
                          Mantz, A. B., Abdulla, Z., Allen, S. W., Carlstrom, J. E., Logan, C. H.
A., Marrone, D. P., Maughan, B. J., Willis, J. P., Pacaud, F., & Pierre,
M. (2018). The XXL Survey: XVII. X-ray and Sunyaev-Zel'dovich
properties of the redshift 2.0 galaxy cluster XLSSC 122. Astronomy
and Astrophysics, 620, [A2]. https://doi.org/10.1051/0004-
6361/201630096

Publisher's PDF, also known as Version of record

Link to published version (if available):
10.1051/0004-6361/201630096

Link to publication record in Explore Bristol Research
PDF-document

This is the final published version of the article (version of record). It first appeared online via EDP SCIENCES at
https://www.aanda.org/component/article?access=doi&doi=10.1051/0004-6361/201630096 Please refer to any
applicable terms of use of the publisher.

University of Bristol - Explore Bristol Research
General rights

This document is made available in accordance with publisher policies. Please cite only the
published version using the reference above. Full terms of use are available:
http://www.bristol.ac.uk/red/research-policy/pure/user-guides/ebr-terms/

https://doi.org/10.1051/0004-6361/201630096
https://doi.org/10.1051/0004-6361/201630096
https://doi.org/10.1051/0004-6361/201630096
https://research-information.bris.ac.uk/en/publications/7dc8a153-94e7-42b7-920f-85d3ecb30c9e
https://research-information.bris.ac.uk/en/publications/7dc8a153-94e7-42b7-920f-85d3ecb30c9e


Astronomy & Astrophysics manuscript no. ms c©ESO 2017
March 23, 2017

The XXL Survey: XVII. X-ray and Sunyaev-Zel’dovich properties of
the redshift 2.0 galaxy cluster XLSSC 122?

A. B. Mantz,1,2?? Z. Abdulla,3,4 S. W. Allen,1,2,5 J. E. Carlstrom,3,4,6 C. H. A. Logan,7 D. P. Marrone,8

B. J. Maughan,7 J. Willis,9 F. Pacaud,10 M. Pierre11

1 Kavli Institute for Particle Astrophysics and Cosmology, Stanford University, 452 Lomita Mall, Stanford, CA 94305, USA
2 Department of Physics, Stanford University, 382 Via Pueblo Mall, Stanford, CA 94305, USA
3 Kavli Institute for Cosmological Physics, University of Chicago, 5640 South Ellis Avenue, Chicago, IL 60637, USA
4 Department of Astronomy and Astrophysics, University of Chicago, 5640 South Ellis Avenue, Chicago, IL 60637, USA
5 SLAC National Accelerator Laboratory, 2575 Sand Hill Road, Menlo Park, CA 94025, USA
6 Department of Physics/Enrico Fermi Institute, University of Chicago, 5640 South Ellis Avenue, Chicago, IL 60637, USA
7 H. H. Wills Physics Laboratory, University of Bristol, Tyndall Avenue, Bristol BS8 1TL, UK
8 Steward Observatory, University of Arizona, 933 North Cherry Avenue, Tucson, AZ 85721, USA
9 Department of Physics and Astronomy, University of Victoria, 3800 Finnerty Road, Victoria, BC, Canada

10 Argelander-Institute for Astronomy, Auf dem Hügel 71, D-53121 Bonn, Germany
11 Service d’Astrophysique AIM, DRF/IRFU/SAp, CEA-Saclay, 91191 Gif-sur-Yvette, France

Submitted Nov 18, 2016. Accepted March 21, 2017.

ABSTRACT

We present results from a 100 ks XMM-Newton observation of galaxy cluster XLSSC 122, the first massive cluster discovered through
its X-ray emission at z ≈ 2. The data provide the first precise constraints on the bulk thermodynamic properties of such a distant
cluster, as well as an X-ray spectroscopic confirmation of its redshift. We measure an average temperature of kT = 5.0 ± 0.7 keV; a
metallicity with respect to solar of Z/Z� = 0.33+0.19

−0.17, consistent with lower-redshift clusters; and a redshift of z = 1.99+0.07
−0.06, consistent

with the earlier photo-z estimate. The measured gas density profile leads to a mass estimate at r500 of M500 = (6.3 ± 1.5) × 1013 M�.
From CARMA 30 GHz data, we measure the spherically integrated Compton parameter within r500 to be Y500 = (3.6 ± 0.4) × 10−12.
We compare the measured properties of XLSSC 122 to lower-redshift cluster samples, and find good agreement when assuming the
simplest (self-similar) form for the evolution of cluster scaling relations. While a single cluster provides limited information, this
result suggests that the evolution of the intracluster medium in the most massive, well-developed clusters is remarkably simple, even
out to the highest redshifts where they have been found. At the same time, our data reaffirm the previously reported spatial offset
between the centres of the X-ray and SZ signals for XLSSC 122, suggesting a disturbed configuration. Higher spatial resolution data
could thus provide greater insights into the internal dynamics of this system.

Key words. galaxies: clusters: individual: XLSSC 122 – galaxies: clusters: intracluster medium – X-rays: galaxies: clusters

1. Introduction

Galaxy clusters at redshifts z > 1 are now routinely being discov-
ered in surveys at X-ray (Pacaud et al. 2007; Pacaud et al. 2016,
hereafter XXL Paper II; Willis et al. 2013), IR (Papovich et al.
2010; Gobat et al. 2011; Brodwin et al. 2012, 2015, 2016; Stan-
ford et al. 2012; Zeimann et al. 2012), and mm (Hasselfield et al.
2013; Bleem et al. 2015) wavelengths. This includes a small but
growing number of clusters (and protoclusters) at z > 1.75 (An-
dreon et al. 2009, 2014; Gobat et al. 2011; Spitler et al. 2012;
Brodwin et al. 2016; Hung et al. 2016), corresponding to look-
back times >

∼ 10 Gyr, raising the exciting possibility that sta-
tistical studies of the cluster population during their epoch of
formation may not be far away. At present, however, the great
majority of these z � 1 clusters have been identified as overden-
sities of IR-luminous galaxies. Compared to samples selected
? These results are based on observations obtained with XMM-

Newton, an ESA science mission with instruments and contributions
directly funded by ESA Member States and NASA; the Chandra X-ray
Observatory; and the Combined Array for Research in Millimeter-wave
Astronomy (CARMA).
?? E-mail: amantz@slac.stanford.edu

on signals from the intracluster medium (ICM), these clusters
are less likely to represent well-developed, approximately viri-
alised halos, complicating comparisons to the best-studied clus-
ter samples at lower redshifts. This feature also increases the
challenge of precisely characterising clusters at these high red-
shifts using observations of the ICM, since IR-selected clusters
present fainter X-ray emission and a weaker Sunyaev-Zel’dovich
(SZ) effect (e.g. Culverhouse et al. 2010). Indeed, excluding the
present work, characterisation of the ICM properties of known
clusters at z >

∼ 2 has been limited to simple X-ray flux measure-
ments.

This paper concerns XLSSC 122 (formally
3XLSS J021744.0−034531), the highest-redshift confirmed
galaxy cluster detected in the XMM-Newton Large-Scale
Structure survey (XMM-LSS), as well as in its extension, the
XMM-XXL survey (Pierre et al. 2004, 2016). On the basis
of follow-up imaging spanning the optical and IR spectrum,
Willis et al. (2013) assigned XLSSC 122 a photometric redshift
of z = 1.9+0.19

−0.21. Subsequent 30 GHz continuum observations
with CARMA provided a significant detection of the SZ effect
towards the cluster, confirming the presence of a hot ICM
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(Mantz et al. 2014, hereafter XXL Paper V). While the X-ray
flux and Compton Y parameter of XLSSC 122 were shown to
be broadly consistent with lower-redshift clusters under simple
evolutionary assumptions, the XMM survey detection (Willis
et al. 2013; Clerc et al. 2014) provided only ∼ 100 source
counts, too few to measure more detailed X-ray properties.
Here we present results from a deeper XMM observation of
XLSSC 122, which allows us to, for the first time, obtain
precise constraints on the gas mass, average temperature, and
metallicity of a massive cluster at z ≈ 2, as well as an X-ray
spectroscopic confirmation of its redshift.1 We also present
the analysis of a short Chandra observation of XLSSC 122,
as part of a program to quantify the level of active galactic
nucleus (AGN) contamination for the X-ray signal from z > 1
XMM-LSS cluster candidates. In addition, we update the SZ
effect measurements of XLSSC 122, incorporating CARMA
data that were obtained after the initial reported detection. A
companion paper by Horellou et al. (in preparation) presents
Herschel IR and LABOCA sub-mm data covering XLSSC 122
and discusses star formation in this exceptional cluster.

Throughout this work, we assume a concordance ΛCDM
cosmological model, with dark energy in the form of a cos-
mological constant, described by Hubble parameter H0 =
70 km s−1 Mpc−1, matter density Ωm = 0.3 and dark energy den-
sity ΩΛ = 0.7; in this model, at z = 2, a projected distance of
1′′ corresponds to 8.37 kpc. Quoted uncertainties refer to 68.3%
confidence intervals. We report dimensionless, spherically inte-
grated Compton parameter (Y) in units of steradians.

Section 2 details the X-ray and SZ data used here, and their
reduction. In Section 3, we present the results of our X-ray imag-
ing and spectroscopic analysis, as well as the SZ data analysis,
and the measurements of the redshift and global thermodynamic
properties of XLSSC 122. In Section 4, we compare the scaling
properties of XLSSC 122 with well studied cluster samples at
lower redshifts, discuss implications of its metallicity, and com-
ment on its dynamical state. We conclude in Section 5.

2. Data reduction

2.1. XMM-Newton

The deep XMM observation, ObsID 0760540101, was obtained
on 16 July 2015. Our X-ray analysis is based on only this new
observation, since XLSSC 122 falls far off-axis in all of the pre-
vious exposures. The data were reduced using the XMM-Newton
Extended Source Analysis Software (xmm-esas; version 15.0.0),2
following the recommendations of Snowden et al. (2008) and the
xmm-esas Cookbook.3 Following standard calibration and filter-
ing of the raw event files, lightcurves for each of the EPIC de-
tectors were manually inspected, and a period of approximately
18 ks at the end of the observation during which the X-ray back-
ground was enhanced was manually removed. There is no indi-
cation that any of the functioning MOS CCDs were in an anoma-
lous state during the observation. The quiescent particle back-
ground (QPB) model generated by XMM-ESAS is spectrally
consistent with the observed data at all energies >

∼ 6 keV, indi-
cating that the particle background was well behaved during the

1 To date, we have been unable to verify the cluster redshift through
optical/near-infrared spectroscopy of cluster members. However, near-
infrared spectroscopic data for bright sources in this field that are not
associated with the cluster are presented by Adami et al. (XXL Paper
XX, in preparation).
2 http://www.cosmos.esa.int/web/xmm-newton/sas
3 http://heasarc.gsfc.nasa.gov/docs/xmm/esas/cookbook/

cleaned exposure. The final clean exposure times for PN, MOS1
and MOS2 are, respectively, 73.4, 84.1 and 83.5 ks.

Although XLSSC 122 is resolved in the XMM data, the point
spread function (PSF) still has an impact on the observed cluster
emission. In our imaging analysis and deprojection (Sections 3.1
and 3.4), we account for this effect using a symmetric version
of the Gaussian+beta model of the EPIC PSF from Read et al.
(2011). In the determination of the deprojected density profile,
this correction exceeds the 1σ statistical uncertainties only in the
cluster centre (r < 100 kpc). When fitting models to either the
image or spectral data, we use the appropriate Poisson likelihood
for the observed counts.

2.2. Chandra

An 11 ks observation of XLSSC 122 was obtained with Chan-
dra (ObsID 18263) in order to constrain the level of any AGN
emission that could have contributed to the original XMM detec-
tion. The data were reprocessed in the standard way using ciao4

version 4.8 and caldb5 version 4.7.2. No periods of background
flaring were present in the data. In this work, we perform a pre-
liminary analysis of these data; a complete analysis of the AGN
contamination for full sample of high-z XMM-LSS clusters will
be presented in future work.

2.3. CARMA

XXL Paper V presents 30 GHz continuum observations of the
SZ effect towards XLSSC 122, measured with the 8-element
array of 3.5 m CARMA antennas (hereafter CARMA-8). The
3.5 m antennas were arranged with 6 elements in a compact
configuration and two outlying elements, respectively provid-
ing baselines corresponding to uv radii of 0.3–9.7 kλ. The sig-
nals were processed by the CARMA wideband (WB) correlator
in sixteen 500 MHz sub-bands, each consisting of 16 channels.
These data were obtained between March 2012 and November
2013, with most of the observations being in those two months.
The effective on-source exposure time (after data flagging) for
the CARMA-8 data is 52.8 h.

Here we add to this data set observations that used the full
23-element CARMA array, comprising six 10.4 m, nine 6.1 m,
and eight 3.5 m antennas (hereafter CARMA-23).6 These data
were obtained in July 2014. The 10.4 m and 6.1 m antennas
were arranged in the CARMA E configuration, with the 6.1 m
elements maximally compact and the 10.4 m elements located
around the periphery. The 3.5 m antennas were arranged as de-
scribed above. The WB correlator was used to process signals
from 8 of the 6.1 m antennas, since these provide the maximum
collecting area at the short baselines where the cluster SZ signal
is strongest, while the CARMA spectral line (SL) correlator pro-
cessed 2 GHz of bandwidth from all 23 elements (with baselines
also represented in the WB data removed in later analysis). The
central frequency of the observations was 30.938 GHz, for which
the array samples uv radii of 0.3–7.5 kλ. The large range of base-
lines probed in both the CARMA-8 and CARMA-23 data criti-
cally allows the flux of contaminating, point-like radio galaxies
to be measured contemporaneously with the cluster signal, with

4 http://cxc.harvard.edu/ciao/
5 http://cxc.harvard.edu/caldb/
6 In fact, two of the 10.4 m elements and the two outlying 3.5 m ele-
ments were offline during these observations, significantly reducing our
sensitivity at long baselines, but we nevertheless adhere to the conven-
tion of calling these CARMA-23 data.

Article number, page 2 of 12

http://www.cosmos.esa.int/web/xmm-newton/sas
http://heasarc.gsfc.nasa.gov/docs/xmm/esas/cookbook/
http://cxc.harvard.edu/ciao/
http://cxc.harvard.edu/caldb/


A. B. Mantz et al.: The XXL Survey. XVII

Table 1. CARMA RMS map noise and synthesized beam shapes.

Array Noise a b φ
(mJy/beam) (′′) (′′) (deg)

uv radii < 2 kλ
CARMA-8 0.15 117 132 −1
CARMA-23 (WB) 0.30 69 92 −19
CARMA-23 (SL) 0.53 65 66 −50

uv radii > 2 kλ
CARMA-8 0.17 18 25 +35
CARMA-23 (WB) 0.50 29 89 −13
CARMA-23 (SL) 0.21 24 27 −25

Notes. Beam shapes are given as full-width-half-maximum minor and
major axes, and position angles east from north of the major axes. Here
the visibility data are divided into uv radii < 2 kλ and > 2 kλ; the for-
mer provide most of the sensitivity to the cluster SZ signal, while the
latter are predominantly useful for constraining point-like radio emis-
sion in the field. (In practice, all baselines are calibrated and analyzed
simultaneously.)

the latter being strongest on spatial scales corresponding to uv
radii <

∼ 2 kλ. Within the CARMA-23 data set, the WB data are
most sensitive to galaxy cluster scales (short baselines), while
the SL data are most sensitive to compact sources (long base-
lines). The effective on-source exposure times for the WB and
SL data are, respectively, 4.3 h and 1.0 h.

The data reduction procedure for CARMA-8 observations is
described by Muchovej et al. (2007); this includes flagging for
weather, shadowing and technical issues, as well as bandpass and
gain calibration using observations of bright quasars interleaved
with the cluster observations. The reduction of the CARMA-23
data from a given correlator follows the same procedure. The ab-
solute flux calibration is tied to the Mars model of Rudy (1987),
which is accurate to better than 5 per cent. A common flux cal-
ibration for all antennas is obtained using periodic observations
of Mars with the compact 3.5 m antennas (for which Mars is
always unresolved), and bootstrapping to all antennas using ob-
servations of unresolved, bright quasars. Table 1 summarises the
noise levels and synthesised beams of the CARMA observations.

3. Results

3.1. XMM image

A combined EPIC (PN+MOS1+MOS2), 0.4–3.0 keV image of
XLSSC 122 is shown in Figure 1, and an adaptively smoothed
version appears in the left panel of Figure 2.7 The right panel
of Figure 2 compares contours of X-ray surface brightness with
the corresponding iJK image, with potential cluster members
(galaxies with photo-z’s of 1.7–2.1) circled (Willis et al. 2013).
The positions of the X-ray brightness peak, the X-ray centroid,
and the putative brightest cluster galaxy (BCG; the brightest
likely cluster member from Willis et al. 2013 in K band) all
coincide to within ∼ 1′′ (the MOS pixel size). We adopt the
BCG position, J02:17:44.190−03:45:31.46, as the cluster centre
in subsequent analysis. Contaminating X-ray point sources are
masked in the displayed image and removed from our analysis
in general. None of these X-ray point sources is coincident with
a photometrically identified cluster member.

7 Given the high expected redshift of the cluster, we expect negligi-
ble emission at observer-frame energies >

∼ 3 keV, as confirmed in Sec-
tion 3.3.

Fig. 1. 0.4–3.0 keV image of XLSSC 122, combining the MOS and
PN data, with nearby point sources masked. Some artifacts due to the
PN chip gaps are visible. The scale is the same as in the left panel of
Figure 2.

Figure 3 shows a binned, QPB-subtracted surface bright-
ness profile extracted from the X-ray image. We model the ob-
served counts as the sum of the QPB and astrophysical compo-
nents, where the astrophysical model is the sum of a constant
background and a beta-model cluster surface brightness, trans-
formed appropriately by the point spread function and the expo-
sure map. The QPB-subtracted surface brightness corresponding
to the best-fitting model is shown in the figure. Comparing the
observed surface brightness with the constant component of this
fit, we estimate that the cluster signal exceeds the background at
radii <

∼ 35′′, with ∼ 950 source counts in the 0.4–3.0 keV band
falling within this radius.

3.2. Chandra limits on point-source contamination

The modest spatial resolution of XMM makes the identifica-
tion and removal of point sources such as AGN difficult for dis-
tant clusters. In contrast, Chandra’s higher resolution makes it
straightforward to identify point-like emission, even given its
smaller effective area. For this reason, we obtained an 11 ks
Chandra observation of XLSSC 122 – too short to detect the
diffuse emission from the ICM, but sufficient to place interest-
ing constraints on emission from discrete point sources in the
field. No point sources are detected in the Chandra data within
35′′ of the BCG position either using the ciao detection tools (
celldetect, vtpdetect and wavdetect), or by eye.

We estimated an upper limit on the 0.5–2.0 keV flux of a
hypothetical point source at the position of the BCG, using the
ciao tool aprates8. In order to convert photon counts in the 0.5-
2.0 keV band to flux, we assumed an absorbed power-law spec-
trum and an equivalent absorbing hydrogen column density of
2.02 × 1020 cm2 (Kalberla et al 2005). The resulting 68.3 and
95.4 per cent confidence upper limits respectively correspond to
8 and 20 per cent of the 0.5–2.0 keV flux measured within r500
from the XMM data (see Section 3.7), and are insensitive to the
precise choice of photon index (in the range of 1.4–1.9) at the
per cent level. This constraint is somewhat tighter than (and con-

8 http://cxc.harvard.edu/ciao/threads/aprates/
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Fig. 2. Left: adaptively smoothed 0.4–3.0 keV image of XLSSC 122, combining the MOS and PN data, with nearby point sources masked. Some
artifacts due to the PN chip gaps remain visible. Cyan circles show our estimates of r500 and r200 from Section 3.7. Right: iJK image with smoothed
X-ray surface brightness contours overlaid in white. The outermost contour approximately corresponds to r500. Galaxies that were photometrically
identified with the cluster redshift (photo-z’s between 1.7 and 2.1) by Willis et al. (2013) are circled in green. Magenta contours show the 68.3 and
95.4 per cent confidence regions for the centre of a symmetric cluster model fit to the CARMA data (see Section 3.5).
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Fig. 3. QPB-subtracted surface brightness profile measured in the 0.4–
3.0 keV band. The best-fitting beta model plus constant, after convolu-
tion with the PSF, is shown as a solid, blue line. The profile of the PSF,
arbitrarily normalised, is shown as a dashed, red line.

sistent with) the limits on contamination from unresolved AGN
that we obtain spectrally in the next section.

3.3. XMM spectral analysis

To investigate the spectral properties of XLSSC 122, we focus
on the region identified in Section 3.1 where the cluster surface
brightness exceeds the astrophysical background, a circle of ra-
dius 35′′ (293 kpc) centred on the BCG. We note that this radius
is conveniently very close to the estimate of r500 arrived at in
Section 3.7. For each EPIC instrument, we generated spectra and
response matrices for this region, as well as for an annulus span-
ning radii of 2.3′–5′ (1.16–2.51 Mpc; the outermost two bins in
Figure 3) to serve as an estimate of the local background. All
spectra were grouped to have at minimum one count per chan-

nel. The background-subtracted spectra of the cluster are shown
in the left panel of Figure 4.

Our spectral analysis is performed using xspec9 (version
12.9.0o). We model thermal emission from the ICM as a sum of
bremsstrahlung continuum and line emission components, eval-
uated using the apec plasma model (ATOMDB version 2.0.2).
Relative metal abundances were fixed to the solar ratios of An-
ders & Grevesse (1989), with the overall metallicity allowed to
vary. Photoelectric absorption by Galactic gas was accounted
for using the phabs model, employing the cross sections of
Balucinska-Church & McCammon (1992), and adopting a fixed
value of 2.02 × 1020 cm−2 for the equivalent absorbing hydro-
gen column density (Kalberla et al. 2005). We fit models using
the Cash (1979) statistic, as modified by Arnaud (1996, the C
statistic), to properly account for the Poisson nature of the source
and background counts. Confidence regions were determined by
Markov Chain Monte Carlo explorations of the model parameter
spaces.10

We perform a series of tests using the full energy band shown
in the left panel of Figure 4, 0.4–8.0 keV. First, we test for con-
sistency of the PN and MOS responses by fitting a thermal emis-
sion model with Galactic absorption, with the cluster tempera-
ture, metallicity and redshift free, allowing the different normal-
isations to apply to the PN and MOS1+MOS2 detectors. These
two normalisations are consistent at the 1σ level, and we hence-
forth assume a single, linked normalisation for all detectors. The
resulting fit, shown in the figure, has C = 879.4 for 1020 degrees
of freedom; this corresponds to the 43rd percentile of C values
obtained from random data sets generated from the best-fitting
model, indicating an acceptable goodness of fit.

We next test for the presence of AGN emission in the ex-
tracted cluster spectra, beyond that accounted for by the lo-
cal background measurement. Multiple lines of evidence indi-
cate that significant point source contamination is unlikely to be
present, namely the lack of point-like emission detected within
the cluster in the CARMA and Chandra data (Sections 2.3 and

9 http://heasarc.gsfc.nasa.gov/docs/xanadu/xspec/
10 We use the lmc code: https://github.com/abmantz/lmc
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Fig. 4. Left: background-subtracted spectra from each EPIC detector extracted from a circle of radius 35′′ centred on the BCG. Solid lines show
the best fitting folded model, consisting of a redshifted thermal emission spectrum with Galactic absorption (temperature, metallicity, redshift
and normalisation are all free here). The inset shows the posterior distribution of the cluster redshift from this fit (blue shading), compared with
the photometric redshift histogram for galaxies within 30′′ of the X-ray centre from Willis et al. (2013). (The full photo-z histogram includes
projections at lower and higher redshifts; we show only the vicinity of the X-ray constraint here.) The X-ray redshift constraint is possible due
to the detection of the rest-frame 6.7 keV Fe emission line complex at a redshifted energy of ∼ 2.2 keV. Right: the combined EPIC spectrum is
compared with the best-fitting model (solid, blue curve) in the vicinity of the Fe emission complex. The dashed, red curve shows the same model
with zero metallicity. Residuals are relative to the Z = 0 model. The Fe emission feature is formally detected at 2.6σ significance.

3.2), and the consistency of the BCG’s J − K color with a pas-
sively evolving galaxy at z ∼ 1.9 (Willis et al. 2013). Neverthe-
less, we test for the possibility of residual AGN contamination
spectrally, by introducing a power-law emission component to
the model. Given the lack of discrete sources detected by Chan-
dra, we adopt a fixed photon index of 1.4, appropriate for a back-
ground population of unresolved AGN, and compare the best-
fitting C statistic value for this model with that of the cluster-only
model using an F test. The resulting significance value is 0.16,
indicating that there is statistically no improvement to the fit
from including a power-law component. Conversely, constraints
on the normalisation of the power-law model can be translated
into limits on the fraction of the total flux that could be due to
AGN contamination. At observer-frame energies of 0.5–2.0 keV,
the primary band used for cluster detection in the XXL survey
(Pacaud et al. 2006), the 1σ and 2σ upper limits on possible
AGN contamination are, respectively, 19 and 30 per cent. Since
it is statistically disfavored, and because of the considerations
mentioned above, we do not include a power-law component in
subsequent analysis, but we note that the constraints on the clus-
ter temperature, metallicity and redshift arrived at in both cases
are compatible (Table 2).

An emission feature is clearly visible in the PN spectrum
(Figure 4) at ∼ 2.2 keV. Given the presence of hot gas in the clus-
ter (XXL Paper V) and the photometric redshift of z = 1.9+0.19

−0.21
from Willis et al. (2013), we identify this feature as the rest-
frame 6.7 keV Fe emission line complex, redshifted by a fac-
tor of ∼ 3.11 Comparing the best C statistic from a fit with
the temperature, metallicity and redshift free with the best fit
when the metallicity is fixed to zero, we find an F-test signif-
11 It is unlikely that this feature is due to instrumental or astrophysical
backgrounds. While there is an Au fluorescence line at 2.2 keV, it is typ-
ically faint and observed most easily in MOS data, whereas the observed
line is clearly visible in the PN spectrum. Likewise, solar wind charge
exchange typically does not produce lines at such a high energy, and
we would expect to see even more prominent emission lines at lower
energies in that case. Furthermore, even if they were present, both of

icance of 9.4 × 10−3, corresponding to a 2.6σ detection of the
emission line.12 A similar significance is found by brute-force
Monte Carlo, i.e. generating fake data sets from the best zero-
metallicity model and comparing the ∆C when fitting zero- and
free-metallicity models to that obtained from the real data. These
calculations account for the fact that the line centre is effectively
a free parameter to be optimised (because the redshift is free).
The right panel of Figure 4 compares the combined EPIC spec-
trum with the best-fitting model, and shows residuals with re-
spect to a zero-metallicity model with the same temperature.

We also performed a blind search for emission features by
fitting a zero-metallicity thermal model plus a Gaussian line
profile, where the line energy was allowed to vary from 1.5 to
3.0 keV (corresponding to redshifts 1.2 < z < 3.5 if identified
with Fe emission). The preferred solution for this model is an
emission line centred at 2.2 keV, corresponding to the model dis-
cussed above. There are two additional local minima in the C
statistic, with line energies of 1.8 and 2.6 keV; however, the line
normalisation at either of these energies is consistent with zero
at 95 per cent confidence, and is nominally negative (i.e., if real
they would correspond to absorption features). In contrast, the
line normalisation when centred at 2.2 keV is positive at > 99
per cent confidence, in agreement with the detection significance
estimated above.

The posterior distribution for z from fitting the standard ther-
mal model (temperature, metallicity and redshift free) is shown
with blue shading in the inset in Figure 4, and corresponds to

these cases are in principle handled by our use of a locally measured
background.
12 To be precise, the model we compare to has its metallicity fixed to
zero and its redshift fixed to 1.99 (but a free temperature). The reason for
this is that the temperature and redshift are nearly perfectly degenerate
for models with zero metallicity. Counting both of these parameters as
free when determining the number of degrees of freedom for the F test
is therefore questionable. In our case, doing so does not affect the C-
statistic of the zero-metallicity model (as expected), but would lead to
the line-detection significance being estimated as 3.1σ rather than 2.6σ.
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Table 2. Results of X-ray spectral fits to the XLSSC 122 data within a radius of 35′′.

Band (keV) AGN C dof kT (keV) Z (solar) z

0.4–8.0 N 879.4 1020 5.1+0.9
−0.5 0.32 ± 0.17 1.99+0.07

−0.05

0.4–8.0 Y 877.8 1019 4.1+1.2
−0.8 0.36+0.25

−0.22 1.99+0.07
−0.05

0.4–8.0 N 887.5 1022 5.8+0.7
−0.6 0.00 1.99

0.4–3.0 N 606.5 721 5.0 ± 0.7 0.33+0.19
−0.17 1.99+0.07

−0.05

Notes. [1] Energy range used in the fit; [2] whether a power-law emission with a photon index of 1.4 component was included in the model; [3–4]
modified Cash statistic corresponding to the best fit, and number of degrees of freedom for the model; [5–7] best-fitting values and 68.3 per cent
confidence intervals for the cluster temperature, metallicity and redshift. Quantities without error bars were held fixed.
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Fig. 5. Left: gas mass profile of XLSSC 122 as determined from our analysis. Error bars and shading indicate the 68.3 per cent confidence region.
The vertical, dashed line shows our estimate of r500, determined in Section 3.7. Right: the same gas mass profile in scaled units (blue) is compared
with an ensemble of scaled profiles for massive, z < 0.5 clusters from Mantz et al. (2016b).

z = 1.99+0.07
−0.06, in good agreement with the photometric redshift

of z = 1.9+0.19
−0.21 (based on the galaxy redshift histogram shown in

the figure; see Willis et al. 2013). The X-ray data thus provide a
spectroscopic confirmation of the high redshift of this cluster.

Given that the observed spectra at hard energies are com-
pletely dominated by the background, we might expect more
robust constraints from a fit to the data in a more limited en-
ergy band. The difference is small in practice, but we neverthe-
less adopt as the principal results in this section constraints ob-
tained by fitting only the data at 0.4–3.0 keV. This fit yields a
temperature of kT = 5.0 ± 0.7 keV, a metallicity in solar units of
Z/Z� = 0.33+0.19

−0.17, and a redshift of z = 1.99+0.07
−0.05. These values,

and the results of the tests discussed above, are listed in Table 2.
While both temperature and metallicity are degenerate with z,
this is subdominant to statistical uncertainties in determining the
constraints.

3.4. Gas mass profile

In order to produce a three-dimensional profile of gas mass in
the cluster, we extract spectra in annuli, corresponding to the ra-
dial bins shown in Figure 3, out to a maximum radius of 75′′
(628 kpc). As in Section 3.3, we use spectra extracted between
radii of 2.3′ and 5′ to model the background. We model the
emissive cluster gas as a series of concentric shells, with each
shell corresponding in radius to one of the annuli where source
spectra are extracted. The emissivities of each shell are indepen-
dently free parameters, while the temperature and metallicity of
the gas are assumed to be the same in all shells. To compare

this model to the data in each annulus, the model spectra from
each shell are first mixed according to the geometric projection
of the three-dimensional model onto the sky (this part is equiva-
lent to the projct model in xspec), and then mixed again by the
PSF. As in the preceding section, we fit to the data at energies of
0.4–3.0 keV.

The emissivity constraints in each shell were converted to
a gas density profile assuming a canonical value of the mean
molecular mass of µ = 0.61mp, and adopting a fixed redshift of
z = 1.99. We then corrected this profile for projected emission
originating at radii (in three dimensions) greater than the 75′′
extent of the modelled cluster volume by iteratively fitting a beta
model to the tail of the density profile and accounting for the
projected emission due to the model continuation; this correction
exceeds 0.5 per cent only for our results at radii ≥ 45′′ (377 kpc)
and exceeds the statistical uncertainties only for the outermost
point at 75′′ (628 kpc) radius. The final gas mass profile is shown
in the left panel of Figure 5.

3.5. SZ signal

Constraining the SZ effect due to XLSSC 122 requires us to si-
multaneously model the cluster and any emissive sources in the
field. Both types of source can be constrained simultaneously
due to the wide range in baseline lengths represented in the
CARMA data. Two radio point sources were detected in the orig-
inal CARMA analysis (XXL Paper V), at angular separations of
3.6′ and 5.5′ from the cluster, and we account for them here. No
additional sources are apparent in the full CARMA data set. In
particular, there is no evidence for a radio source associated with
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Fig. 6. Short-baseline (uv radii < 2kλ) 30 GHz maps of XLSSC 122 from the CARMA-8 (left) and CARMA-23 (WB, right) data, after modeling
and subtracting point sources and applying the CLEAN image reconstruction algorithm (Högbom 1974). White contours show the extended X-ray
emission, as in Figure 2. Gray ellipses in the lower-left corners show the synthesised beam shapes. Both maps use a common color table.

the BCG of XLSSC 122, and, if included, its flux is consistent
with zero; correspondingly, our results in this section are not af-
fected by whether we model such a source.

Although our quantitative results (see Section 3.7) are fit to
the visibilities at all baselines, it is useful to visualise the short-
baseline (i.e., cluster-scale) map after fitting and subtracting the
point source contribution. Figure 6 shows maps made from the
CARMA-8 and CARMA-23 data, using a maximum uv radius
of 2 kλ. The cluster SZ signal is detected independently in each
data set, formally at 6.6σ and 2.7σ significance, respectively; the
combined detection significance is 7.6σ.

Our procedure for fitting the cluster SZ signal is given
in XXL Paper V. We model the cluster using a generalised
NFW (GNFW) form for the three-dimensional, spherically sym-
metric ICM electron pressure profile, assuming values of the
shape parameters given by Arnaud et al. (2010): (c500, γ, α, β) =
(1.177, 0.3081, 1.0510, 5.4905). The remaining cluster parame-
ters are the position of the model centre, an overall normalisa-
tion, and a scale radius, rs = r500/c500. The Compton Y signal is
then obtained, modulo some physical constants, by integrating
the electron pressure within a sphere. Since the CARMA data
cannot simultaneously constrain the normalisation and scale ra-
dius of the pressure profile, in Section 3.7 we adopt a prior on
r500 based on the X-ray data in order to measure a value of Y500
that is consistent with the “global” X-ray measurements.

As noted in XXL Paper V, the assumed slope of the pres-
sure profile at large radii (β), which cannot be directly measured
from these data, can have a significant influence on the inferred
integrated Y parameter. The main results in that work used the
pressure profile template obtained from Bolocam data by Say-
ers et al. (2013), which had a shallower outer slope than ear-
lier published results (Arnaud et al. 2010; Planck Collaboration
2013). However, a more recent analysis combining Bolocam and
Planck data revised this slope to be instead somewhat steeper
than those works (Sayers et al. 2016). Here we adopt the Arnaud
et al. (2010) template to simplify comparisons with other clusters
and because its outer slope is intermediate between the empirical
constraints of the Planck Collaboration (2013) and Sayers et al.
(2016). Differences in the recovered Compton Y among these 3
pressure templates are at the ∼ 7 per cent level, smaller than our
statistical uncertainties (Section 3.7).

A puzzling feature of the SZ signal from XLSSC 122 is that
symmetric models like those described above prefer to be cen-
tred ∼ 35′′ south of the X-ray peak and BCG of the cluster.13

This was noted in XXL Paper V, and is visually apparent in both
the CARMA-8 and CARMA-23 short-baseline maps in Figure 6.
Fitting the combined CARMA data set, we find an offset from
the BCG of 35′′ ± 8′′ (295 ± 64 kpc at z = 1.99). Compared
to a model whose centre is fixed to the BCG position, this has
∆χ2 = −20, corresponding to 3.8σ significance. The 68.3 and
95.4 per cent confidence regions for the SZ model centre are
shown as magenta contours in Figure 2; the best-fitting SZ cen-
tre is J02:17:44.036−03:46:06.15. Motivated by the possibility
of a merging configuration, we investigated a series of ellipti-
cally symmetric and 2-component SZ models, but find that none
are statistically preferred by the data. Given the strength of the
preference for an offset SZ centre, our results for the Compton Y
parameter in Section 3.7 are based on a fit with the cluster centre
free, but we note that fixing the model centre to the BCG posi-
tion would reduce the best-fitting Y500 value by ∼ 13 per cent,
comparable to the statistical uncertainty.

3.6. Galaxy profile

Although we do not have spectroscopic confirmations of galaxy
membership, we can obtain a rough galaxy number profile from
the photometric redshift assignments of Willis et al. (2013). Fig-
ure 7 shows the number of galaxies with photo-z’s in the range
1.7–2.1 as a function of cluster radius, within 90′′ of the BCG
position. Thick and thin lines overlaid respectively show the 1σ
and 2σ confidence expectations (reflecting shot noise) based on
the background of redshift 1.7–2.1 galaxies measured from the
same IR observations far from the cluster location. There is a
clear excess of potential member galaxies within ∼ 40′′ of the
BCG, corresponding well with the brightest X-ray emission.

13 The astrometry of the CARMA data appears good based on the po-
sitions of known point sources. This includes the 2 mJy source present
in the cluster field, whose position is consistent with the correspond-
ing 1.4 GHz FIRST detection within sub-arcsec uncertainties (see XXL
Paper V).
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Table 3. Global properties of XLSSC 122.

z r500 M500 Mgas kT Z L(0.1–2.4 keV) L(0.5–2.0 keV) Y500 Y500 d2
A

(kpc) (1013 M�) (1012 M�) (keV) (Z�) (1044 erg s−1) (1044 erg s−1) (10−12) (10−5 Mpc2)
1.99+0.07

−0.05 295 ± 23 6.3 ± 1.5 7.9 ± 1.9 5.0 ± 0.7 0.33+0.19
−0.17 3.5 ± 0.5 2.2 ± 0.3 3.6 ± 0.4 1.07 ± 0.13

Notes. Where appropriate, measurements are referenced to the characteristic radius r500. A redshift of z = 1.99 is assumed in the derivations of
mass, gas mass, luminosity and Compton Y . The impact of the redshift uncertainty on other quantities (e.g. through the angular diameter distance)
is subdominant to statistical uncertainties.
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Fig. 7. Histogram of distance from the BCG for galaxies photometri-
cally placed at redshifts 1.7–2.1 by Willis et al. (2013, not counting the
BCG itself). Thick and thin lines overlaid respectively show the 1σ and
2σ confidence expectations (reflecting shot noise) based on the back-
ground of redshift 1.7–2.1 galaxies in the same observation. Open cir-
cles indicate our estimates of r500 and r200 from Section 3.7.

3.7. Global properties and mass estimate

For sufficiently massive clusters, the gas mass fraction at
intermediate-to-large radii is expected to be approximately con-
stant, as simulations (including those that implement hydrody-
namic heating and cooling processes) have verified (e.g. Eke
et al. 1998; Nagai, Vikhlinin, & Kravtsov 2007; Battaglia et al.
2013; Planelles et al. 2013; Barnes et al. 2017). Our gas mass
profile can therefore be used to provide an estimate of the mass
of XLSSC 122 that is arguably more secure than those based on
extrapolating other scaling relations (all of which are necessarily
calibrated at significantly lower redshifts) out to z ∼ 2. We adopt
the fiducial value of fgas(r500) = 0.125, based on results from
massive, X-ray selected clusters at z < 0.5 (and consistent with
dynamically relaxed clusters at redshifts z < 1.06; Mantz et al.
2016a,b).14 This fgas value follows from total masses measured
from weak lensing shear (Applegate et al. 2014, 2016) and gas
masses from Chandra (which are generally found to be in good
agreement with XMM gas masses; Tsujimoto et al. 2011; Rozo
et al. 2014; Schellenberger et al. 2015).

14 Applying a typical mass accretion history (e.g. McBride et al. 2009)
to our estimate of M500 ∼ 6 × 1013 M� for XLSSC 122 suggests that it
will grow into an M500 ∼ 2–6 × 1014 M� cluster by z = 0. This range
overlaps well with the sample used to calibrate our reference value of
fgas at low redshift (M500 >

∼ 4 × 1014 M�; Mantz et al. 2016b), indicat-
ing that we can consistently make use of a gas fraction appropriate for
cluster-scale halos. We note that extrapolating scaling relations for lu-
minosity, temperature or YX would typically lead to a larger total mass
estimate (see Figures 8 and 9, and estimates in XXL Paper V).

We arrive at an estimate of M500, and the corresponding ra-
dius r500, by solving the implicit equation

M(r500) =
Mgas(r500)
fgas(r500)

=
4π
3

500ρcr(z)r3
500. (1)

Propagating the uncertainties in the Mgas(r) profile forward, we
find r500 = 295 ± 23 kpc (35′′ ± 3′′) and M500 = (6.3 ± 1.5) ×
1013 M�; correspondingly, Mgas,500 = (7.9 ± 1.9) × 1012 M�.15

The right panel of Figure 5 compares our gas mass profile, scaled
in units of r500 and Mgas,500, with similarly scaled profiles from
Mantz et al. (2016b); the similarity in shape between the pro-
file of XLSSC 122 and those of the massive, z < 0.5 clusters is
encouraging. Assuming a factor of ≈ 1.5 relating r500 with r200
(Navarro et al. 1997), we have r200 = 443 ± 35 kpc (53′′ ± 3′′).

The emissivity profile fit from Section 3.4 can be used to de-
termine the unabsorbed, rest-frame cluster luminosity in a given
energy band projected within r500, accounting for the statistical
uncertainties in the gas temperature. In two commonly used ref-
erence bands, we find L(0.1–2.4 keV) = (3.5±0.5)×1044 erg s−1

and L(0.5–2.0 keV) = (2.2 ± 0.3) × 1044 erg s−1. Given that the
constraint on r500 above is in good agreement with the outer ra-
dius used for the spectral analysis of Section 3.3, we take the
temperature and metallicity results from that section as appropri-
ate for the region r < r500. Incorporating the X-ray r500 constraint
as a prior when fitting the CARMA SZ data, we find the spher-
ically integrated Compton parameter within r500 to be Y500 =
(3.6±0.4)×10−12, or Y500 d2

A(z) = (1.07±0.13)×10−5 Mpc2 for
z = 1.99 (where dA is the angular diameter distance). All of these
characteristic properties of the cluster are collected in Table 3.

4. Discussion

4.1. Comparison with lower-redshift samples

In this section, we compare the global properties of XLSSC 122
with those of X-ray and SZ selected cluster samples at lower red-
shifts. We first compare to the sample of Mantz et al. (2016b),
which comprises the most massive, X-ray selected clusters at
0.0 < z < 0.5, and thus provides a long lever arm in redshift.
Another advantage of using this sample is that the procedure
used to determine the global X-ray properties is nearly identi-
cal to the one employed here. In particular, the method for esti-
mating r500 from the gas mass profile is identical. The principal
difference between the analyses is the use of data from XMM
rather than Chandra in the present work, and the consequent
need to account for the effect of the PSF. We note that the tem-
perature we obtain for XLSSC 122 is likely to be comparable to
15 In this procedure, we have assumed a fixed redshift of z = 1.99, but
we note that, within the redshift constraint provided by the data, the
dependence of critical density and angular diameter distance on z are
subdominant to statistical uncertainties. The same applies to the con-
straints on luminosity and Compton Y , below.
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Fig. 8. Comparison of the global properties of XLSSC 122 (blue point) with lower-z, X-ray selected cluster samples. Factors of E(z) = H(z)/H0
encode self-similar evolution of the scaling relations. Left column: gray points show measurements from Mantz et al. (2016b, z < 0.5), and
solid/dashed lines the corresponding scaling relations (accounting for X-ray flux-selection bias) and their uncertainty (including intrinsic scatter).
These measurements were obtained from Chandra data, but otherwise the procedure for determining each observable (and r500) is essentially the
identical to the one used in this work. Luminosities correspond to the rest-frame 0.1–2.4 keV band. Temperatures from Mantz et al. (2016b) are
centre-excised (excluding radii < 0.15 r500), while the measurement for XLSSC 122 is not. Right column: gray points show measurements of the
100 brightest XXL clusters (z < 1.05; XXL Papers II, III and XIII). Luminosities correspond to the rest-frame 0.5–2.0 keV band, and luminosities
and temperatures are measured in an aperture of radius 300 kpc. Gas masses are measured within r500, as estimated from the mass–temperature
relation of XXL Paper IV. In the centre-right panel, solid line shows the Mgas–T relation of XXL Paper XIII.

temperatures measured by Chandra despite the well publicised
disagreements between the two telescopes at high temperatures;
this is because the cluster emission in this case is redshifted to
observer-frame energies <

∼ 2.5 keV, where the instrumental re-
sponses of the two observatories are in good agreement (Tsuji-
moto et al. 2011; Schellenberger et al. 2015). Another issue is

the use of centre-excised temperature by Mantz et al. (2016b,
specifically, excising radii < 0.15 r500), which we cannot easily
replicate due to the small angular extent of XLSSC 122 com-
pared with the XMM PSF. However, as we do not expect well-
developed cool cores to exist in clusters at z ∼ 2, this is also
likely to have a small impact on the comparison.

Article number, page 9 of 12



A&A proofs: manuscript no. ms

E(z)−1
 L  (10

44
 erg s)

k
T

  
(k

e
V

)

0.5 1.0 2.0 5.0

2
5

1
0

E(z) Mgas  (10
13

 M )

k
T

  
(k

e
V

)

2 5 10 20

2
5

1
0

E(z) Mgas  (10
13

 M )

E
(z

)−
1
 L

  
(1

0
4

4
 e

rg
s
)

2 5 10 20

0
.5

1
.0

2
.0

5
.0

0.2 0.5 1.0 2.0 5.0 10.0 20.0

0
.5

1
.0

2
.0

5
.0

1
0
.0

YX  (10
14

 M  keV)

Y
S

Z
  
(1

0
−
5
 M

p
c

2
)

Fig. 9. Comparison of the global properties of XLSSC 122 (blue point) with lower-z, SZ-selected clusters from SPT at redshifts 0.32 < z < 1.07
(gray points; Andersson et al. 2011). Luminosities are in the 0.5–2.0 keV rest-frame band. The SPT cluster temperatures are centre-excised
(excluding radii < 0.15 r500), while the measurement for XLSSC 122 is not. Solid and dashed lines show the scaling relation constraints published
by Andersson et al. (2011). Factors of E(z) = H(z)/H0 encode self-similar evolution of the scaling relations.

The left column of Figure 8 compares our measurements of
gas mass, temperature, and 0.1–2.4 keV intrinsic luminosity for
XLSSC 122 (blue points) with the Mantz et al. (2016b) z < 0.5
sample (gray points). Also shown are the scaling relations de-
rived in that work, with the width indicated by the dashed lines
primarily reflecting the intrinsic scatter in those relations. Con-
sidering both the statistical uncertainties and the intrinsic scatter,
the agreement is good, despite the significant difference in red-
shift between the two data sets.

We next compare with the sample of 100 brightest (in flux)
XXL-detected clusters (XXL Paper II), of which XLSSC 122
is not a member. The 100-brightest XXL sample spans red-
shifts of 0.04–1.05 and 0.5–2.0 keV luminosities of ∼ 9 × 1041–
3 × 1044 erg s−1. Giles et al. (2016, hereafter XXL Paper III) re-
port temperatures and 0.5–2.0 keV luminosities measured in an
aperture of 300 kpc radius for each cluster, similar to the our es-
timate of r500 for XLSSC 122; this comparison is shown in the
top-right panel of Figure 8. The middle- and bottom-right pan-
els compare the same luminosity and temperature measurements
with gas masses from Eckert et al. (2016, hereafter XXL Pa-
per XIII). For consistency with these authors, the gas mass for
XLSSC 122 has been recomputed in these plots, using a value of
r500 = (406 ± 81) kpc estimated from the mass–temperature re-
lation of Lieu et al. (2016, hereafter XXL Paper IV). Again, the
agreement with a significantly lower-redshift data set is good.

The final comparison, shown in Figure 9, is to the SZ-
selected sample of South Pole Telescope (SPT) clusters pub-

lished by Andersson et al. (2011). This sample spans 0.32 <
z < 1.07, and has measured X-ray properties from Chandra
or XMM. In addition to X-ray luminosity (shown in the 0.5–
2.0 keV band), temperature and gas mass, for this sample we
can form scaling relations involving the Compton Y parameter;
here we show the Y500–YX relation, where YX = Mgas,500 kT . The
agreement of XLSSC 122 with the scaling relations derived from
this cluster sample, now selected in an entirely different way to
the previous cases, is again broadly good when considering the
statistical and intrinsic scatters.

In all of these plots, self-similar evolution factors (Kaiser
1986) have been applied to luminosity and gas mass. While we
cannot draw strong conclusions based on a single cluster, the
results in this section suggest that departures from self-similar
evolution may be relatively mild for massive clusters, even out
to z = 2.

4.2. Metallicity

While the statistical uncertainties on the metallicity of
XLSSC 122 from Section 3.3, Z/Z� = 0.33+0.19

−0.17, are not particu-
larly constraining, the nominal metallicity is tantalisingly similar
to values measured in massive clusters at much lower redshifts
(excepting the cores of cool core clusters, where star formation
is relatively efficient; e.g. Leccardi & Molendi 2008; Maughan
et al. 2008; Baldi et al. 2012; Ettori et al. 2015; McDonald et al.
2016). This is particularly interesting in light of measurements of
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extremely uniform metallicities extending to very large radii in
the Perseus and Virgo Clusters (Werner et al. 2013; Simionescu
et al. 2015). Such a distribution is most easily explained by an
early enrichment scenario, in which the intergalactic medium is
enriched to a metallicity of Z/Z� ≈ 0.3 prior to the formation
of massive clusters, at z > 2–3. This picture is reinforced by re-
cent Chandra measurements showing the metallicity at interme-
diate cluster radii (core-excised) to be consistent with a constant
out to z ≈ 1.5 (McDonald et al. 2016). The measured metallic-
ity presented here, if confirmed by more precise X-ray measure-
ments for XLSSC 122 and similarly massive, high-redshift clus-
ters, would provide a definitive confirmation of the enrichment
of the ICM at early times.

4.3. Dynamical state

At first glance, the dynamical state of XLSSC 122 presents
something of a paradox. The north-south offset between the X-
ray peak/centroid and the SZ centre (Section 3.5) is large com-
pared with to the extent of the cluster, (0.99 ± 0.23)r500 (includ-
ing measurement uncertainties in both the offset and r500). At
face value, this suggests significant thermodynamic asymmetry.
In simulations, Zhang et al. (2014) find that X-ray/SZ offsets of
several hundred kpc are possible in merging configurations sim-
ilar to that of the Bullet Cluster (Markevitch et al. 2002), where
one subcluster contains significantly X-ray brighter gas than the
other. In such a case, we would still expect to see extended X-ray
emission associated with a lower surface brightness subcluster,
coincident with the SZ centre. The only diffuse X-ray emission
detectable in the current data appears well centred on the X-ray
peak (note that this emission is more extended than the PSF; Fig-
ure 3). The visible emission is, however, slightly elongated in the
direction of the SZ detection (Figure 2).

We note that the interpretation of the measured offset in the
context of the work of Zhang et al. (2014) is not entirely straight-
forward, since those authors define the SZ centre as the peak of
a relatively high-resolution (2′′–15′′) map. The correspondance
between this peak and the centre of a symmetric model fit to our
interferometric data is non-trivial in the case of an asymmetric
cluster. In this context, a useful, empirical comparison can be
made with the X-ray/SZ offsets measured by Andersson et al.
(2011) for 15 SPT clusters. The SPT data is natively of simi-
lar resolution to our CARMA data, and the clusters are detected
with comparable signal-to-noise to XLSSC 122; the SZ centring
method used (maximising the significance of a beta-model clus-
ter profile) is also broadly similar to ours. The SPT X-ray/SZ
offsets in angular separation, the most relevant comparison in
terms of resolution and centroiding accuracy, are similar in mag-
nitude to the value we measure; our offset of 35′′ lies at the
87th percentile of the Andersson et al. (2011) sample (i.e. two
of their clusters are more extreme). In terms of metric distance,
XLSSC 122 corresponds to the 93rd percentile (one SPT cluster
more extreme).

In summary, the measured X-ray/SZ offset for XLSSC 122 is
relatively large, though within the range observed for other clus-
ters, and could be explained by a merging configuration. At the
same time, the diffuse X-ray emission visible in the current data,
taken in isolation, appears regular, and is well aligned with the
putative BCG. Higher spatial resolution X-ray and/or SZ data,
revealing any small scale structure in the ICM, would provide
the most straightforward means to address this question.

5. Conclusion

We present results from a 100 ks XMM observation of galaxy
cluster XLSSC 122, the first massive cluster discovered through
its X-ray emission at z ≈ 2. The data allow us to, for the first
time, measure global thermodynamic properties such as temper-
ature, metallicity, and gas mass for such a system. The rest-frame
6.7 keV Fe emission complex is detected in the EPIC data, pro-
viding an emission-weighted metallicity constraint of Z/Z� =
0.33+0.19

−0.17. The Fe emission line detection furthermore directly
and spectroscopically confirms the high redshift of this cluster,
z = 1.99+0.07

−0.06, in agreement with the earlier photometric estimate
of 1.91+0.19

−0.21. The temperature constraint of kT = 5.0 ± 0.7 keV
confirms that XLSSC 122 is indeed a massive cluster contain-
ing a hot ICM. Accounting for the PSF, we generate a gas mass
profile for XLSSC 122, and use this to estimate a characteris-
tic radius of r500 = (295 ± 23) kpc (corresponding to a mass of
M500 = (6.3 ± 1.5) × 1013 M�), assuming a constant gas mass
fraction at r500 of 0.125. We additionally provide measurements
of the X-ray luminosity and the Compton Y parameter, the latter
from CARMA SZ data.

These global properties of XLSSC 122 are in reasonably
good agreement with measurements for large samples of clusters
in various (lower) redshift ranges (spanning overall 0 <

∼ z <
∼ 1)

and with scaling relations fitted to those samples, when assum-
ing self-similar evolution. While broad conclusions should not
be drawn from a single high-redshift cluster, this good agreement
suggests that, for sufficiently massive clusters, the evolution of
the ICM is remarkably simple, even out to the highest redshifts.
Similarly, the global metallicity measured from our XMM data
is in excellent agreement with lower-redshift clusters, albeit with
large statistical uncertainties, supporting a picture in which the
ICM throughout most of the cluster volume is enriched at yet
higher redshifts. Observations of additional clusters at compara-
ble redshifts will be required to determine how representative,
or not, XLSSC 122 is. While XLSSC 122 is a rare object, the
prospects for studying the statistics of the cluster population at
very high redshift are good, with SZ and IR surveys of thousands
of square degrees now routinely discovering clusters out to red-
shifts z ∼ 1.7; as these efforts scale up to larger areas, useful
numbers of clusters at even higher redshifts will be uncovered.

In spite of its apparently simple scaling properties,
XLSSC 122 presents a puzzle in the spatial offset between the
centres of the X-ray and SZ signals. This speaks to the chal-
lenge of understanding the internal structure of very distant clus-
ters, given that current X-ray observatories do not simultane-
ously provide high spatial resolution and high throughput. The
SZ effect may provide a useful alternative for assessing the mor-
phology of high-z clusters, either through interferometry (e.g.
ALMA) or large, single-dish telescopes coupled to sensitive de-
tector arrays. Looking further ahead, the epoch of cluster forma-
tion is one for which large-area, high-resolution X-ray facilities
such as Athena and Lynx are ideally suited.
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