes are galactic winds due to multiple
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supernovae in starburst galaxies (e.g. Heckman 2002) and outflow
from radio-loud active galactic nuclei (AGN) (e.g. Scannapieco &
Oh 2004; Fabian, Celotti & Erlund 2006a).

Cluster searches have been carried out for decades. The first ex-
tensive cluster catalogue was created by Abell (Abell 1958; Abell,
Corwin & Olowin 1989). Unfortunately, Abell only had single-
filter photographic plates at his disposal and therefore his work was
severely complicated by projection effects. Gladders et al. (1998)
improved on this situation by showing that a redshift estimate can
be determined by using only two filters and targeting the bright, red
elliptical galaxy population in clusters which form the red sequence
(e.g. Bower, Lucey & Ellis 1992). A particularly important advance
in optical cluster detection has come from the advent of large arrays
of CCD detectors allowing large surveys to be carried out efficiently,
such as the relatively shallow (z < 0.4) but very wide field Sloan
Digital Sky Survey (SDSS) (e.g. Goto et al. 2002; Kim et al. 2002;
Miller et al. 2005). There have been numerous smaller area sur-
veys to higher redshifts, for example, the Palomar Distant Cluster
Survey (Postman et al. 1996), the ESO Imaging Survey (Lobo et al.
2000), and the Red Sequence Cluster Survey (Gladders & Yee 2005).
Moving to even higher redshifts, protoclusters have been found by
focusing on fields around quasars or radio galaxies (e.g. Venemans
et al. 2002) as a large fraction of these objects have been shown to
reside in clusters (see Pascarelle et al. 1996; Rottgering et al. 1996).
However, selecting clusters in blank sky surveys with optical pho-
tometry at redshifts z 2 1 was impractical for a long time because
of the shifting of the 4000-A break — characteristic for the red, pas-
sively evolving ellipticals predominantly found in clusters — out of
the / band to longer wavelength bands.

The launch of the ROSAT satellite in 1990 greatly advanced the
study of clusters in the X-ray regime, enabling the discovery of
hundreds of clusters up to z ~ 1. Later Chandra and XMM-Newton
provided the possibility to observe even deeper owing to their un-
precedented sensitivity and angular resolution. X-ray cluster surveys
now extend well above z ~ 1 (e.g. Stanford et al. 2001; Rosati et al.
2004; Bremer et al. 2006). Stanford et al. (2006) currently hold the
record of the most-distant spectroscopically confirmed cluster at
z = 1.451. This cluster was initially detected as an extended source
in XMM X-ray data; spectroscopic follow-up revealed five cluster
galaxies within a 1 arcmin diameter. The temperature of the intra-
cluster medium (ICM) was shown to be ~7 keV, which is the highest
detected in any cluster at z > 1, implying a relatively massive cluster
for such a high redshift.

Another way to observe the ICM is through the Sunyaev—
Zel’dovich effect (S-Z effect, Sunyaev & Zeldovich 1970, 1972).
This effect is visible as a distortion of the cosmic microwave back-
ground (CMB): as the CMB photons travel through the ICM they are
subjected to inverse Compton scattering, which shifts the energies of
a small fraction of the photons slightly upwards. In the last decade,
many detections have been made of the S-Z effect (e.g. Birkinshaw
1999; Carlstrom et al. 2000; Jones et al. 2005) and comprehensive
S—Z surveys are underway (Kneissl et al. 2001). Cotter et al. (2002)
used pointed S—Z observations to detect hot gas associated with a
z ~ 1 cluster of radio sources.

Recent developments of wide-field infrared cameras, such as
the Wide-Field CAMera (WFCAM) on the United Kingdom In-
fraRed Telescope (UKIRT), have brought photometric cluster sur-
veys back into vogue by enabling deep, large-scale infrared surveys
and pushing the limit of photometric cluster selection to significantly
higher redshifts. The UKIRT Infrared Deep Sky Survey (UKIDSS,
Lawrence et al. 2007) is a suite of both wide and deep infrared imag-
ing surveys using WFCAM. The Ultra Deep Survey is the deepest

of these, and covers 0.8 deg? in the Subaru XMM—Newton Deep
Field (SXDF, Sekiguchi et al., in preparation) with a planned limit-
ing magnitude of Kvega = 23. Deep BVR/' 7' imaging data from the
Subaru Telescope are also available on the SXDF (Furusawa et al.,
in preparation), as are X-ray data by XMM-Newton (Watson et al.
2004), radio data from the Very Large Array (Simpson et al. 2006;
Ivison et al. 2007), and Spitzer infrared data ranging from 3.6 to
24 um (Lonsdale et al. 2005).

We previously exploited these exceptional multiwavelength data
sets to execute a high-redshift cluster survey, using photometric
redshifts, as reported in Van Breukelen et al. (2006) (VB06). In
VBO06, we isolated 13 cluster candidates at 0.6 < z < 1.4 in
0.5deg? of the SXDF. The highest-redshift cluster candidate,
CVB13 [RA = 02"18™10%5, Dec. = —05°01'05" (J2000)], was
estimated to lie at z = 1.39 £ 0.07.

In this paper, we present the spectroscopic follow-up of the puta-
tive CVB13 cluster with the DEep Imaging Multi-Object Spectro-
graph (DEIMOS, Cowley et al. 1997) on the 10-m Keck 2 telescope.
Section 2 describes the observations and data reduction. The analy-
sis and discussion on the nature of the system are given in Section 3.
Section 4 contains concluding remarks. Throughout this paper, we
use Hy = 70kms™' Mpc™! (h = 0.7), Qy = 0.3 and Q4 = 0.7
and a A cold dark matter power spectrum with og = 0.75; all sky
coordinates are quoted in equinox J2000.

2 THE DATA

2.1 Selection of the targets

We selected four samples of target galaxies to create a Multi-
Object Spectroscopy (MOS) mask. Each of these samples comprised
groups of different priorities. The samples are described below; the
masks were created by allocating the maximum number of slits to
sample 1, priority 1, and moving down through all the priorities
within the sample before allocating slits to the next sample.

(i) Sample 1. This sample included all galaxies that were de-
termined to be a possible cluster member of CVB13 by the algo-
rithm described in VB06. The algorithm presented in this paper used
two methods to detect clusters: Voronoi Tesselations and Friends-
of-Friends. The galaxies that were assigned to the cluster by both
methods composed the highest-priority target group within this sam-
ple. The second priority group comprised the cluster members as
selected only by Friends-of-Friends, followed by the galaxies found
only by Voronoi Tesselations, as this is a less-reliable method to
determine cluster membership (see VB06). The target list of this
sample consisted of a total of 125 objects, of which 18 objects are
of priority 1, three are of priority 2, and 104 are of priority 3. Slits
could be placed on 61 out of these 125 targets, divided into priori-
ties: priority 1 — 10 galaxies, priority 2 — 0 galaxies and priority 3 —
51 galaxies.

(i1) Sample 2. By rotating the DEIMOS instrument by 90°, we
were able to utilize the long axis of the field of view to target another
candidate cluster from VBO06 within the same observations. This was
cluster 6 (CVB6) at z = 0.76 &+ 0.12, RA = 02"18™3257, Dec. =
—05°01'04". The target galaxies for this sample were selected and
prioritized exactly as done for sample 1. There were 152 targets
in total, divided into priorities: priority 1 — 30, priority 2 — 1 and
priority 3 — 121. Out of these, 64 sources could be observed: 13 of
priority 1, one of priority 2, and 50 of priority 3.

(iii) Sample 3. The third sample consisted of various active galax-
ies in the field, detected by their X-ray activity, radio emission, or
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Figure 1. Histogram of the photometric redshifts of galaxies in the field
of CVBI3 (02"17™5456 < RA < 02"18™26%4 and —05°03'05” < Dec. <
—04° 59’05” in the redshift range 1.2 < z < 1.6. At z = 1.4, the projected
region of interest has a proper size 3.6 x 2.0 Mpc?. The photometric redshifts
were calculated using Bruzual & Charlot (2003) modelled spectral energy
distributions from stellar population synthesis (see VBO06 for a discussion of
the photometric redshifts). The solid line is the sum of the redshift probability
functions (normalized to the peak of the histogram) of the galaxies with a
photometric redshift within the shown redshift range.

excess flux in the Spitzer 24-pm band. We found 48 radio sources
in the field, which made up priority group 1. The second priority
group included 31 X-ray sources. The last priority group consisted
of 12 objects with a detection in the 24-pm band and a colour of
J — K = 2. The target list comprised 91 sources, out of which
26 were observed (15 radio sources, eight X-ray sources and three
24-um sources).

(iv) Sample 4. The final sample was designed to fill up all remain-
ing slits in the two masks. It included all galaxies in the field with a
photometric redshift of 1.25 < zyp, < 1.54. Fig. 1 is a histogram of
the photometric redshifts of these objects; overplotted is the sum of
their redshift probability distribution functions. The chosen redshift
range corresponds to the £2¢ range on the photometric redshift of
the cluster candidate CVB13. This error on the cluster redshift re-
flects the combined redshift probability distribution functions of the
cluster candidate members as given in VB06. This sample consisted
of 1139 objects out of which 43 were observed.

2.2 Observations and data reduction

Optical spectroscopy was undertaken on the 2006 December 21 us-
ing the DEIMOS instrument on the Keck 2 telescope. The telescope
was pointed at RA = 02"18m20:00, Dec. = —05°01'04"9 and the
field of view of the instrument, with a position angle of 90°, was
16.7 x 5arcmin? in RA x Dec. The two MOS masks comprised
1-arcsec-wide slits. The 600 line mm™! grating was used in conjunc-
tion with the GG495 order-blocking filter. A long-slit observation
of Feige 110 was taken for spectrophotometric calibration. Four
1800-s integrations were taken for each mask, and short-exposure
images were taken through the mask after each spectroscopic in-
tegration to ensure mask alignment. Seeing, as measured on the
alignment images, varied between 0.6 and 1.0 arcsec. Conditions
were photometric throughout.

The two-dimensional spectra were reduced with the DEEP2
DEIMOS Data Pipeline.! The pipeline processes the flats and arcs
to determine the position of the slitlets on the CCD and to find the

!http://astro.berkeley.edu/~cooper/deep/spec2d/
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two-dimensional wavelength solution for each slitlet. Subsequently,
the spectra are flat-field corrected and the curvature of the spectra
in the spatial direction is rectified. The separate science exposures
are sky-subtracted and finally combined into one mean, cosmic-ray-
rejected, science frame.

We extracted the one-dimensional spectra with a boxcar extrac-
tion routine, using a 0.8-arcsec-width aperture. To enable flux cal-
ibration, the standard star long-slit exposure was reduced with the
IRAF package ‘TWODSPEC’. The sensitivity function was determined
using the IRAF task ‘SENSFUNC’ and the one-dimensional science
spectra were calibrated with the task ‘CALIBRATE’. We note that for
the average seeing of 0.8 arcsec we missed ~13 per cent of a typical
galaxy’s flux within our aperture.

2.3 The spectroscopic sample

Overall the two MOS masks targeted 194 objects. Out of these, we
were able to assign redshifts to 139 galaxies (72 per cent), which
were divided over the samples as follows: 38 redshifts in sample 1,
57 redshifts in sample 2, 23 redshifts in sample 3, and 21 redshifts
in sample 4. The remaining 28 per cent of the observed galaxies had
continua too faint to allow a redshift determination from absorption
features and showed no emission lines. Fig. 2 shows the positions
of the targets within the DEIMOS field of view where each sample
is depicted in a different colour.

In this paper, we focus solely on the cluster candidate CVB13.
We therefore imposed two selection criteria to create our final spec-
troscopic sample: (i) the objects had to be within the 7 x 4-arcmin?
field centred on RA = 02"18™10°5 and Dec. = —05°01'05" (see
the Fig. 1 caption for RA and Dec. limits of the sample); and
(ii) the redshift range was restricted to 1.25 < z < 1.54, which was
the original 2¢ range of cluster candidate redshift (see Section 2.1).
There were 30 objects in our DEIMOS data that satisfied these cri-
teria, out of which 25 were from target sample 1 and five from target
sample 4. These objects are shown in Fig. 2 with the red circles. We
added one galaxy to our final sample that was observed with the
Gemini Multi-Object Spectrograph (GMOS, Hook et al. 2004) on
the Gemini North Telescope in Hawaii and satisfied the same selec-
tion criteria. The respective sample selection and data description
can be found in Van Breukelen et al. (in preparation). This brought
the total of the final spectroscopic sample to 31 objects.

3 ANALYSIS AND DISCUSSION

3.1 Properties of the line emitters

Due to the high redshift of our spectroscopic sample of 31 galaxies,
the continua of the spectra are weak, rendering redshift determi-
nation by absorption features alone unfeasible. All redshifts in the
final sample were therefore calculated from the [O 11] emission line
at 3727 A. The identification of the [O1] line is reliable because
in some cases the doublet was resolved, in others there were sup-
porting absorption features, or there were no other emission lines
visible within the spectral range that would be expected if the [O11]
line was actually another emission line at a different redshift. The
one- and two-dimensional spectra of the detected emission lines are
shown in Fig. 3, where the identified line features are labelled and
noisy sky regions are shaded. The three-dimensional distribution of
the galaxies within our target area is depicted in Fig. 4 in comoving
coordinates (X corresponds to RA, Y to Dec. and z to redshift). The
galaxies are colour-coded to redshift, from blue at z = 1.25 to red
atz = 1.53.
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Figure 2. Spectroscopy targets overlaid on the //-band image (Furusawa et al., in preparation) of the DEIMOS field of view. Sample 1 is depicted in the green
symbols, sample 2 in the blue, sample 3 in the purple, and sample 4 in the yellow symbols (see Section 2.1). The small squares symbolize all the objects in the
target list, the pluses are the objects that were actually observed, and the diamonds are all the targets for which a redshift could be determined. The red circles are
the objects which are included in the final spectroscopic sample for this paper: they fall within the depicted box of 7 x 4 arcmin® centred on RA = 02" 18™10%5,

Dec. = —05°01’05” and have redshifts of 1.25 < z < 1.54 (see Section 2.3).

To determine the exact redshift, the line flux and the equivalent
width of the [O 11] emitters, we fit a line profile to the [O 11] emission
line in each object. As the [O11]37,7 line is a doublet, the fitted line
profile consists of two Gaussians at A = 3726.1 and 3728.8 A.The
full width at half-maximum (FWHM) of each Gaussian is assumed
to be equal, and is a free parameter of the fitted function. The other
parameters are the redshift, the continuum level, and the ratio of
fluxes of the two lines. The flux ratio is constrained to be within the
limits for high and low density (Osterbrock 1967), corresponding
t0 0.35 < Fa700/F3726 < 1.5, where F is the single line flux. Random
errors on the flux and redshift measurements are determined by
fitting modelled lines with the same procedure.

We calculate the star formation rate (SFR) of the galaxies using
the equation given by Kennicutt (1998):

SFR = (1.4 4 0.4) x 107 Loy, (1)

where the SFR is in Mg yr’1 and Loy is the luminosity
of the [O1]s7p; emission line in Watts. This equation assumes
Liom/Lue = 0.57 and a Salpeter initial mass function (IMF) with
stellar masses between 0.1 and 100 M. Extinction or total obscu-
ration is not corrected for and therefore these estimates represent
lower limits on the SFR. The properties of the complete sample can
be found in Table 1. In this table, the redshift has been converted to
heliocentric redshift (see Danese, de Zotti & di Tullio 1980).

3.2 Sample completeness

To estimate the completeness of our spectroscopic sample, we have
to take the following three factors into account.

(1) The original target list was compiled from the UKIDSS-UDS
Early Data Release (EDR) catalogue, which has a limiting K-band
magnitude of Kyeg, = 20.6. Cirasuolo et al. (2007) present a K-band
luminosity function of galaxies in the UKIDSS-UDS in different
redshift bins. We can calculate the total expected number of galaxies
using their Schechter function for the redshift range 1.25 < z <
1.50, characterized by ¢* = 2.6 + 0.3 x 1073 Mpc ™, Mg Ve =
—24.93 4 0.16, and @ = —0.92 £ 0.18. In our field of 7 x 4 arcmin?
and 1.25 < z < 1.54, we would expect 391 galaxies in total; when we
impose the magnitude limit of Kv.g, = 20.6, we would only expect
to detect 99 objects, or 25 per cent.

(i) The nature of an MOS mask makes complete sampling of
the target list impossible. Out of our original target list, 177 objects

satisfied our selection criteria (see Section 2.1), using photometric
redshifts for the redshift criterion of 1.25 < z < 1.54. Of these
objects, 75 were observed with the MOS masks. This means our
spectroscopic data sampled 42 per cent of the galaxies we intended
to target.

(iii) All the objects in our sample are [O 1] emitters. We only
detect the [O 1] lines with a line flux >1.0 x 10* Wm™2. Fur-
thermore, sky lines raise the flux limit of the [O 1] line that we can
detect in specific parts of the spectra. However, this affects lines with
different linewidths in different ways. We determine our detection
completeness of [O 11] lines with a flux greater than the flux limit of
1.0 x 10* W m™2 by modelling a two-dimensional [O 113757 line.
The modelled lines have a rest-frame FWHM varying between 1.3
and 7.6 A and fluxes from 1072 to 10" W m~2, corresponding to
the range of observed rest-frame FWHMs and line fluxes. We add the
modelled lines at redshifts of 1.25 < z < 1.54 to a two-dimensional
sky frame and try to recover the lines with the same procedure as
used for the real spectra. Assuming a uniform distribution over the
FWHM range and a Schechter distribution in flux, we calculate the
fraction of missed sources at each redshift bin to find the detection
completeness of [O11] lines with flux >1.0 x 103* W m~2. The re-
sult ranges from 22 per cent at the locations of the strongest sky
lines up to 97 per cent at the regions of the spectra with the least sky
background noise.

Fig. 5 (left-hand panel) shows the redshift distribution of the 31
objects in our sample. Overplotted on the spectroscopic redshift
histogram is the expected number of [O1] emitters per redshift
bin in our field, calculated with the observed Schechter luminos-
ity function for [O11] emitters at z = 1.47 from Ly et al. (2007):
logo(¢* /Mpc~3) = —1.97 £0.06; log,o(L*/W) = 35.60 % 0.05;
o = —0.78 £ 0.13. The expected number of [O 11] emitters is cor-
rected by multiplying by the wavelength-dependent product of the
three completeness factors, namely 0.25 x 0.42 x (0.22-0.97). Note
that this implicitly assumes no correlation between [O 1] flux and
the observed K-band magnitude. However, if, for example, the rest-
frame equivalent width of the [O 1] line is constant with the ab-
solute blue magnitude of the galaxies, we would expect a positive
correlation between [O11] flux and the rest-frame blue magnitude.
Therefore, if the colours of the [O 11] emitters are constant, we would
expect a positive correlation between [O11] flux and the observed
K-band magnitude. This would make the completeness factor of
0.25 in point (i) an underestimate. On the other hand, if the colour

© 2007 The Authors. Journal compilation © 2007 RAS, MNRAS 382, 971-984
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Figure 3 — continued

term is bluer for galaxies with a higher SFR — and hence brighter
[O11] emission — then this would counter the positive correlation.
Studies of [O 11] emission at z ~ 0-1 (e.g. Hogg et al. 1998) do not
allow us to separate these effects, so we adopt the 0.25 completeness
factor and discuss the effects of extreme departures from this value
in Section 3.3.

3.3 Evidence of clustering

The distribution of photometric redshifts in the field of CVBI13
has a clear peak at z = 1.4, as is shown in Fig. 1. Spectroscopic
follow-up, however, shows that the single redshift peak at z = 1.4
separates into three less-significant peaks at z = 1.40, 1.45 and 1.48,
as pictured in Fig. 5 (left-hand panel). There is also a clear overden-

sity at z = 1.28 which was not detected in the photometric redshift
catalogue.

Following the method of Brand et al. (2003), we calculate the
probability in each redshift bin (using Poissonian low-number statis-
tics) that the number of [O11] emitters is greater than the number
detected, given the number of [O 11] emitters predicted by the model.
The result is shown in Fig. 5 (right-hand panel) for bin sizes of Az =
0.0025 (120 bins, black solid line), Az = 0.005 (60 bins, blue dotted
line), and Az = 0.01 (30 bins, red dashed line). For a bin size of
Az = 0.01, the redshift peaks at z = 1.28 and 1.45 both have a
probability of 107>, As there are 30 bins with this bin size, one
would expect to find such a low value in 0.03 per cent drawn from
a set of random realizations. Based on these statistics, we deem the
structures at z = 1.28 and 1.45 to be highly significant overdensities.
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Figure 4. The three-dimensional distribution of galaxies within our spectroscopic sample (see Fig. 2: red circles) in comoving coordinates (X corresponds to
RA, Y corresponds to Dec. and z corresponds to redshift). The plotted box reflects the field of CVB13 as defined in Section 2.3; the front and back faces are
defined by the RA and Dec. limits as described in the caption of Fig. 1. The galaxies are colour-coded to redshift, from blue at z = 1.25 to red at z = 1.53.
Right-hand panel: XY-projection of the galaxy distribution.

Table 1. Properties of the [O 11] emitters.

ID RA Dec. Zspec F[o 1] L[o 1 EW() SFR i LK

L) (S 107 ¥wm=2)  10%W) A Meyrh L)
CVBI13_1 02:18:04.411 —05:01:08.25 1.25427 4.8 44+04 17 62+18 22.480 35
CVBI1322 02:18:07.815 —04:59:17.22 1.26712 1.0 1.0+£04 25 1.3+£0.7 23.777 1.1
CVBI13.3 02:18:06.449 —05:00:54.87 1.27453 1.2 1.1+£0.4 11 1.5+£0.7 23.292 2.1
CVBI13.4 02:18:05.804 —05:00:50.10 1.27580 2.3 22+04 16 3.1+£1.0 22.934 1.7
CVBI13.5 02:18:06.826 —04:59:17.36 1.276 05 2.8 27+04 17 38+12 23.772 1.8
CVBI13.6 02:18:09.768 —05:00:31.80 1.28199 1.1 1.0+£0.1 11 1.5+04 24.226 0.2
CVBI13.7 02:18:15.069 —05:02:12.49 1.28338 2.5 24+0.1 19 33+1.0 22.693 1.3
CVB13.8 02:18:14.116 —05:01:12.02 1.28350 22 2.1+£0.1 23 3.0+£09 24.588 0.3
CVBI13.9 02:18:08.568 —05:00:27.32 1.28517 10.1 99 +0.1 51 13.8 £4.0 23.610 0.3
CVB13.10 02:18:17.524 —05:00:34.91 1.28629 9.8 9.6 £0.1 20 134 £38 22.642 2.7
CVBI13_11 02:18:16.661 —05:01:28.73 1.28676 1.5 1.5+0.1 48 2.1+0.6 26.278 0.5
CVBI13_.12 02:18:16.402 —05:02:08.13 1.40024 1.3 1.5+£0.5 18 21+£09 23.027 1.5
CVBI13_.13 02:18:25.450 —04:59:44.17 1.40508 1.5 1.8 £0.5 11 26+1.0 23.371 3.1
CVB13_.14 02:18:24.377 —04:59:54.12 141119 35 4.2+0.1 46 59+1.7 22.753 0.7
CVBI13_15 02:18:15.406 —05:00:04.62 1.41120 5.6 6.9 +0.1 69 9.6 2.8 24.243 0.2
CVB13.16 02:18:14.512 —05:01:10.79 1.41148 4.0 50+£0.1 38 6.9+20 23.489 0.9
CVBI13_.17 02:17:59.932 —05:01:20.99 1.44405 4.3 5.6 £0.1 39 79+23 23.875 0.8
CVBI13_18 02:17:54.806 —05:02:03.29 1.45319 3.6 4.7+0.1 87 6.6 £19 24.173 0.6
CVBI13.19 02:18:12.424 —05:02:01.65 1.45331 74 9.7+0.1 23 13.6 3.9 23.012 34
CVB13.20¢ 02:17:57.251 —05:02:23.82 1.45349 1.6 2.1+£0.1 62 29+08 23.484 39
CVB13221 02:18:09.084 —05:00:27.58 1.45393 1.1 1.5+0.1 11 2.1+0.6 23.398 0.5
CVB13.22 02:18:03.930 —04:59:08.76 1.45479 4.2 55+0.1 29 77+£22 23.600 1.0
CVB13.23 02:18:10.251 —05:00:24.12 1.45558 1.9 2.5+0.1 23 34+1.0 24.448 0.4
CVBI13.24A 02:18:12.252 —05:01:11.44 1.469 68 8.2 1.1 £0.1 91 155+44 23.134 0.8

CVB13.24B 02:18:12.172 —05:01:11.65 1.47274 5.0 6.8 £0.1 43 9.5+27 23.134 <03
CVB13.25 02:18:06.292 —05:01:34.62 1.484 64 5.7 79+£0.1 85 11.1 £32 23.606 1.1
CVBI13.26 02:18:18.700 —05:01:10.74 1.48472 3.2 44+0.1 43 62+1.8 24.398 0.4
CVB13.27 02:18:16.859 —05:00:55.27 1.48896 4.0 5.6+£0.1 24 79+£23 23.809 2.3
CVB13.28 02:18:10.725 —05:00:22.11 1.49951 74 1.1 £0.1 57 14.6 4.2 23.910 0.4
CVB13.29 02:18:21.719 —05:01:02.32 1.501 86 33 4.7+ 0.6 58 6.5+£20 24.033 14
CVBI13.30 02:17:54.986 —05:01:32.49 1.53905 5.8 89+£0.6 29 124+ 3.6 23.591 0.4

Notes. Column 1 states the galaxy ID; 24B was discovered serendipitously in the slit of 24A and does not meet the K limit of the parent sample. The RA and
Dec. given in columns 2 and 3 are in equinox J2000. The (heliocentric) redshift and line flux of the emitters (columns 4 and 5) are derived from a double
Gaussian fit to the [O11] 3727-A line profile. The line luminosity is shown in column 6, and column 7 is the rest-frame equivalent width. Column 8 shows the
SFR derived from Loy (following Kennicutt 1998) and column 9 is the i’-band magnitude (Vega). Column 10 shows the K-band luminosity in units of L} at
the galaxy’s redshift, calculated with My = —24.34 (Lin et al. 2004) at z = 0 and assuming passive evolution (following prescriptions of BruzualCharlot 2003)
with a formation redshift of zfomm = 4. The error on the flux measurement is ~1 x 1072 Wm2, although in regions dominated by sky lines (1.25 < z <
1.28,1.37 < z < 1.41 and z > 1.5) the error is on average four times higher. The error on the redshift measurement is estimated at 5 x 107> The error on the
luminosity is the propagated flux error. The error quoted for the SFR is the error derived from equation (1) and the error on the luminosity added in quadrature.
“Observed with GMOS (see Van Breukelen et al., in preparation).
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Figure 5. Left-hand panel: histogram of the spectroscopic redshifts of the targeted galaxies with detected [O 11] emission in the field of CVB13. The shaded
bin represents the galaxy observed with GMOS. Overplotted is the expected number of [O11] emitters per redshift bin, taking into account our detection
completeness (see Section 3.2). The effects of the sky lines are somewhat smoothed in the plot owing to the binning of the histogram. Right-hand panel: the
probability of the detected number of [O 11] emitters per redshift bin being due to the background model, using the method of Brand et al. (2003) described in
Section 3.3. The solid black line is for a bin size of Az = 0.0025, the dotted blue line for Az = 0.005, and the dashed red line for Az = 0.01.

Other peaks in the redshift distribution could reflect genuine
structures but could alternatively be due to Poisson noise in the
background distribution. Note that if the completeness factor of
point (i) in Section 3.2 is smaller than 0.25, the overdensities would
be even more significant; if the factor is larger than 0.25 this would
reduce the probability of the two structures up to ~0.01 for a factor
of 1. However, this large a completeness value is disproved by the
existence of the object CVB13°24B which has strong [O11] emis-
sion but K > 20.6, and by the occurrence of similar high equivalent
width objects in the sample of Hogg et al. (1998).

‘We do not detect any obvious signs of clustering in RA and Dec.
in our spectroscopic sample (see Fig. 4). This is principally because
(i) we were unable to spectroscopically observe every photometric
candidate cluster galaxy within the allocated time; (ii) the MOS
instrument was unable to completely sample the cluster core, as
slitlets cannot be placed within 1.5 arcsec along the spatial axis, nor
next to each other along the dispersion axis as the spectra will over-
lap; and (iii) we could only determine redshifts for [O 11] emitting
galaxies and not for the red, passively evolving galaxies, which are
customarily more clustered (e.g. Meneux et al. 20006).

3.4 Velocity dispersions and mass estimates

The line-of-sight velocity distribution of the two statistically robust
structures at z = 1.28 and 1.45 is shown in Fig. 6. The biweighted
mean of the redshifts and the ‘gapper’ estimate of the velocity dis-

3 : : :
; z = 1.28
2F 7
z |
1F 7
Ok
—-2000 —1000 0 1000 2000

Vies (km/'s)

persion are calculated for each of the structures, using the proce-
dure outlined in Beers, Flynn & Gebhardt (1990). Subsequently,
we estimate the masses of the groups using the relation between
cluster mass My (the mass contained within a sphere of radius 709
for which the mean density is 200p,) and virial velocity found by
Evrard (2007):

105K~1M ooe\
Maoo = © — sl B @)
H/H, 1080kms

where for a flat Universe

H(z) = Ho\/ Qa + Qu(1 +2)°. 3

An alternative mass estimate is based on the stellar light of the
groups observed in the K band. This is done in a number of steps.
First, we calculate the K-band luminosity of each galaxy in terms
of Ly at the appropriate redshift. This parameter is determined by
assuming M} = —24.34 for the cluster luminosity function (Lin,
Mohr & Stanford 2004) at z =0, and passive evolution of the K-band
luminosity function, given a formation redshift of zs,, = 4. Next,
we sum all the luminosities of the observed galaxies and correct
for the missed fraction of light due to the flux limit, according to
the luminosity function of Lin et al. (2004). To arrive at the total
mass, we then take a mass-to-light ratio (M/M@)/(L/L) of 75h
(Rines et al. 2001) which is assumed constant with redshift in terms
of L (note that assuming passive evolution of the luminosity func-
tion implies that Ly itself increases with redshift). The mass thus

z = 1.45

T T T T T T T T T T

we vl

1
1
1
1

—2000 —1000 0 1000 2000
Vlos (km/s)

Figure 6. Left-hand panel: the line-of-sight velocity distribution for the structure at z = 1.28. The solid lines in both the histogram and the fitted Gaussian
comprise all galaxies within a range of 1000 km s~ from the centre. The dashed lines show the sample within 2000 km s~'. Right-hand panel: velocity
distribution for the structure at z = 1.45. Line styles are as in the diagram in the left-hand panel.
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estimated is only a lower limit, as we do not correct for the fact that
our spectroscopic sampling of the group members is most likely
incomplete.

As is illustrated in Fig. 6 (left-hand panel), the mean redshift
and velocity dispersion of the structure at z = 1.28 are highly de-
pendent on the limit imposed on the individual galaxy velocity for
group membership. If we assume that all galaxies within a range of
2000 kms~! are members of the group, we obtain a mean redshift
of 7 = 1.282 + 0.002 and a velocity dispersion of ¢ j,s = 668 £
149 km s~!. Placing the limit at 1000 kms~!, however, gives
Z = 1.2847 £ 0.0008, oy 10; = 236 & 63 kms~'. Assuming that
the group is virialized, the dynamically inferred masses are 5 x 10"
and 3 x 10" M, respectively. The mass estimates from the total
stellar light are 8 x 10'® and 4 x 10'* My, respectively, for the two
galaxy samples.

The structure at z = 1.45 gives similar velocity distributions for
the samples in the two velocity ranges (see Fig. 6, right-hand panel).
We arrive at 7 = 1.4542 £ 0.0004 and o'y 1o = 113 £57 kms™';
the inferred dynamical mass is only 5 x 10'> M. The mass derived
from the stellar light yields a much higher estimate of 9 x 10'* M.
Since we have spectroscopic confirmation for six to eight galaxies
in the group with a total stellar mass of 1.6-1.8 x 10'?M¢), we
believe that approximately a few 10'* M is a sensible minimum
mass for the associated dark matter halo.

3.5 X-ray and radio properties

We have performed an analysis of the X-ray emission around
CVBI13. Fig. 7 (left-hand panel) shows a three-colour (Bi’ K) im-
age of the central 3 x 3-arcmin?® field with X-ray and radio (VLA
B array) contours overlaid. We detect X-ray emission at RA =
02"18Mm09* and Dec. = —05°00'30" (object X2, see Table 2 and
Ueda et al., in preparation, source no. 0712) which is coincident
with the optical/near-infrared cluster position. The X-ray source ap-
pears extended with a deconvolved size of ~5 arcsec (the XMM point

-04° 59 30"

Do"

Declination

oo

01 30"

-05°% 02 00"

02" 18™ 145 12° 10% 08® 06°% 045
Right Ascension

Declinotion

spread function is ~6 arcsec). The total X-ray flux is Fx = 9.1 x
10~' W m~2, which would mean a luminosity of Lx = 8.9 x 103 W
if the emission is associated with the cluster at z = 1.28 or Lx =
1.2 x 103" W at z = 1.45. This would be indicative of a cluster mass
of ~10'* M, for one of the clusters, or ~8 x 10'* My each if both
clusters contribute equally to the X-ray flux (Reiprich & Bohringer
2002). The signal-to-noise ratio is too low to allow us to detect the
6.4-keV iron line and thus we cannot assign a secure redshift to the
X-ray source. However, enough photons are detected in the source
to conduct a crude hardness ratio (HR) spectral analysis. The HR
values are HR2 = (C; — C,)/(C, + C3) =0.38 £0.22 and HR3 =
(Cy — C3)/(C3 + C5) = 0.01 £0.16, where C, is the 0.5-2.0 keV
count rate, Cs the 2.0-4.5 keV count rate, and C, the 4.5-10.0 keV
count rate (Ueda et al., in preparation). These ratios mean that the
X-ray spectrum is much harder than typical for a cluster, and is more
characteristic for an absorbed AGN (e.g. Della Ceca et al. 2004).
However, we do not find evidence for a single obscured AGN (e.g. a
24-um or radio source) at the exact position of the X-ray emission.
This is a puzzling system which is at face value an extended hard
X-ray source. It requires an emission mechanism beyond any simple
addition of a single obscured, non-thermal AGN and thermal cluster
emission. Two such mechanisms that can cause the extended hard
X-ray emission are inverse Compton scattering (see e.g. Fabian et al.
2006b) or confusion of more than one hard-spectrum X-ray source.

There is a significantly brighter X-ray source ~40 arcsec to the
south-west of CVB13 (X1, see Fig. 7, left-hand panel). It is uncer-
tain if it is physically associated with the weaker extended X-ray
emission; however, it is certainly associated with a distant galaxy.
A third X-ray source in the field (X3) is associated with an AGN
at a redshift coincident with the z = 1.28 structure (see Table 2).
Table 2 also shows the properties of the eight brightest radio sources
in the field shown in Fig. 7 (left-hand panel). There are radio sources
associated with both the z = 1.28 and the z = 1.45 clusters, but
the bright radio source RB4 closest to CVB13 is associated with a
foreground galaxy at z ~ 0.5. In Fig. 7 (right-hand panel), we plot a

20"

30"

40"

-05% 01' DO"

02" 18™ 10.50.0°5 95% 9.0° 85% 80° 75° 7.0
Right Ascension

Figure 7. Left-hand panel: Bi' K colour image (Furusawa et al., in preparation) of the central 3 x 3-arcmin® region of CVB13. X-ray contours are from a
signal-to-noise ratio radio map in the 0.5-2 keV band and are overlaid in purple [contour levels at (v/20, 20, 2+/20, .. .)]; the 1.4-GHz VLA B-array radio
map is contoured in blue [contour levels at (4o, 4ﬁa, 80, ...)]. The radio beam size is 5 x 4 arcsec? at PA = 170°. X-ray and radio sources are labelled as
in Table 2. Right-hand panel: colour image as in the left-hand panel, zoomed in on the central 1 x 1-arcmin? region. The radio contours are from the higher
resolution VLA A-array radio map [contour levels at (2\/50, 40, 4«/50, ...)], with a beam size of 1.9 x 1.6 arcsec? at PA = 22°.
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Table 2. Table of the X-ray and radio sources in the 3 x 3-arcmin? central region of CVB13.

1D RA Dec. F Zphoto Zspec Reference
(h m S) (o ’ //) (W m72)
X1 02:18:06.52 —05:00:43.9 25403 x 1077 1.06 -
X2 02:18:08.37 —05:00:30.3 9.1+£2.1x 10718 - -
X3 02:18:13.83 —04:59:39.2 6.4+1.5x%x 10718 - 1.258 Simpson et al. (in preparation)
oomo ¢ " (1y)
RB1 02:18:03.66 —04:59:30.1 122 +26 1.05 -
RB2¢ 02:18:06.83 —04:59:16.8 174 £50 1.11 1.276 This paper (CVB13.5)
RB3 02:18:07.94 —05:01:45.0 256 +£27 - -
RB4 02:18:08.59 —05:00:40.0 102 £29 - 0.493 Simpson (private communication)
RB5 02:18:09.48 —04:59:45.5 2347 £28 1.35 1.094 Simpson et al. (in preparation)
RB6 02:18:09.55 —05:02:00.0 68 £22 - 1.268 Simpson (private communication)
RB7 02:18:11.89 —05:01:29.6 49 +£21 0.75 0918 This paper
RBS 02:18:12.44 —05:02:01.3 104 £27 1.32 1.453 This paper (CVB13_19)
RA1 02:18:08.30 —05:00:27.2 67 £20 1.02 -
RA2 02:18:08.57 —05:00:52.8 73 £30 0.94 -
RA3 02:18:09.10 —05:00:27.2 66 +£29 1.27 1.454 This paper (CVB13_21)
RA4 02:18:09.23 —05:00:30.0 109 £38 1.32 -

Notes. The IDs correspond to the labels in Fig. 7. The RA and Dec. are given in columns 2 and 3. The values in column 4 are the X-ray flux (0.5-10 keV) for
the X-ray sources, and the 1.4-GHz radio flux density for the radio sources. The photometric redshifts (column 5) were determined as described in VB06. The
spectroscopic redshifts (column 6) are from various sources as referenced in column 7.

“This object appears to be a resolved source in the B-array data, but the A-array data show that it actually consists of three separate objects. The central object

on its own has a flux of F = 113 £24 uJy.

zoomed-in view of the CVB13 field and overplot the contours of the
VLA A configuration map. This confirms four weak radio sources
tentatively seen in the B-configuration map (Fig. 7, left-hand panel).
One of these objects (RA3) has spectroscopically been confirmed
to be at z = 1.45. RA4 has similar colours and photometric redshift
and is therefore likely to be part of the same cluster. There is incon-
clusive evidence that the radio source associated with this galaxy
has the ‘head—tail’ structure characteristic of galaxies moving with
respect to an ICM.

If the radio emission is solely due to synchrotron radiation from
a starburst, the SFR of a radio source with a 1.4-GHz flux den-
sity of 100 pJy is ~1400 M yr™" in stars with masses of >5Mg
(see Condon 1992). Assuming a Salpeter IMF, this would mean
an SFR (M > 0.1 M) of ~7000 M yr~'. The SFR derived from
the [O11] emission of these objects is only ~10M@ yr~', and al-
though this estimate does not take extinction into account and is
therefore a lower limit, the submillimetre SCUBA HAIf Degree Ex-
tragalactic Survey (SHADES, e.g. Coppin et al. 2006) covers this
region and does not identify any highly obscured starbursts. If, on
the other hand, all radio emission is ascribed to AGN activity, we
would expect (using Simpson et al. 2006, equation 9) a total X-ray
luminosity of ~107' W m~2 in the 2-10 keV range. The object
X2 only has a flux in this band of ~10~'7 W m~2; therefore, confu-
sion between hard X-ray sources associated with the radio sources
is a possible explanation for this seemingly extended hard X-ray
source.

4 CONCLUDING REMARKS

We have obtained multiobject spectroscopy on a photometrically
selected cluster candidate at z = 1.4. Instead of a single massive
cluster, we find three projected structures of galaxies at z = 1.40,
1.45 and 1.48, one of which (at z = 1.45) is statistically robust. We
also serendipitously detect a robust structure at z = 1.28. Both the

structure at z = 1.45 and the one at z = 1.28 have masses ~10'* M,
and may therefore be termed poor galaxy clusters.

The evolutionary status of both the z = 1.28 and the z = 1.45 clus-
ters is uncertain. The cluster at z = 1.45 has a significantly lower
virial mass than its mass derived from the total observed luminos-
ity. It is very likely that this structure is not yet virialized, which
would suppress the derived (three-dimensional) velocity dispersion
of ~200kms~! . The velocity shear (half-width to zero intensity)
observed in CVB13°21 — located centrally within the cluster — is
320kms~!, which shows that the measured velocity dispersion of
the cluster is unlikely to represent the total cluster mass. Note, how-
ever, that low-number statistics make an accurate determination of
the velocity dispersion unfeasible. The total measured SFRs are ~45
and ~60 M yr', respectively, for the clusters atz=1.28 and 1.45,
which for a mass of ~1 x 10" Mg within 4 x 4 x 4 Mpc* (co-
moving) is a factor of 3-5 higher than typical SFRs observed in the
field at these redshifts (e.g. Conolly et al. 1997)

The analysis of the cluster galaxies in this paper is based solely
on redshifts estimated from [O 11] emission-line features. Therefore,
the overdensities we find at z = 1.28 and 1.45 only consist of star-
forming galaxies, whereas the candidate cluster found by VB06 was
selected with a photometric redshift algorithm which is sensitive
to red, passively evolving galaxies. Out of the 18 highest-priority
targets of sample 1, 10 were observed, and only six redshifts were
obtained, two of which were confirmed to be cluster members. The
other galaxies were all priority 3 targets of sample 1. We suspect that
there will be an appreciable number of red galaxies in the cluster that
we were unable to confirm spectroscopically. More observations of
the central cluster galaxies, specifically for the cluster at z = 1.45,
may also produce a higher velocity dispersion measurement. To
thoroughly understand the nature and masses of the structures, we
need to be able to obtain redshifts for this type of galaxy as well.
Deep, near-infrared spectroscopy, for example, with the Fibre Multi
Object Spectrograph (FMOS, Dalton et al. 2006), will give a more
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complete sample and therefore yield a more comprehensive result
for high-redshift galaxy clusters.

The extended X-ray luminosity at the position of these structures
is characteristic of a cluster with a mass of ~10'* M. However, the
X-ray spectrum is too hard to be simply caused by thermal cluster
gas emission. A non-thermal effect like inverse Compton scattering
could cause an X-ray detection with a spectral shape reflecting the
energy distribution of the underlying electron population. The most
likely explanation, however, is confusion caused by more than one
AGN contributing to the X-ray emission. To shed light on the exact
nature of this system, it will be interesting to study the cluster gas
via the S—Z effect and the dark matter mass via lensing.

The original mass estimate of CVB13 by VB06 of 3 x 10" Mg
is likely to be overestimated due to the superposition of the two
lower mass structures at z = 1.40 and 1.48. The single structure
at z = 1.28 contains too few galaxies to be isolated by the same
selection algorithm. This result suggests that spectroscopic follow-
up is a vital element of photometric cluster surveys as the lat-
ter are prone to projection effects and can seriously overestimate
cluster masses. To determine the impact of these effects, we cal-
culate the probability of finding three groups in projection within
Az = 0.1 in a survey such as the one presented in VB06. Assum-
ing a Sheth—Tormen cluster mass function (Sheth & Tormen 1999),
we expect to find 121 groups with masses of a few 10'* M and
six clusters with masses of ~10'* M¢ within the redshift range
1.25 < z < 1.55 in a field of 0.5 deg®. Neglecting spatial cluster-
ing of the groups, there are on average two superpositions of three
groups with masses ~10'* M within a box of 2 x 2 Mpc? and
Az = 0.1. The probability of finding a projection of two groups
and one cluster of ~10"* M (as for CVB13) is 45 per cent. Run-
ning the cluster algorithm of VB06 on a simulated superposition
of three groups shows that in order to distinguish between mas-
sive clusters at this redshift and projected groups with a redshift
separation of Az = 0.05, the photometric redshift error needs to
be as small as % = 0.005. The COMBO-17 survey (Wolf et al.
2004), which determined photometric redshifts from photometry in
17 bands, obtained a best redshift error of f‘_’; = 0.01 for galax-
ies with R < 21 (cf. R ~ 24 for CVB13 targets). Thus, attaining
the order of accuracy needed in photometric redshifts to determine
the cluster mass function at high redshifts seems very challenging,
and we caution against attempting this with photometric techniques
alone.
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