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Abstract. The eastern lobe of the unusual double-lobed extended X-ray source RX J1053434-5735 is confirmed
to be a massive cluster at high redshift. Deep optical and near-infrared imaging show an overdensity of galaxies
in both X-ray lobes, including a significant excess of red galaxies (R — K > 5.3) with colors typical of elliptical
galaxies at z > 1. We have used new photometry to place better constraints on the redshifts of the cluster galaxies.
A Keck NIRSPEC spectrum of one of the bright central galaxies in the eastern lobe shows a narrow Ho emission
line at 1.485 microns, yielding a redshift of 1.263. The [O 11] A3727 A line from the gravitationally lensed arc is also
detected, giving a redshift of 2.577 for the lensed galaxy and confirming prior measurements. The improbability
of chance alignment and similarity of colors for the galaxies in the two X-ray lobes are consistent with the western
lobe also being at z = 1.26. The system may thus represent a pair of clusters in the process of merging.

Key words. galaxies: clusters, distances and redshifts — cosmology: observations, gravitational lensing —

infrared: galaxies — X-rays: galaxies

1. Introduction

Galaxy clusters are the most massive bound structures
in the Universe. The timing of cluster formation provides
strong constraints on the fundamental cosmological pa-
rameters, thereby driving the search for clusters at high
redshift (z > 1). Clusters are the second most abundant
class of X-ray sources, after active nuclei, detected through
their hot X-ray emitting intracluster gas. They are visible
in deep X-ray surveys out to high redshifts. Several clus-
ters are known at z > 1 which have been either selected
from X-ray surveys (Rosati et al. 1999, 2000) or subse-
quently detected in X-rays after identification at longer
wavelengths (Stanford et al. 1997; Benitez et al. 1999).
There is also a tentative X-ray detection of extended clus-
ter gas around a z = 2.156 radio galaxy by Carilli et al.
(1998).

In this paper we report on additional observations of
the faint, double-lobed X-ray source RX J105343+5735
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(Hasinger et al. 1998, hereafter Paper IV), detected
in the ROSAT Ultra Deep Survey of the Lockman
Hole (Lehmann et al. 2001). We assume an Einstein-
de Sitter cosmology, with Q) = 1, Qy = 0; with
Hy =50 kms~! Mpc™!, unless otherwise noted.

2. Observations

2.1. Imaging

In addition to the Keck R-band data presented in
Paper IV, V and I band images were obtained on UT 1997
April 4-5 with the University of Hawaii’s UH8K Mosaic
Camera at the prime focus of the CFH 3.6 m telescope. In
this configuration, the camera has a field size of 095 square;
only a small subset was used for this project. The I-band
image of the RX J105343+5735 field is shown in Fig. 1,
overlaid with the ROSAT HRI X-ray contours and the
outlines of the areas covered by the infrared data (see be-
low). A total of two hours in each band was taken, com-
prised of several shorter exposures dithered on the sky. A
description of the reduction of these data can be found in
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Wilson & Kaiser (in prep.). The data were calibrated onto
the Vega scale using standard stars from Landolt (1992).
All of the optical data have been corrected for distortions
and resampled to 0715 per pixel to correspond to the in-
frared images.
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Fig.1. An I-band image of the RX J105343+5735 field, over-
laid with the ROSAT HRI Image X-ray contours (solid lines,
with contours at 3, 4, 5, and 60) and the areas covered by the
near-infrared imaging (dashed lines).

Deep near-infrared images of RX J105343+5735 were
obtained with the facility Near-Infrared Imaging Camera
(NIRC, Matthews & Soifer 1994) on the Keck I tele-
scope. NIRC uses a 2562 InSb detector at 015 per pixel,
for a 3874 square field of view. The western lobe was
observed on UT 1999 March 30 in the JHK bands in
non-photometric weather. The eastern lobe was observed
on UT 1999 June 4 in the zJHK bands under pho-
tometric conditions and 0.5 arcsec seeing. Images were
sky-subtracted and flatfielded, then stacked using inte-
ger pixel offsets. The data were calibrated onto the Vega
scale using the Persson et al. (1998) infrared standard
stars. The 5o K-band point source detection limits in
two arcsecond diameter apertures are K = 21.12 (east)
and K = 20.24 (west). The central 30" square from the
K-band images of each X-ray lobe are shown in Fig. 2.

Aperture photometry in the VRIzJHK bands was
extracted for all of the galaxies visible in the two Keck
K band images. We used a two arcsec diameter aper-
ture to minimize contamination from nearby objects. For
the lensed source we used an aperture approximating the
curved shape of the arc (about 1”2 by 3”6). No corrections
were made for the seeing, which ranges from 0”75 in the
V RI data to 0’5 in the near-infrared. The K-band data
are complete for K < 21 in the eastern lobe and K < 20
in the western lobe.

2.2. Spectroscopy

A near-infrared spectrum of the brightest galaxy in
the eastern lobe of RX J105343+5735, denoted object
#4 in Paper IV, was obtained on UT 2000 March 20
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with the near infrared spectrograph NIRSPEC (McLean
et al. 1998) on the Keck II telescope. We used a 0776
(4 pixel) slit. Due to technical problems, only a single
600s exposure was obtained on-source; a second 600s
exposure was obtained off-source for sky subtraction.
Atmospheric OH emission lines were used for the wave-
length calibration. A short exposure of the G6V star
BD +444°2155 at similar airmass was used to correct for
atmospheric absorption. The slit, oriented east-west, also
covered the northern end of the giant arc.

3. Discussion
3.1. Galaxy overdensities

From average galaxy counts for field galaxies in the
K band (Hall et al. 1998) we estimate an overdensity of a
factor of about 5 in the two regions of 40” x 40" centered
on the eastern and western lobes of RX J105343+-5735.

However, most of these galaxies have fairly red opti-
cal to near-infrared colors, typical of passively evolving
ellipticals at z > 1. They show a clear color-magnitude se-
quence typical of cluster ellipticals (Fig. 3), similar in the
two lobes and to those detected in confirmed high-redshift
clusters at z = 1.26 (Rosati et al. 1999) and at z = 1.27
(Stanford et al. 1997).

Daddi et al. (2000) has determined the surface den-
sity of red galaxies in the field, most of which are likely
to be high-redshift elliptical galaxies. Taking similar cuts
in color (R — K > 5.3) and magnitude (K < 19.2) in
both samples for comparison, we see a significant over-
density of red galaxies: we find 14 galaxies in our field,
while only 0.35 are expected from the field sample in the
same area. This strongly suggests the presence of a high-
redshift cluster of galaxies in our field.

Eastern Lobe Western Lobe

30" Al 30"

Fig. 2. K-band images centered on the brightest galaxy in each
of the two X-ray lobes of RX J105343+5735. The galaxy in the
Eastern lobe for which we obtained a spectroscopic redshift is
identified with the arrow.

3.2. Photometric redshifts

To estimate the redshifts of faint galaxies we used a stan-
dard photometric redshift technique. In our revised ver-
sion of the software, the templates consist of a set of
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Fig. 3. Color-magnitude diagrams for the RX J1053434-5735
field, showing a strong red color sequence. Data from the east-
ern lobe are plotted with filled circles, the western lobe with
filled triangles. The brightest cluster galaxies are marked, and
the average lo uncertainties in the K-band photometry for
the eastern lobe are indicated for K = 18 and 20. Objects
undetected in R (arrows) are plotted assuming R = 25.76, the
50 limit of our R-band data. For comparison, we also plot data
from two other confirmed clusters at similar redshift: Rosati
et al. (1999), open squares, and Stanford et al. (1997), open
circles.

synthetic spectra from GISSEL 1998 (Bruzual & Charlot
1993) with four different star formation histories: a delta-
function burst (simple stellar population — SSP), a con-
stant star formation rate (SFR), and 2 exponentially de-
creasing SFRs (7 = 0.3,1 Gyrs). The models span a wide
range of ages, with 32 steps in age from 10° to 2 x 10'° yr.
The basic set of templates includes only solar metallic-
ity and Salpeter’s IMF (z = 1.35, 0.1 < m < 125 Mg).
We include the effects of attenuation by the intergalac-
tic medium (Madau 1995), which is extremely important
at high redshift, along with internal dust absorption. We
adopt a dust—screen model and the small Magellanic cloud
extinction law with E(B — V') ranging from 0.0 to 0.5 in
steps of 0.1.

The photometric redshift (zpn) for each galaxy was
computed by applying a standard, error-weighted y? min-
imization procedure. Upper limits are set at the 5o level
for objects not detected in a given band. The uncertain-
ties on zpn corresponding to the 68% and 90% confidence
levels are computed by means of the Ay? increment for a
single parameter (Avni 1976).

The observed broad—band SED of a given galaxy is
compared to our set of template spectra as:
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where Myemp,; is the template magnitude in filter 7, and
Mobs,; and o; are the observed magnitude and uncertainty
in filter 7. A normalization constant is incorporated in the
factor a.

We tested the software using about 100 galaxies in the
HDF-N from Fernandez-Soto et al. (1999), with Ig14 <
25 and known spectroscopic redshifts from Steidel et al.
(1996) and Lowenthal et al. (1997). Photometry for these
galaxies is available in the Usgg, Baso, Vsos, and Ig14 bands
from HST images (Williams et al. 1996) and in the J, H,
and K bands from Kitt Peak data (Connolly et al. 1997).
These tests indicate that, at low redshift (z < 1.5), there
is a relatively low dispersion in redshift (6, = o, /(1 +
(z)) = 0.07) as well as a low fraction of catastrophic errors
(¢ = 2%), defined as those having |zsp — zpn| > 3 0. For
higher redshifts (z > 1.5) these numbers are slightly worse
(0, =0.09 and ¢ = 12%).

Our photometry includes data from seven broad—band
filters i.e. V,I (UH8K Mosaic), R (Keck/LRIS), and
z,J, H, K (Keck/NIRC). With respect to the HDF ob-
servations, we are missing data in the two bluest fil-
ters (U and B), but add in observations in the R and
z bands. Bolzonella et al. (2000) determined that the lack
of U-band photometry enhances the uncertainty only for
objects at z < 0.2. We expect a similar effect for the
lack of B data: enhanced uncertainties in the photomet-
ric redshifts primarily for lower redshift (z < 0.5) galax-
ies. Including accurate z, J, H, K photometry strongly de-
creases the resulting dispersion within the 1 < z < 2
range.

Here we consider the photometric redshifts for galax-
ies with K < 20 and detected in more than 4 filters
(37 objects). Fits to the eastern lobe used the full
VRIzJHK photometry. Fits to the western lobe used
only VRIHK; no z data were obtained, and the J data
had an unrecoverable zero point calibration due to non-
photometric conditions under which the data were ob-
tained. The average errors at the 68% and 90% confidence
levels are dz = 0.05 and dz = 0.1 in the eastern lobe and
dz = 0.1 and dz =0.2 in the western lobe. The larger
uncertainties in the western lobe are due to the larger un-
certainties in the near-infrared photometry and a more
limited number of filters relative to the eastern lobe.

Both fields show a strong concentration of galaxies in
the z ~ 0.9-1.5 range, as seen in Fig. 4. The mean red-
shift for the combined sample is (zpn) = 1.26 and the
dispersion is o(zpn) = 0.13, consistent with our tests on
the HDF-N. One of the objects at z,, > 2 is the arc. In
Fig. 3 we also show for comparison the redshift distribu-
tion expected in a pure luminosity evolution (PLE) model
(Pozzetti et al. 1996) for K < 20 field galaxies. We es-
timate a contamination from field galaxies of ~21%, i.e.
~8 galaxies. Since the median expected redshift of the
field galaxies iS zmedian = 0.9, we should see four fore-
ground galaxies in our data, but only one is identified by
our photometric redshift estimates. We note that some of
the photometric redshift fits show secondary minima at
low redshift. While these could be low redshift (z < 0.5)
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Fig. 4. A histogram of photometric redshifts for all galaxies
with K < 20 and detections in more than 4 filters in both of the
X-ray lobes. The gray histogram is the eastern lobe, while the
western lobe is plotted with a dashed line. The combined data
from both fields is plotted with a heavy black line. PLE model
predictions are shown by the heavy gray line.

galaxies, we cannot break this degeneracy without the ad-
dition of U and B band data.

3.3. The eastern lobe

The presence of a gravitationally lensed giant arc in an
extended X-ray source devoid of bright galaxies in the
original Keck R-band image was sufficient to identify at
least the eastern lobe of RX J105343+-5735 as a distant
cluster (Paper IV). We have used new photometry in the
V RIzJHK bands to place better constraints on the red-
shifts of the cluster galaxies, and obtained a spectroscopic
redshift for the brightest cluster member. We also revise
the cluster lensing mass (Paper IV) based on the new data.

The model fit to the photometry of the brightest
galaxy in the eastern X-ray lobe of RX J105343+5735 is
shown in Fig. 5. The galaxy is best fit with a Bruzual
& Charlot (1993) tau model with an e-folding time of
1 Gyr, a Salpeter IMF, solar metallicity, and an age of
6 Gyr at z = 1.27. The fit assumes a low-density Universe
(Qm = 0.1), where the age of the Universe at z = 1.27
is 6.9 Gyr. This implies that the majority of the stars
formed at much higher redshifts (z > 5) and the stellar
population has undergone primarily passive evolution over
the intervening time.

Using the photometric redshift estimate for the bright-
est galaxy in the eastern lobe, we obtained a near-infrared
spectrum targeting the redshifted Ha line. The H-band
spectrum obtained with NIRSPEC shows a strong emis-
sion line at 1.485 + 0.002 um (Fig. 6, upper panel). Ha
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Fig. 5. The best-fit model spectrum (gray line) for the ground-
based VRIzJHK photometry (points with error bars) of the
brightest member of the eastern X-ray lobe. The photometric
redshift is zpnot = 1.27.

is the most reasonable interpretation for this line given
the photometric redshift estimate. The observed equiva-
lent width of the line is ~100 A, and there are few lines
longward of Ha which could produce a line this strong.
The only other possibility would be [O III] AA5007,4959 A
or HB3, but we see only a single line. The emission line
cannot have a rest wavelength shorter than 4150 A, as
this would place the cluster beyond the source at z =
2.57 which is being lensed. We therefore interpret this
as Ha emission, and the spectroscopic redshift is thus
1.263 + 0.003.

The only difficulty with this interpretation is that the
photometry is consistent with an old elliptical galaxy,
which presumably would not have any strong ongoing star
formation. Strong emission is not normally seen with clus-
ter cooling flows. It is possible that the galaxy recently
merged with a smaller, gas-rich companion, triggering a
small starburst. However, without photometry in the U
and B bands, which sample the restframe ultraviolet at
this redshift, our photometric fits are not sensitive to the
presence of some residual star formation.

Given the difficulties with the instrument when these
data were obtained, we cannot report an emission line flux.
The Ha line is, at best, marginally resolved at the instru-
mental resolution of 240kms~!. However, strong night-
sky OH lines bracketing the Ha line may affect this re-
sult. The line appears spatially extended, spanning ~3/5.
The line is also asymmetric about the center of the galaxy,
extending ~170 east and ~2”5 west.

The slit on NIRSPEC was oriented east-west, so the
northern part of the lensed arc also fell on the slit. We
found weak emission from [On] A3727 A at 1.333 +
0.004 um (Fig. 6, lower panel), yielding a redshift of
2.577 £ 0.011. The [O11] emission from the arc has a low
signal-to-noise ratio and is affected by residuals from a
strong night sky emission line which is on the blue side
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Fig. 6. NIRSPEC H-band spectra of the brightest member of
the eastern X-ray lobe (upper panel), showing the Ha emis-
sion line redshifted to 1.485 um, and the gravitationally lensed
arc (lower panel), showing the [O11] A3727A line redshifted to
1.333 um. In both panels, the background gray spectra show
the locations and relative strengths of the night sky emission
lines (scaled down by a factor of 800). While the Ha emis-
sion largely sits between OH lines, the [O 11] line is affected by
sky-subtraction residuals.

of the [O11] line center, so we refrain from making fur-
ther conclusions about the lensed source. Our redshift
is in good agreement with the z = 2.570 determined
in Paper IV from restframe ultraviolet metal absorption
lines.

In Paper IV, Hasinger et al. determined a lensing mass
of 0.4 x 10 My, in the eastern lobe based on the curvature
of the lensed arc in the Keck R-band data and an assumed
redshift (z = 1.2) for the lensing cluster. We set more
accurate constraints using the higher resolution K-band
image and spectroscopic redshifts.

Following the derivation of Narayan & Bartelmann
(1999), we assume that the cluster potential can be ap-
proximated as a singular isothermal sphere, and that the
radius of curvature for the lensed arc corresponds to the
Einstein radius for the enclosed mass. The mean sur-
face mass density is assumed to be the critical density
(Berit) for strong lensing. The mass within the arc is
then simply this mean density multiplied by the cross-
sectional area within the arc: M (< 6) = 7¥qi(Daf)?,
where 6 is the radius of curvature of the arc, and Dy is
the angular diameter distance to the lensing cluster (the
deflector). The critical surface density term contains a fac-
tor which is dependent on the lensing geometry. From
the K-band image we estimate the radius of curvature
for the arc to be 4”77+ 1”0, corresponding to 40kpc at
z = 1.263. With zjens = 1.263 and z,ac = 2.577 the lensing
mass is 1.7 & 0.7 x 103 M. As noted in Paper IV, this
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corresponds only to the central region of one of the two
lobes of RX J105343+5735.

We note that the center of curvature of the arc does
not coincide with the position of the brightest galaxy in
the eastern lobe, but lies ~2” to the northwest, in the
direction of the second brightest galaxy (see Fig. 2), per-
haps indicating that the brightest galaxy in the eastern
lobe does not lie at the dynamical center of the cluster.

3.4. The western lobe

Without spectroscopic redshifts for any of the galaxies
in the western lobe, our discussion here is necessarily
somewhat speculative. We base our conclusions about the
western X-ray lobe primarily on three observations. First,
chance alignment of two unrelated clusters is extremely
unlikely. Second, the two lobes contain galaxies with sim-
ilar colors. Third, alignment in the morphology of the
X-ray lobes suggests interaction.

Perhaps the strongest argument in favor of association
is the relative rarity of clusters at high redshift. Rosati
et al. (2000) find a space density of z ~ 1 clusters in the
ROSAT Deep Cluster Survey of ~3 x 1077 Mpc~3. The
corresponding surface density over the redshift range of
1.0-1.5 would be only ~2.2 clusters per square degree.
The probability of X-ray detection of two unrelated high-
redshift clusters separated by ~1arcmin, corresponding
to a projected separation of 0.5 Mpc, in the ~0.2 square
degrees covered by the HRI Ultra Deep Survey is quite
low.

Another argument in favor of association is the similar-
ity of colors for galaxies in both lobes. Figure 3 shows the
(R—K) and (I — K) vs. K color-magnitude diagrams. In
particular, the brightest several galaxies in each lobe form
a single, strong color sequence fully consistent with and
photometrically indistinguishable from galaxies in other,
known clusters at the same redshift. The photometric red-
shifts (Fig. 4) also suggest similar redshifts for the two
lobes. The broader distribution of redshifts in the western
lobe is mostly attributable to the smaller number of filters
for which we have reliable photometry.

Finally, both of the X-ray lobes in RX J105343+5735
show an elongated morphology which is aligned along the
direction of the separation between the two X-ray peaks
(Fig. 1), suggesting gravitational interaction. We would
expect a random orientation in the relative morphology of
two unrelated clusters.

4. Conclusions

We have confirmed that the eastern X-ray lobe of
RX J105343+5735 is a massive cluster of galaxies at a
redshift of z = 1.263 + 0.003 on the basis of a single
strong emission line, interpreted as He, in the brightest
galaxy in this lobe. The lensing mass is estimated to be
1.7 £ 0.4 x 10'3 M. This is the mass within the 4”7 ra-
dius of curvature of the arc, which corresponds only to
the central ~40kpc radius centered on the eastern lobe.
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The total cluster mass will be larger. Detection of [O11]
A3727 A emission at z = 2.577+0.011 from the lensed arc
confirms a prior measurement.

Based on the similarities in color between galaxies in
the two lobes, the low probability of finding two unrelated
X-ray clusters in the HRI data separated by ~1 arcmin
(0.5Mpc), and an aligned morphology in the X-ray im-
age, we conclude that the western lobe is most likely an
associated cluster at the same redshift. The system may
thus represent a pair of galaxy clusters or subclumps in
the process of merging. Recent observations of this clus-
ter with XMM (Hashimoto et al. 2001) come to a similar
conclusion. The system as a whole represents a moderately
large cluster of galaxies.
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