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SPT-CL J0205—-5829: A z = 1.32 EVOLVED MASSIVE GALAXY CLUSTER IN THE
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ABSTRACT

The galaxy cluster SPT-CL J0205—5829 currently has the highest spectroscopically confirmed redshift, z =
1.322, in the South Pole Telescope Sunyaev—Zel’dovich (SPT-SZ) survey. XMM-Newton observations measure
a core-excluded temperature of Ty = 8.7°1% keV producing a mass estimate that is consistent with the

Sunyaev—Zel’dovich-derived mass. The combined SZ and X-ray mass estimate of Msgy = (4.8 £0.8) x 1014h7*01 Mg
makes it the most massive known SZ-selected galaxy cluster at z > 1.2 and the second most massive at z > 1.
Using optical and infrared observations, we find that the brightest galaxies in SPT-CL J0205—5829 are already
well evolved by the time the universe was <5 Gyr old, with stellar population ages 23 Gyr, and low rates of star
formation (<0.5 M, yr~!). We find that, despite the high redshift and mass, the existence of SPT-CL J0205—5829
is not surprising given a flat ACDM cosmology with Gaussian initial perturbations. The a priori chance of finding
a cluster of similar rarity (or rarer) in a survey the size of the 2500 deg? SPT-SZ survey is 69%.

Key words: early universe — galaxies: clusters: individual (SPT-CL J0205—5829) — galaxies: evolution — galaxies:
formation — large-scale structure of universe
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1. INTRODUCTION

The South Pole Telescope (SPT; Carlstrom et al. 2011) has
recently completed a survey designed to discover all massive
galaxy clusters within a 2500 deg? region of the southern sky.
High-redshift galaxy clusters are valuable as probes of the initial
conditions of the universe, particularly the distribution of matter
at early epochs. Since galaxy clusters are the most massive
collapsed systems, their abundance is sensitive to the properties
of the early universe, including Gaussianity around the peak
of the matter density field (e.g., Lucchin & Matarrese 1988;
Colafrancesco et al. 1989; Mortonson & Hu 2010) and the nature
of inflationary models. In addition to cosmology, the constituent
galaxies of these clusters, which have essentially co-evolving
star formation histories (SFHs), are useful for studying galaxy
formation and evolution.

The SPT-SZ survey finds clusters via the Sunyaev—Zel’dovich
(SZ; Sunyaev & Zel’dovich 1972) effect. The vast majority of
baryonic mass of a galaxy cluster is in the form of diffuse, ion-
ized gas, known as the intracluster medium (ICM), unassociated
with any particular galaxy. Photons from the cosmic microwave
background (CMB) are Compton scattered by the free electrons
in this ionized gas. The scattered photons gain energy on average
leading to a spectral distortion of the observed CMB known as
the thermal SZ effect. The surface brightness of the SZ effect is
independent of the distance to the cluster because the SZ effect
depends solely on the line-of-sight integral of thermal pressure
of the ionized gas. Therefore the total SZ flux is a measure of
the total thermal energy in the gas, which is tightly correlated to
the cluster mass. This makes SZ surveys an efficient means for
finding high-mass clusters at all redshifts (e.g., Carlstrom et al.
2002).

Observations of fine scale CMB anisotropy with the SPT,
Planck Satellite (Planck Collaboration et al. 2011), and Atacama
Cosmology Telescope (ACT; Marriage et al. 2011) have recently
been used to detect massive clusters in large surveys of the
sky. The progress of the cluster survey by SPT is reported by
Staniszewski et al. (2009), Vanderlinde et al. (2010), Williamson
et al. (2011), and Reichardt et al. (2012) where the details of
the survey strategy, data reduction, and cosmological analysis
are also presented. The SPT has now completed a survey of
2500 deg’? in the southern hemisphere in three millimeter-
wavelength bands. The SPT-SZ survey is essentially complete
for clusters with a mass of Msgg > 5 x 10" h) Mg atz > 0.3

and Mspp 2> 3 x 10 hy) Mg atz > 1.

The SPT-SZ survey has discovered several galaxy clusters that
have been spectroscopically confirmed at z > 1 (Brodwin et al.
2010; Foley et al. 2011). Other groups are also discovering high-
redshift clusters through X-ray (e.g., Rosati et al. 2004, 2009;
Mullis et al. 2005; Stanford et al. 2006; Henry et al. 2010) or
infrared imaging (e.g., Stanford et al. 2005, 2012; Brodwin et al.
20006, 2011; Eisenhardt et al. 2008; Muzzin et al. 2009; Wilson
et al. 2009; Papovich et al. 2010). However, these techniques
do not have the benefit of simultaneously providing the nearly
redshift-independent mass selection and wide-area coverage of
the SZ technique.

The rich and dense environments of galaxy clusters can also
be exploited to study galaxy evolution. They provide a sim-
ple way of identifying large populations of galaxies that have
similar formation histories. As the redshift of the clusters in
the sample increases, earlier phases in the process of galaxy
evolution process are observed. With these observations, sce-
narios of galaxy formation can be tested with less temporal
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extrapolation. This also perhaps has ramifications for the hier-
archical formation scenario, as the ages of the bright elliptical
galaxies may be related to the epoch of the final assembly of
the cluster as suggested by semi-analytical simulations such as
Dubinski (1998) and Boylan-Kolchin et al. (2009). Recent ob-
servations of high-redshift dense environments point to a period
of prodigious star formation (Papovich et al. 2012; Snyder et al.
2012) at z > 1.3, after which the bulk of the galaxy stellar mass
build up likely arises from dry mergers (without significant star
formation). However, studies of lower-redshift elliptical galax-
ies suggest that stellar age is minimally affected by environment
densities, e.g., Thomas et al. (2010). A larger data set at high
redshift is probably required to reconcile these.

SPT-CL J0205—5829 was first identified as a cluster in
Reichardt et al. (2012, R12), which describes a catalog of
224 cluster candidates discovered in the first 720 deg® of the
2500 deg® SPT-SZ survey. SPT-CL J0205—5829 was detected
with a signal-to-noise ratio of 10.5 in the SPT data. Initial deep
optical follow-up observations showed no obvious overdensity
of galaxies in griz images, but additional infrared and Spitzer
photometry confirmed the presence of extremely red clustered
galaxies consistent with a redshift z > 1.3. Optical spectroscopy
of member galaxies confirmed that the cluster is at z = 1.322.
X-ray observations with XMM-Newton revealed a luminous and
extended X-ray source. Although SPT-CL J0205—5829 is not
the most massive SPT cluster, it is the highest-redshift SPT
cluster that has been confirmed by spectroscopy to date, and
potentially the most massive galaxy cluster known at redshift
z > 1.2 (previous to this was XMM2235 from Rosati et al.
(2009) at z = 1.39), and second most massive at z > 1 (the most
massive being SPT-CL J2106—5844 from Foley et al. (2011) at
z=1.13).

We present our initial detection and follow-up observations
of SPT-CL J0205—5829 in Section 2. In Section 3, we show that
SPT-CL J0205—5829 is a massive high-redshift galaxy cluster
with a population of normal passively evolving galaxies. We
then briefly discuss the implications of the existence of such a
massive, evolved cluster at z > 1.3 in Section 4. We summarize
and conclude in Section 5. Except where otherwise stated, we
assume a flat ACDM cosmology with Q) = 0.3 and hy =
0.7 throughout this paper. M5y masses are defined as the mass
enclosed in a spherical region which has a density 500 times the
critical density of the universe. At z = 1.322, 1 Mpc subtends
2.0 arcmin and the age of the universe is 4.66 Gyr.

2. OBSERVATIONS, DATA REDUCTION,
AND INITIAL FINDINGS

2.1. Millimeter Observations by the South Pole Telescope

SPT-CL J0205—5829 was initially discovered in the SPT-
SZ survey and reported in R12, as part of the cluster catalog
identified from the 720 deg® surveyed during the 2008-2009
SPT observing seasons. The survey strategy and data analysis
are detailed in the previous SPT-SZ survey papers Staniszewski
et al. (2009), Vanderlinde et al. (2010), Williamson et al. (2011,
W11), and R12. The SPT-SZ survey was completed in 2011
November, and covers an area of 2500 deg? in three frequency
bands at 95, 150, and 220 GHz.

As described in R12, cluster candidates were identified
using a multi-band matched-filter approach, similar to that first
described by Melin et al. (2006). The significance of a cluster
detection (maximized across spatial filter scales and position in
map), &, is used to identify cluster candidates. For the survey
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Figure 1. Left: the filtered SPT-SZ significance map of SPT-CL J0205—5829. The negative trough surrounding the cluster is an artifact of the filtering of the time-
ordered data and maps. Right: color image from IMACS i, NEWFIRM Kg, Spitzer/IRAC [3.6], with SPT-SZ contours overlaid in white and [3.6]—[4.5] color-selected

galaxies indicated in cyan.

field containing SPT-CL J0205—5829, only the 95 and 150 GHz
data were used, the SPT maps have noise levels of 45 and
16 uK arcmin in CMB temperature units at 95 and 150 GHz,
respectively. In this data, SPT-CL J0205—5829 was detected
with £ = 10.5 and is among the 5% most significant detections
in the R12 catalog. An image of the filtered SPT map is shown
in Figure 1.

2.2. Optical and Infrared Imaging

We obtained griz imaging using the MOSAIC2 imager on
the CTIO 4 m Blanco telescope on UT 2010 July 18, 25 and
UT 2011 July 4 with mediocre to bad seeing (1”71-272) and
occasional light clouds. Total integration times were 300, 300,
2350, and 1050 s to 100 point-source depths of 23.8, 23.2,
22.2, and 21.1 AB magnitudes in g, r, i, and z, respectively.
We also acquired 1800 s of deep i-band imaging of SPT-CL
J0205—5829 on UT 2011 January 31 with the Inamori Magellan
Areal Camera and Spectrograph (IMACS; Dressler et al. 2006)
on the Baade Magellan 6.5 m telescope to 24.0 AB magnitude
depth in mediocre seeing (172-1"5). The observation strategy
and reduction procedure are described in High et al. (2010,
H10), W11, and Song et al. (2012, S12) using the PHOTPIPE
pipeline (Rest et al. 2005).

SPT-CL J0205—5829 was also observed with the NEWFIRM
imager (Autry et al. 2003) at the CTIO 4 m Blanco telescope
on UT 2010 November 6. Data were obtained in the K filter
under photometric conditions with a 100 point-source depth
of 19.1 Vega magnitudes. At each dither position, 6 frames
with 10 s exposure times were co-added at 18 random positions
providing a total exposure time of 1080 s. NEWFIRM data
were reduced using the FATBOY pipeline, originally developed
for the FLAMINGOS-2 instrument, and modified to work with

NEWFIRM data in support of the Infrared Bootes Imaging
Survey (A. Gonzalez 2011, private communication). Individual
processed frames are combined using SCAMP and SWARP
(Bertin et al. 2002), and photometry is calibrated to Two Micron
All Sky Survey (Skrutskie et al. 2006). The final image has an
FWHM of 0796.

Infrared Spitzer/IRAC imaging was obtained in 2011 during
Cycle 7 as part of a larger program to follow up clusters
identified in the SPT survey. IRAC imaging is particularly
important for the confirmation and study of high-redshift SPT
clusters such as SPT-CL J0205—5829 where the optically faint
members are strongly detected in the infrared. The on-target
observations consisted of 8 x 100 s and 6 x 30 s dithered
exposures in bands [3.6] and [4.5] to 100 depths of 20.3 and 18.8
Vega magnitudes, respectively. The deep [3.6] observations are
sensitive to passively evolving cluster galaxies down to 0.1 L*
at z = 1.5. The data were reduced exactly as in Brodwin et al.
(2010), following the method of Ashby et al. (2009). Briefly, we
correct for column pulldown and residual image effects, mosaic
the individual exposures, resample to 0786 pixels (half the solid
angle of the native IRAC pixels), and reject cosmic rays.

2.3. Optical Spectroscopy

Multislit spectroscopic observations were acquired for SPT-
CL J0205—5829 on the 6.5 m Baade Magellan telescope on UT
2011 September 25-26 using the f/2 camera on the IMACS
spectrograph for a total integration time of 11 hr. The strategy
and procedure were as described in Brodwin et al. (2010), with
the same 300 1 mm~! “red” grism and WB6300-9500 filter, but
without the GISMO module (in order to increase throughput).
The galaxy target selection was based on the optical and infrared
photometry; see Section 3. Twenty-two 30 minute exposures
were made in excellent to moderately good seeing (074-077)
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Table 1
Spectroscopic Members of SPT-CL J0205—5829

ID R.A. Decl. z Principal [O ] Flux? SFRP

(J2000) (J2000) Spectral Feature (x IO*IBSrg em 251 A (Mg yrfl)
J020556.50—582730.7 02:05:56.50  —58:27:30.7 1.3219  0.0007 Ca H&K 25+15 0.42 +£0.28
J020548.26—582848.4°  02:05:48.27  —58:28:484  1.3218  0.0005 Ca H&K 1.4+09 0.24 £0.16
J020547.70—582855.5 02:05:47.70  —58:28:55.6  1.3239  0.0003 Ca H&K 12+05 0.19 +£0.11
J020547.22—582901.5 02:05:47.23 —58:29:01.6 13223  0.0005 Ca H&K <6.7 <1.40
J020546.57—582907.1 02:05:46.57  —58:29:07.1 1.3230  0.0005¢ Ca H&K <4.0 <0.80
J020543.00—582936.4 02:05:43.00  —58:29:36.4  1.3119  0.0005 Ca H&K <34 <0.63
J020543.07—-582956.9 02:05:43.08  —58:29:56.9 1.3186  0.0002 Ca H&K <l.6 <0.28
J020541.06—583006.9 02:05:41.07  —58:30:07.0  1.3210  0.0007 Ca H&K <53 <0.90
J020557.04—582713.9 02:05:57.04  —58:27:13.9 1.3106  0.0007 [O1] 148 £4.6 25+ 1.1

Notes.
4 Redshift errors are twice those given by RVSAO.

b Based on integrated [O 1] flux within 4 A of the line peak with no source extinction correction. Upper limits are 30

¢ BCG.

4 The RVSAO error was unphysically small and was adjusted up to a typical value.

using one slit mask. The resolution of the observations, as
measured from the sky lines, was 5.2 A.Tna procedure identical
to J. Ruel et al. (2013, in preparation), the COSMOS reduction
package was used for standard CCD processing, resulting
in wavelength-calibrated two-dimensional spectra. The one-
dimensional spectra were then extracted from the sum of the
reduced data. Spectral features were identified by eye from
inspection of the two-dimensional and one-dimensional spectra,
and redshifts were then obtained by using RVSAO routines.

2.4. X-Ray Observations

A deep X-ray observation of SPT-CL J0205—5829 was ob-
tained by the XMM-Newton observatory (ObsID: 0675010101)
on UT 2011 June 19-20 using the European Photon Imaging
Camera, which consists of two metal-oxide-silicon (MOS) ar-
rays plus one fully depleted p—n (PN) junction CCD array. The
total integration times were 69 ks for the MOS arrays and 65 ks
for the PN array. The data reduction and analysis were performed
with SAS v11.0 utilizing the XMM-Newton Extended Source
Analysis Software package®* (e.g., Snowden et al. 2008). The
net clean exposure time is 57 and 39 ks in the MOS /PN arrays,
respectively. Based on the De Luca & Molendi (2004) diag-
nostics, we find a ~30%—-40% background enhancement in the
observation due to residual quiescent soft proton contamination.
The MOS2 CCD#5 was in an anomalously high state and we
have removed it from further analysis.

We have also excised all point sources identified in the source
detection step. We have visually inspected the excision regions
and made conservative adjustments to their size. In particular,
a point source associated with a bright galaxy (bluer than the
passively evolving model) was identified in the core region of
the cluster (@ = 02:05:45.4, § = —58:28:58.3, ~12” west of
the X-ray centroid) and was removed with an excision radius
of ~11” (see Figure 3).

3. RESULTS
3.1. Cluster Member Galaxies

From the procedure described in S12, we measure a redshift
based on the Spitzer IRAC photometry of z = 1.30 & 0.12 (see
Figure 2). We fit a model of passively evolved galaxies from

34 http://heasarc.gsfc.nasa.gov/docs/xmm/xmmhp_xmmesas.html

Bruzual & Charlot (2003, BCO03) to the data to determine the
redshift. The optical data were not deep enough to offer any ad-
ditional constraint to the redshift except for the brightest of the
cluster members (see Section 3.3). The redshift estimator iden-
tified 32 galaxies with IRAC [3.6]-[4.5] colors consistent with
this redshift (a 3.50 overdensity compared to the background),
shown in Figures 1 and 2. From this list, we designed a multi-
slit mask for the IMACS spectroscopic observations described
in Section 2.3, filling the mask with other targets, identified as
galaxies with bluer colors relative to the model in the i band and
Spitzer data.

3.2. Spectroscopy

Redshifts and other spectroscopic properties of member
galaxies are listed in Table 1. Of the 47 slits designed into
the mask, 1 spectroscopic member was identified from an [O 11]
emission line, and 8 from Ca H and K. Figure 3 shows the spectra
of the 9 cluster members. The brightest cluster galaxy (BCG),
defined as the brightest cluster member in [3.6], is at a redshift
of z = 1.3218 &£ 0.0005, and the combined robust (biweight)
redshift of nine cluster members is z = 1.3227%! . We do
not calculate the velocity dispersion due to the overwhelming
intrinsic uncertainty in the derived mass estimates with <15
members (Saro et al. 2012).

We also estimate the star formation rate (SFR) for each cluster
member from the integrated [O 11] flux which was corrected for
galactic extinction (reddening) using the dust map from Schlegel
et al. (1998) and scaled to match the i-band magnitude from
IMACS imaging. We do not correct for source dust extinction as
we lack a well-constrained NUV-Blue-continuum measurement
for most of these galaxies. This is also consistent with our
derived extinction from spectral energy distribution (SED) fits
of the four brightest central galaxies (see Section 3.3). We
measured the continuum-subtracted flux centered on the [O11]
wavelength with a bin width of 8 A (320 kms™') and converted
to luminosity using the cluster redshift. The SFR was estimated
from the [O 11] luminosity using the scaling law from Kennicutt
(1998). The measured [O11] flux and SFR (or 3¢ upper limits)
are given in Table 1.

3.3. Brightest Central Galaxies

We selected the brightest central galaxies to be the four
brightest galaxies consistent with the [3.6]-[4.5] model, within
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Figure 2. Cluster member finding for SPT-CL J0205—5829. The top panel shows the excess of surface density of galaxies (above background) consistent within 2o
of the SED model as a function of redshift. The rms level of the overdensity is shown in dotted red. The peak overdensity is at z = 1.30 at 3.50 above the background
rms. The middle panel shows the color-magnitude diagram of all objects within 2 arcmin of the SPT center coordinates with red-filled black circles showing the
selected galaxies from the passively evolving model at z = 1.30 (black solid line) and brighter than m*+1. The inferred model m* is shown as a dotted vertical line
and the [3.6] mag limit is shown as the dashed line. The bottom panel shows the Spitzer [3.6] galaxy luminosity function for SPT-CL J0205—5829. The dotted vertical

line shows the best-fit m* in [3.6], and the dashed line shows the [3.6] mag limit.

(A color version of this figure is available in the online journal.)

1 arcmin of the SZ center. We then use an analysis similar to
the Rosati et al. (2009) SED fitting procedure. To constrain
the SFH of each of these galaxies, we fit an exponential-
burst stellar population SED model at solar metallicity and
Chabrier initial mass function from BCO03 to the available
photometry (see Figure 4), including magnitude lower limits, fix
the redshiftat z = 1.322, and add a source reddening model from
Calzetti et al. (2000). From the fit parameters, we calculate the
rest-frame K-band luminosity, stellar mass (and corresponding
stellar mass-to-light ratios), and age. The uncertainties for these
parameters are from the x? 68% confidence intervals in the
multi-dimensional sampled grid and checked by bootstrapping
this procedure hundreds of times and were in good agreement.
These parameters are presented in Table 2. We find that
all models give well-constrained K-band luminosities, mainly
because the observed Spitzer [4.5] filter corresponds to 2 um in

the rest frame. The 4000 A breaks are mainly constrained by the
deep IMACS i-band measurement.

The rest-frame K-band luminosity of the brightest galaxy, at
L ~ 4 x 10" L, is typical for BCGs in similar-sized clusters
at z < 0.25 based on previous X-ray (Haarsma et al. 2010)
or optical cluster studies (Lin & Mohr 2004; Popesso et al.
2007; Brough et al. 2008), and smaller studies extending to
higher redshifts (z < 1) by Whiley et al. (2008). The derived
stellar mass is also consistent with other studies of BCGs from
X-ray samples at similar cluster masses and redshifts (Stott
et al. 2010). The derived ages from the BC03 model fits listed in
Table 2 suggest that the stellar mass of these brightest galaxies
had formed by the time of the observed epoch was probably
complete by redshift 2 or 3, or perhaps earlier, also consistent
with previous studies of stellar ages of cluster galaxies at high
redshift (Collins et al. 2009; Henry et al. 2010). However, this
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Figure 3. Left: optical (r/i) and Spitzer/IRAC [3.6] image showing the galaxies confirmed by spectroscopy and overlaid by the XMM-Newton X-ray contours. Cyan
shows the [O11] detection shown to the right (bottom panel), and red shows the members identified with Ca H and K features shown to the right. The white circle
shows the X-ray point-source position. The frame subtends 4.5 x 3.4 arcmin. Right: spectra of all nine member galaxies with the [O11] and Ca H and K features
indicated in vertical dotted lines. Despite the long exposure time on Magellan, these features are faint due to the red color of passively galaxies.
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Figure 4. Best BCO3 models for the four brightest galaxies in the central region of SPT-CL J0205—5829. The left panel shows thumbnails of six observed filters
(r, i, z, K, [3.6], and [4.5]) in the central ~30” from the brightest galaxy (A), with the four galaxies labeled in the Kg image. The right panels show the measured

photometry in red with the best-fit BCO3 model for each overplotted.

does not rule out the scenario of “dry merging” hierarchical
build up of these galaxies between redshift 1.3 and 3.

3.4. NIR Luminosity Function

As a further check on the cluster galaxy properties, we
measure the observed [3.6] (roughly rest H band) luminosity
function of galaxies with [3.6]-[4.5] colors consistent with the
BCO03 model from our initial redshift estimate. Galaxies selected
as cluster members are within 1 Mpc (physical distance) of the
SZ-derived center and have [3.6]-[4.5] colors within 20 (based
on each galaxy’s photometric uncertainty) of the BCO3 model.
We then measure the number density in 0.4 mag bins from
the BCG to 1 mag brighter than the measured 100 magnitude
limit (to reduce any systematic errors due to incompleteness

in the catalog). Field galaxy contamination was corrected by
measuring the same quantity outside of the 1 Mpc aperture and
subtracting. We used the Schechter luminosity function

®(m) = 0.4 In(10)D* 10704 @ Dexp(—10704), (1)
where © = m — m* and allowed ®*, «, and m* to vary. The
final derived parameters and uncertainties are from the least-
squares fit to the data and bootstrapping the whole procedure
thousands of times from the catalog selection stage. We found
the [3.6] best-fit parameters are ®* = 2.73 & 0.31 arcsec™?,
a = —1.02 £ 0.11 and m* = 16.58 + 0.29 (Vega), which
are roughly consistent with our previous model assumptions
of o = —1.0 and m™ = 17.09 at this redshift, calculated from
the evolving stellar population BC0O3 models, normalized to the
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Table 2
Brightest Central Galaxy Parameters
GalaXy A]Wstellalrél MKb LKC M/Ld Agee Tf AV%>
(10" Mo) (Vega) 10" L) (Mo/Lo) (Gyr) (Gyr)
A 35+0.5 —25.51 £ 0.05 33+02 1.1£0.2 45405 0.1 £0.1 0.0£0.1
B 29+0.5 —25.31 £ 0.05 27+£0.2 1.1£0.2 454038 0.1 £0.1 0.0£0.1
C 23+04 —25.07 £ 0.12 22+0.3 1.1+£04 454+0.6 0.1£0.2 0.1£0.2
D 1.9+£03 —25.19 £ 0.08 24+02 0.8£0.2 2.8+09 0.1£0.2 0.0£0.1
Notes.
4 Model initial stellar mass at t = fform.
b Absolute rest-frame K magnitude at f = 7yps.
¢ Rest-frame K luminosity at ¢ = fops.
d Stellar mass to K luminosity ratio.
¢ Tobs—Tform-
f e-folding timescale for SFR o< exp(7/7).
& Rest-frame V-band extinction in magnitudes.
_ Table 3 cluster that scattered up than a higher mass cluster scattering
Mass Estimates for SPT-CL J0205-5829 down. The total uncertainty in mass (~20%) is dominated a
Observable Measurement Msoo combination of the intrinsic scatter and the uncertainty in the
(10%h5) Mo) normalization of the SZ—mass scaling relation. In Table 3, the
SZ: 105 48110 mass estimates are given as Mso, defined as the mass within a
SZ £ (flat prior) 105 50411 radlqs in which the cluster has a density 500 tlmes.the critical
Ty 8.7*10 kev 5204+13 density o}f the universe. We dcafril cc()inverth between th}lls Moo (;md
: M ith r n m ithin a radi
Combined 48208 200 With respect to pPmean, defined as the mass within a radius

Notes. Unbolded masses indicate Eddington-biased mass estimates, calculated
using flat priors on mass. Note that the SZ (untargeted) flat-prior measurement
suffers from a considerably different Eddington bias than the 7, (targeted) flat-
prior estimate. The Ty mass estimate and the unbiased SZ & mass estimate
were used to generate the combined mass estimate based on their probability
distributions. (see Section 3.7).

Coma cluster luminosity function (see H10 for a discussion).
Recent measurements of the luminosity function in evolved
z > 1 clusters find a similarly flat faint-end slope, o« (Mancone
et al. 2012). In contrast, less-evolved high-redshift clusters have
a paucity of faint galaxies, indicated by a shallower faint-end
slope (e.g., Rudnick et al. 2012; Lemaux et al. 2012).

This best-fit luminosity function also corresponds to a rich-
ness measurement of Ngy = 47 & 4 using the H10 procedure
(integrating the luminosity function down to m*+1 within a
1 Mpc physical radius of the BCG) and is consistent with the
H10 sample of SPT-SZ clusters which are drawn from the same
SPT-SZ significance although sampled at a different wavelength
(observed i band).

3.5. 8Z Mass Estimate

We use an SZ mass estimate as described in R12 and Benson
et al. (2011), which is calculated from the Markov chain Monte
Carlo method using available CMB, BAO, SNe, and SPT¢,
(from the R12 cluster sample) data. The masses reported are
posterior estimates based on the probability density function
using the & and redshift for SPT-CL J0205—5829, marginalized
over uncertainties in the SZ and X-ray (Yx) observable- mass
scaling relations and cosmology. In Table 3, we quote mass
estimates with and without a Bayesian prior assumption on the
underlying population of clusters. The expected bias on the flat-
prior mass estimate is related to Eddington bias and affects the
SPT-CL J0205—5829 mass estimate at the ~10% level. This
bias is due to the steeply falling mass function which makes
it more likely for SPT-CL J0205—5829 to be a lower mass

in which the cluster has a density 200 times the mean density
of the universe, by assuming a Navarro—Frenk—White profile
(Navarro et al. 1997) and the mass—concentration relation by
Dufty et al. (2008). Using this conversion, the My, masses are
a factor of ~1.8 times larger, such that the unbiased SZ mass
estimate is Magy = (8.7 & 1.8)x 10'*h;) M.

3.6. X-Ray Spectroscopy with XMM-Newton

We estimate the X-ray physical parameters of SPT-CL
J0205—5829 using an iterative process over the cluster radius.
We measure the core-excised X-ray temperature, T, within s,
defined as the radius inside which the mass density is higher than
500 times the critical density of the universe. We iterate over
values of rsgp so that the measured Ty maintains consistency
with the M — T relation from Vikhlinin et al. (2009, V09).

For each value of rs5yy, we extract spectra and redistribution
and ancillary response files. We excise all detected point sources
from both the source and background regions as well as the
central r < 0.15rsgo cluster core region. Given the significant
residual quiescent contamination (Section 2.4), we opt to use
a local background model in the fitting procedure. For each
camera, we subtract a background spectrum extracted from
an annulus centered on the cluster between 160" and 320"
in radius. These radii were selected based on the cumulative
count rate profiles so that the annulus is not contaminated by
cluster emission while still lying on the same MOS chips as
the source. The total number of background-subtracted source
counts is ~5500 for all three cameras. We use Xspec v12.5 to
fit the spectra with a MeKaL model (Mewe et al. 1985; Kaastra
et al. 1992; Liedahl et al. 1995) using C-statistics on minimally
binned spectra (i.e., binning only channels to obtain >1 counts
bin~!). From this fit to the spectrum, we measure the X-ray
temperature.

We then use the measured X-ray temperature and the redshift
from optical spectroscopy to infer an M5y mass from the V09
M — T relation, which we also convert to a corresponding 750
value. Given this new value of rsyy, we iterate on this process
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Figure 5. X-ray spectrum of SPT-CL J0205—5829 (black: PN; green: MOS1;
red: MOS2).

until two successive rsgo estimates differ by <2”5 (equal to the
bin size of our X-ray images). This criterion was reached in
four iterations and we have verified that the final solution is
independent of the initial rsoy value. The rsoo radius is 710 kpc
(~85") and the excised core region (i.e., 0.15 rsop) has aradius of
~13” (roughly twice the point spread function (PSF) FWHM).

The final spectrum is displayed in Figure 5. The best-fit
temperature is Ty = 8.7";%keV. This corresponds to a mass of

Msgo = (5.2 £ 1.3) x 10'*h5) M, using the relation from V09.
There is no evidence that SPT-CL J0205—5829 is unrelaxed
from the X-ray morphology or the galaxy distributions, either
on the sky or in the velocities, therefore we use the standard
M — T relation from V09 and make no corrections based on the
dynamical state of the cluster. In the Tx-based mass estimate,
we include the statistical uncertainty in the measurement of T,
uncertainties in cosmology, and assume a 20% intrinsic scatter
in the M — T relation, as noted by V(9.

We constrain the mean [Fe] abundance to Z = 0.26 *
0.15 Zo which is consistent with a typical mean metallicity
for the ICM in a massive galaxy cluster (Z ~ 0.3Zg) at
lower redshifts (e.g., Matsumoto et al. 2000; Tozzi et al.
2003; Maughan et al. 2008). The luminosity within rsy is
Lx(0.5-2.0keV) = (3.91 & 0.05) x 10*ergs™! in the rest
frame.

We also note that we detect the Fe K line clearly in PN and
MOS2 and more weakly in MOSI1. If we allow the redshift
to vary during fitting the best-fit value from the joint fit is
z = 1.39 £ 0.02, which is ~5% larger than the optical
spectroscopic redshift of z = 1.322*4%) . The redshifts derived
from individual cameras are lo consistent with the joint
PN+MOS1+MOS?2 fit (except MOS1 which gives a slightly
lower redshift). This is one of the highest redshifts measured
from X-ray spectra (cf. Lloyd-Davies et al. 2011).

3.7. Combined Mass Estimate

We follow Foley et al. (2011) and calculate a joint estimate
using the SZ mass and X-ray mass estimates of SPT-CL

STALDER ET AL.

J0205—-5829. We assume the uncertainties are uncorrelated
between the two masses. This allows for a more straightforward
evaluation of the posterior probability distribution function
(PDF),

P(M|E, Tx) < P(M)P(E|M)P(Tx|M), @)

where P(M) is the Tinker halo mass function (Tinker et al.
2008), P(¢|M) is the flat-prior SZ mass estimate PDF, and
P(Tx|M) is the flat-prior Tx mass estimate PDF. As calculated
in Sections 3.5 and 3.6, we use the X-ray and SZ mass estimates
derived from the observables Tx and &, respectively, which were
marginalized over uncertainties in their scaling relations and
cosmology. We find a combined, unbiased, mass estimate to be
M99 = (4.8 £0.8) x 1014117_01 M. Converting to Mg as above

gives Mgy = (8.8 £ 1.4) x 1013 M.

4. DISCUSSION

The galaxy members in SPT-CL J0205—5829 were identified
via [3.6]-[4.5] color, and the significant overdensity of these is
how this cluster was initially confirmed after it was identified
by the SZ effect. The measured overdensity (richness) of these
galaxies is consistent with other SPT-SZ clusters, a sample that
has a median mass of Msp ~ 3.3 x 10'*h;) M. From SED
fitting, the BCG and three other bright central galaxies have
luminosities and stellar masses typical of central galaxies in
clusters of similar mass at lower redshift and have derived stellar
population ages greater than ~3 Gyr. This suggests that most
of the eventual stellar mass in these galaxies are already present
at z = 1.3 and the vast majority of these stars were formed by
z ~ 3. The actual assembly scenario of these galaxies cannot be
constrained yet.

The quiescent SEDs and the amount of [O 11] in the spectra of
the central galaxies suggest there is very little ongoing star for-
mation (<0.5 Mg yr~') in the center of SPT-CL J0205—5829,
meaning there is no strong cooling flow mechanism depositing
new gas into these galaxies (Hu et al. 1985; Heckman et al. 1989;
Crawford et al. 1999; Hatch et al. 2007; McDonald et al. 2010).
However, it should be noted that only a very strong cooling core
would be discernible in [O11] (McDonald 2011; Santos et al.
2011) and a better indicator would be H,. The central X-ray
point source noted in Section 2.4 could possibly be a central
active galactic nucleus (AGN) that is suppressing the star for-
mation in the cluster. Alternatively, given the age of the cluster
and the X-ray cooling time, there might not have been sufficient
time for a strong cooling flow to form. Either interpretation is
consistent with the general lack of star formation and strong
cooling flows at z > 0.5 found in previous studies (Santos et al.
2008; Vikhlinin et al. 2007; Samuele et al. 2011; McDonald
2011), where the number density of strong cooling flows in-
creases dramatically at z < 0.5 while AGN and merger activity
decreases. We do not see any indication of a major merger either
in the X-ray morphology or galaxy distribution.

From the X-ray spectrum, we found that the cluster gas has
a metallicity consistent, albeit with significant uncertainty, with
massive clusters at lower redshift. This is also consistent with
several studies (see Baldi et al. 2012 for a review) of ICM metal
abundances over a range of redshifts that found little or no
evidence of evolution from z < 1.4. Several studies have found
that this enrichment can happen over a timescale of 1 Gyr (Pipino
& Matteucci 2004) and settle into the central region within a
cluster crossing time (1 Gyr). The best-fit metallicity of SPT-CL
J0205—5829 would suggest that the bulk of the metal production
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could have been completed by z ~ 2.5; however, more
X-ray observations are needed to say this with high statistical
significance.

The optical and infrared data have shown that the stellar
populations of the most massive central galaxies are already
well evolved, suggesting that the assembly of these galaxies
happened within the preceding 2—4 Gyr. It has been suggested
that this timeline may depend on the mass of the cluster, as there
is some evidence that the BCGs at z > 1 in lower mass clusters
have not fully assembled (Stott et al. 2010). It may become
possible to see this change over the full SPT mass range and may
probe different regimes where other feedback modes dominate.
Such a study of a large SZ-selected sample has the potential to
directly measure the build up of the stellar mass as a function of
redshift and cluster mass.

4.1. Rarity

Although SPT-CL J0205—5829 was included in the sample
used in R12 for cosmological analysis, we did not assign a
goodness of fit to the model, so it is interesting to quantify the
probability of having found this cluster in the full 2500 deg?
SPT-SZ survey. We use the full 2500 deg®> SPT-SZ survey
area in order to avoid a posteriori selection of the area in
which SPT-CL J0205—5829 was found, which could artificially
boost the apparent rarity. We follow Foley et al. (2011) and
compute the probability of finding a cluster at higher mass
and higher redshift than SPT-CL J0205—5829. We do so by
sampling the cosmological and scaling relation constraints of
the CMB+BBN+BAO+HST+SN+SPT¢;, chain from R12 and
producing a posterior statistical mass estimate P(M &, z) at
each step in the chain. We then compute the expected number
of clusters at higher mass and higher redshift

00 OO M
Foroy = / / dN P(M"|E, )dM"dz'dM’,

) 0 z am'dz’ 0
(3)

where dN/dMdz is the mass function as calculated following
Tinker et al. (2008). The median point in cosmological and
scaling relation parameter space predicts X-. .-y = 0.07 clusters
at higher mass and higher redshift than SPT-CL J0205—5829 in
2500 deg?.

However, as noted by Hotchkiss (2011), Hoyle et al. (2012),
and Waizmann et al. (2012a, 2012b), this statistic has a small
expectation value due to the fact that it requires a cluster of
simultaneously higher mass and higher redshift than a particular
object. This statistic does not consider the fact that many
similarly rare clusters could exist with a slightly higher mass
and lower redshift or lower mass and higher redshift. Instead,
we follow the treatment of Hotchkiss (2011) and compute the
probability of finding the particular value of X...» = 0.07,
corresponding to SPT-CL J0205—-5829 for an ensemble of
simulated 2500 deg® surveys. We then create a normalized
histogram of the resulting values of X. ., for the rarest cluster
in each catalog and integrate the area under the curve from O to
the value of X. .., for the particular cluster in question. This
statistic, unlike X. ..y itself, has an expectation value of 0.5.
We note that it depends only very weakly on the details of the
simulation or the point in cosmological or scaling relation space
at which the simulations are performed. This metric suggests
that this cluster is not at all surprising with a probability of 0.69
of finding at least one cluster as rare as SPT-CL J0205—5829 in
2500 deg?.
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As a comparison to other more rare clusters in the SPT-
SZ survey, using the same statistic we find 0.21 for SPT-CL
J2106—5844, which was considered in Foley et al. (2011) and
0.05 for SPT-CL J0102—-4915 (ACT-CL 0102-4915), currently
the rarest cluster in 2500 deg? SPT-SZ survey.

5. SUMMARY AND CONCLUSIONS

We report the massive galaxy cluster SPT-CL J0205—5829
at 7 = 1.322 discovered in the first 720 deg® of the SPT-SZ
survey and present results of follow-up observations at optical,
infrared, and X-ray wavelengths. The galaxy population of this
cluster shows a strong red sequence with a luminosity function
consistent with that of lower-redshift SZ-selected clusters.
Galaxy SED fits to an exponentially decaying SFR stellar
population, the [Fe] abundance from the X-ray spectrum, and
the lack of [O 11] emission in most of the optical galaxy spectra
suggest that the bulk of the star formation happened at an earlier
epoch (z > 2.5). Optical spectroscopy of nine galaxies confirms
the cluster redshift at z = 1.3221%%%12, also roughly consistent
with X-ray spectroscopy which gives z = 1.39 + 0.02. This
establishes SPT-CL J0205—5829 as the highest-redshift SZ-
selected galaxy cluster verified by spectroscopy, and the second
most massive SZ-selected cluster known at z > 1. Based on
the X-ray temperature, SPT-CL J0205—5829 is consistent with
being more massive than XMM2235 at z = 1.39 with Ty =
8.6"1% from Rosati et al. (2009; but the uncertainties in both
temperatures are much larger than the measured difference).

The measured mass observables (from the SZ and X-ray
temperature) are consistent and give a combined mass estimate
of M5y = (4.8 £0.8) x 1014h7_01 M. Although not the most
massive SZ-discovered cluster, it demonstrates that a cluster of
this mass has enough time to form during the first 5 Gyr of
the universe, and the existence of this rare object appears to
be fully consistent with general expectations for a flat ACDM
cosmological model.

In general, we find that SPT-CL J0205—5829 has properties
similar to clusters with the same mass at lower redshift. This
is extremely important in the context of an ultimate goal of an
unbiased and low scatter mass calibration of clusters over a wide
range of redshifts for cosmological studies, and provides new
insight to the assembly of the rarest and most massive structures
in the universe.
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