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ABSTRACT

Context. The XMM-XXL survey has used observations from the XMM-Newton observatory to detect clusters of galaxies over a wide
range in mass and redshift. The moderate PSF (FWHM ∼ 6′′ on-axis) of XMM-Newton means that point sources within or projected
onto a cluster may not be separated from the cluster emission, leading to enhanced luminosities and affecting the selection function of
the cluster survey.
Aims. We present the results of short Chandra observations of 21 galaxy clusters and cluster candidates at redshifts z > 1 detected in
the XMM-XXL survey in X-rays or selected in the optical and infra-red.
Methods. With the superior angular resolution of Chandra, we investigate whether there are any point sources within the cluster region
that were not detected by the XMM-XXL analysis pipeline, and whether any point sources were misclassified as distant clusters.
Results. Of the 14 X-ray selected clusters, 9 are free from significant point source contamination, either having no previously unre-
solved sources detected by Chandra or with less than about 10% of the reported XXL cluster flux being resolved into point sources.
Of the other five sources, one is significantly contaminated by previously unresolved AGN, and four appear to be AGN misclassified
as clusters. All but one of these cases are in the subset of less secure X-ray selected cluster detections and the false positive rate is
consistent with that expected from the XXL selection function modelling. We also considered a further seven optically selected cluster
candidates associated with faint XXL sources that were not classed as clusters. Of these, three were shown to be AGN by Chandra,
one is a cluster whose XXL survey flux was highly contaminated by unresolved AGN, while three appear to be uncontaminated clus-
ters. By decontaminating and vetting these distant clusters, we provide a pure sample of clusters at redshift z> 1 for deeper follow-up
observations, and demonstrate the utility of using Chandra snapshots to test for AGN in surveys with high sensitivity but poor angular
resolution.

Key words. cosmology: observations – galaxies: clusters: general – X-rays: galaxies: clusters

1. Introduction

Galaxy cluster surveys provide us with large, well-controlled
samples of clusters that enable us to place constraints on cosmo-
logical models through tests of the growth of structure. For the
tightest constraints on the cosmological parameters, we need a
large look-back time, with samples that include clusters at z> 1.
These high-redshift clusters enable the study of the astrophysical
processes that drive galaxy and cluster evolution over cosmic
time.
? Based on observations obtained with XMM-Newton, an ESA science

mission with instruments and contributions directly funded by ESA
Member States and NASA, and Chandra, a NASA science mission with
instruments and contributions directly funded by NASA.

Although galaxy cluster surveys can be carried out at dif-
ferent wavelengths (e.g. Rosati et al. 1998; Böhringer et al.
2004; Gladders & Yee 2005; Eisenhardt et al. 2008; Rozo
et al. 2010; Sehgal et al. 2013; Planck Collaboration XX 2014;
Stanford et al. 2014), searching for extended X-ray emission has
the advantage that the cluster candidates that are identified are
much less likely to suffer from projection effects than selecting
clusters based on galaxy overdensities which can contain projec-
tions of galaxies along the line of sight that are not associated
with virialized systems. This is because a given amount of gas
dispersed in clumps and filaments will be much fainter in X-rays
than the same gas confined and compressed in a single poten-
tial well, as is the case in a cluster, where this gas is termed the
intra-cluster medium (ICM). This is due to bremsstrahlung
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emissivity (the main emission mechanism in a cluster) being
proportional to the square of the density of the gas.

X-ray surveys have proven very effective in identifying large
numbers of galaxy clusters (e.g. Gioia et al. 1990; Ebeling et al.
1998, 2010; Rosati et al. 1998; Böhringer et al. 2004; Pierre et al.
2004, 2016; Fassbender et al. 2011; Mehrtens et al. 2012; Willis
et al. 2013, hereafter XXL Paper I) including many at redshifts
z> 1, with the most distant clusters found up to a redshift z ≈ 2
(Nastasi et al. 2011; Santos et al. 2011; Willis et al. 2013; Mantz
et al. 2014, hereafter XXL Paper V).

While X-ray surveys are effective at finding clusters of galax-
ies, clusters are vastly outnumbered by active galactic nuclei
(AGN), which dominate extragalactic X-ray source counts. With
sufficient angular resolution, clusters are resolved, allowing
these two classes to be separated. However, for clusters at cos-
mological distances, this becomes challenging because of the
low surface brightness of the cluster emission and the fact that
the detected emission from these distant clusters can have angu-
lar extents similar to (or smaller than) the point spread function
(PSF) of most X-ray observatories. This can lead to AGN being
misclassified as clusters or a compact cluster being misclassified
as AGN.

It is also possible for a genuine cluster detection to be con-
taminated by X-ray emission from an unresolved AGN in, or
projected onto the cluster, giving rise to various issues (e.g. Giles
et al. 2012). Most importantly, a cluster with AGN contamina-
tion will have its flux and temperature overestimated (Branchesi
et al. 2007). This has implications for the use of luminosity
or temperature as a mass estimator to carry out cosmological
studies (reviewed by Allen et al. 2011), or for studies of the scal-
ing relations between cluster properties (e.g. Pratt et al. 2009;
Maughan et al. 2012; Giles et al. 2016, also known as XXL
Paper III). Unresolved AGN in or projected onto clusters also
alter the apparent surface brightness distribution of the cluster
which can enhance or decrease its detection probability making
it difficult to understand the selection function of cluster surveys
at the level needed for cosmological studies. An additional com-
plication is that AGN in galaxy clusters are significantly more
common at higher redshift. Galametz et al. (2009) found that
X-ray selected AGN are at least three times more prevalent in
clusters at 1 < z < 1.5 than in clusters at 0.5 < z < 1. This
is a higher increase in AGN density than that seen in the field
population of AGN (Martini et al. 2013). For low mass clusters
(<∼ 3 × 1014 M�) at z< 1, there is evidence that the density of
X-ray selected AGN in X-ray selected clusters is consistent with
the field (Koulouridis et al. 2014). Optically selected AGN in
optically selected clusters show similar agreement between the
AGN fraction in clusters and the field (Marziani et al. 2017),
but with some indication that the AGN fraction can be higher
in compact groups (Martínez et al. 2010).

The problem of AGN contamination of X-ray cluster sur-
veys can be addressed statistically by using realistic models of
the population of AGN in and projected onto distant clusters
in the calibration of the selection function. The state-of-the-
art is the use of full cosmological hydrodynamical simulations
which include self-consistent modelling of cluster and AGN pop-
ulations (Koulouridis et al. 2018). The observational data upon
which to base such models are sparse, and this project was the
first systematic attempt to observationally survey the AGN con-
tent of distant X-ray selected galaxy clusters. Similar work can
also now be found in Biffi et al. (2018). The AGN contribution
to individual distant clusters has previously been studied (e.g.
Hilton et al. 2010), and the cosmic evolution of AGN in clus-
ters has been studied using IR selected clusters, including z> 1

clusters (Galametz et al. 2009), but this is the first time that clus-
ters detected in an X-ray survey have been looked at, so this work
has particular bearing for X-ray cluster surveys.

Our work uses the XXL survey (XXL Paper I), which is the
largest survey carried out by the XMM-Newton satellite and cov-
ers a total area of 50 deg2 distributed over two fields (XXL-N
and XXL-S). XMM-Newton has an on-axis half energy width
(HEW) PSF of ∼15′′ which degrades and becomes increasingly
asymmetric as a function of distance from the aimpoint. The
XXL survey’s primary aim is to investigate the large-scale struc-
ture of the Universe using the distribution of galaxy clusters
(and AGN) as tracers of the matter distribution. The survey has
detected several hundreds of galaxy clusters out to a redshift of
z ≈ 2 (365 in the most recent list, Adami et al. 2018, referred
to as XXL Paper XX hereafter) above an X-ray flux limit of
∼5 × 10−15 erg s−1 cm−2 in the 0.5–2 keV band. We study a set
of 21 z> 1 clusters and candidates using short Chandra observa-
tions to assess the level of AGN contamination. We use the term
“candidates” in recognition of the fact that some of the sources
without spectroscopic confirmation or flagged as less reliable
by the X-ray detection pipeline may not be genuine clusters.
The main aims of this work are to quantify the contribution of
unresolved point sources to the XXL detection of extended ICM
emission and flag for rejection those candidate clusters where the
XXL detection is fully resolved into one or more point sources by
Chandra. This decontamination is made possible by Chandra’s
on-axis sub-arcsecond PSF. This work is especially important
given the upcoming launch of eROSITA (Merloni et al. 2012).
eROSITA’s all-sky survey is expected to detect ∼105 clusters out
to redshifts z> 1 (Pillepich et al. 2012) and will have on-axis spa-
tial resolution similar to that of XMM-Newton and so will face
the same challenges as XMM-Newton in resolving point sources
in distant clusters.

The structure of the paper is as follows. In Sect. 2 we dis-
cuss the sample selection and data preparation. Section 3 details
the data processing steps. Notes on individual clusters are given
in Sect. 4. We discuss our results in Sect. 5. The conclusions
are presented in Sect. 6. Throughout this paper we assume a
WMAP9 cosmology of H0 = 70 km s−1Mpc−1, ΩΛ = 0.72, and
Ω m = 0.28 (Hinshaw et al. 2013).

2. Sample and data preparation

Our sample was initially constructed to comprise the 15 z > 1
clusters and cluster candidates from the XMM-LSS survey (an
∼10 deg2 precursor to, and subset of XXL; Willis et al. 2013).
The redshifts of two of those clusters (XLSS J022252.3-041647
and XLSSU J021712.1-041059) were subsequently revised to be
at z < 1, so were dropped. Two of the remaining Willis et al.
(2013) clusters had existing Chandra archival data, the other 11
were targeted with new Chandra snapshot observations. We sub-
sequently expanded our sample to include a further four z > 1
clusters detected in the wider XXL survey that have available
Chandra data. The full 50 deg2 XXL survey contains a further
seven z > 1 clusters for which we have been awarded Chandra
observations, four of which have been observed and are included
in this work, while the remaining three clusters have yet to be
observed. Our final sample thus contains 21 z > 1 clusters and
candidates in total.

The XXL source detection pipeline XAMIN ranks clusters
into classes (Pacaud et al. 2006, 2016, hereafter XXL Paper II;
Faccioli et al. 2018 – also known as XXL Paper XXIV). Galaxy
cluster candidates are selected from the XAMIN maximum like-
lihood outputs in EXT, EXT_STAT, and EXT_DET_STAT, which
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Table 1. Summary of the cluster sample and Chandra data.

XXLID ObsID Class Class z RA Dec F60 Chip Clean time
Willis XXL (J2000) (J2000) (10−14 erg s−1 cm−2) configuration (ks)

XLSSC 072 18253 C1 C1 1.00 33.850 −3.726 4.1± 0.4 ACIS-S 9.9
XLSSC 029 7185 C1 C1 1.05 36.017 −4.225 3.2± 0.3 ACIS-S 31.9
XLSSC 005 18256 C1 C1 1.06 36.788 −4.301 0.9± 0.2 ACIS-S 10.9
3XLSS J021825.9-045947 17306 C1 1.13a 34.608 −4.997 0.4± 0.1 ACIS-Ib 50.8
XLSSC 122 18263 C1 C1 1.99 34.433 −3.759 1.3± 0.3 ACIS-S 10.6
XLSSC 048 18254 C1 C2 1.01 35.722 −3.473 1.1± 0.3 ACIS-S 9.4
XLSSC 073 18255 C1 C2 1.03 33.744 −3.506 0.7± 0.3 ACIS-S 17.9
3XLSS J022755.7-043119 20534 C2 1.05a 36.982 −4.522 0.3± 0.3c ACIS-S 31.6
3XLSS J021320.3−053411 20535 C2 1.08a 33.334 −5.570 0.1+0.2

−0.1
c ACIS-S 35.2

XLSSC 203 17304 C2 1.08 34.428 −4.989 0.2± 0.1 ACIS-Ib 44.7
XLSSC 634 11741 C2 1.08 355.691 −54.185 4.8± 0.6 ACIS-Ib 62.7
3XLSS J021325.0-042000 20536 C2 1.20a 33.355 −4.334 1.5± 0.5c ACIS-S 9.9
3XLSS J022005.5-050826 13374 C2 C2 1.65a 35.023 −5.141 0.6± 0.2c ACIS-I 75.7
3XLSS J022418.4-043956 18262 C2 C2 1.67a 36.077 −4.666 0.6± 0.2c ACIS-S 11.9
XLSSC 034 20538 C3 1.04 35.372 −4.099 2.1± 0.9 ACIS-S 9.9
3XLSS J022059.0-043922 18257 C2 C3 1.11a 35.246 −4.657 0.9± 0.3c ACIS-S 9.8
XLSSC 046 18259 C2 C3 1.22 35.763 −4.606 0.7± 0.2 ACIS-S 20.8
3XLSS J022351.3-041841 6390 C3 1.27a 35.963 −4.313 0.9± 0.2c ACIS-Sb 10.8
3XLSS J021700.4-034746 18260 C2 C3 1.54a 34.251 −3.796 0.7± 0.2c ACIS-S 9.9
3XLSS J022812.3-043836 18261 C2 C3 1.67a 37.051 −4.644 0.4± 0.1c ACIS-S 9.6
3XLSS J022554.3-045059 18264 C2 C3 2.24a 36.476 −4.850 0.2± 0.2c ACIS-S 21.7

Notes. Column 1: cluster name; Col. 2: Chandra ObsID; Col. 3: cluster class (see Sect. 2) from Willis et al. (2013) or blank if the cluster is not
part of that sample; Col. 4: cluster class from the updated XXL pipeline; Col. 5: redshift of the cluster (from XXL Paper XX or for those not
in that paper, the redshifts have not yet been published); Cols. 6 and 7: RA and Dec coordinates of the cluster centre (from XXL Paper XX);
Col. 8: cluster flux in the 0.5–2 keV energy band measured in the 60′′ cluster region using XXL data (those that are not included in XXL Paper
XX are marked with (c)); Col. 9: CCD chip configuration for the observation where (b) means that the cluster fell off-axis in the observation – the
off-axis distance is given in Sect. 4; Col. 10: cleaned Chandra observation time. Redshifts that are photometric are marked with (a).

correspond to the extent, likelihood of extent, and detection
significance, respectively. A source is considered extended if
it has measured EXT greater than 5′′ and EXT_STAT greater
than 15. The extended sources are then sorted into categories:
the C1 class selects candidates with an EXT_STAT greater than
33 and a EXT_DET_STAT greater than 32; the C2 class com-
prises the remaining candidates. The C1 sample is expected to
be mostly free of contamination by point sources. The C2 sam-
ple is expected to be about 50% comprised of misclassified AGN,
image artifacts and other spurious detections (Pierre et al. 2006;
Adami et al. 2011), although it is worth noting that the contam-
ination of the final C2 sample is likely to be significantly lower
than this, as all cluster candidates are visually inspected, and
obvious spurious sources are rejected. There exists a third class,
the C3 sample, which consists of clusters known from optical/IR
catalogues, that are associated with some X-ray emission that
is too weak to be characterised (see Pierre et al. 2006, or XXL
Paper XX). However, despite this, not all cluster candidates are
expected to be genuine clusters: it is possible that in some cases
where a cluster has been identified by XXL, there could just be a
galaxy overdensity coincident with one or more AGN. The clas-
sifications were calibrated by simulations where the pipeline was
run on previous XMM observations with model clusters and ran-
domly distributed AGN added (Pacaud et al. 2006, 2007; Clerc
et al. 2012). These observations were restricted to low redshift
clusters, and the purpose of this work is to extend this to lower
signal-to-noise high-redshift clusters which is more challenging
due to the high-redshift clusters often not being resolved, and
there being bad supporting data.

The XXL analysis pipeline has been upgraded since the
work reported in Willis et al. (2013), leading to some changes
in classification for individual objects (XXL Paper XXIV). For
the present analysis, we are using cluster classifications and
properties consistent with those in the latest data release (XXL
Paper XX). Throughout this paper we often refer to the updated
pipeline results, which are the results from XAMIN consistent
with the version used in XXL Paper XX.

Our sample consists of five C1 clusters, nine C2 clusters, and
seven C3 clusters. Three C2 clusters (3XLSS J022755.7-043119,
3XLSS J021320.3-053411, 3XLSS J021325.0-042000) and 1 C3
cluster are reported here for the first time. Table 1 shows the
properties of the clusters in our sample. The cluster flux in the
0.5–2 keV energy band measured in the 60′′ cluster region using
XXL data, F60, reported in Table 1 in Col. 8, was computed using
a growth curve analysis as described in XXL Paper II (either
taken from XXL Paper XX or recomputed directly by us for
objects not included in this paper). Two clusters (XLSSC 072
and XLSSC 029) are in the XXL 100 brightest galaxy cluster
sample (XXL Paper II) and 10 clusters (all C1s, 4 C2s – XLSSC
048, XLSSC 073, XLSSC 203, XLSSC 634, and 1 C3 – XLSSC
034) are in XXL Paper XX.

The clusters in our Chandra snapshot programme that were
not covered by archival data were observed with the ACIS-S con-
figuration with an exposure time designed to give a significant
detection of a point source contributing >10% of the 0.5–2 keV
band XXL flux for C1s and spectroscopically confirmed C2s
and >25% for other cluster candidates. A minimum exposure
time of 10 ks was imposed on all observations. The snapshot
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Fig. 1. A comparison of the optical image with the XMM-Newton contours from the 0.5–2 keV band (red) superimposed (left panel) and the raw
and smoothed (using a Gaussian with σ ∼ 2.5′′) Chandra (centre and right panels, respectively) images for all C1 clusters. All optical images are
i-band images from the CFHTLS except for 3XLSS J021825.9-045947 which is r-band. Chandra images are in the 0.3–8.0 keV band. The green
circle is the same in all images and is of radius 60′′ and centred on the cluster centre. Point sources within 60′′ of the cluster centre are marked by
the smaller green circles in all images. In the raw Chandra images, if a Chandra point source was detected in XXL, then it is circled in red.

observations were not designed to detect significant emission
from the ICM, although a borderline significant detection was
expected in some cases. For those clusters already covered by
archival data, two were in the ACIS-S configuration and four in
the ACIS-I configuration (see Table 1). In some of the archived
observations, the cluster fell relatively far from the optical axis,
leading to a larger PSF than for an on-axis observation, which
sometimes caused complications in the analysis (see Sect. 4).

All 21 clusters in our sample were analysed with the CIAO1

4.9 software package and CALDB2 version 4.7.4 (Fruscione
et al. 2006). The level 1 event files were reprocessed using

1 http://cxc.harvard.edu/ciao
2 http://cxc.harvard.edu/caldb

the chandra_repro tool following the standard data reduc-
tion threads3. Periods of background flares were identified and
removed using lightcurves analysed with the deflare tool.
For observations taken in the ACIS-S configuration the cluster
always fell on only the S3 chip, so a lightcurve was extracted
from only the S3 chip. For the observations in the ACIS-I
configuration, a lightcurve was extracted from the four front illu-
minated (FI) chips, CCD_IDs I0-I3 (excluding any other chips in
the observation). The CCDs not used for the lightcurve filtering
were discarded from the rest of the analysis.

In Figs. 1–3, we show optical and Chandra images for the
C1–C3, clusters, respectively.
3 http://cxc.harvard.edu/ciao/threads/index.html
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Fig. 2. Same as Fig. 1 but for all C2 clusters. All optical images are i-band images from the CFHTLS except for XLSSC 203 which is r-band and
XLSSC 073 which is g-band.
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Fig. 2. continued.

3. Data processing

The main focus of our analysis is both to obtain flux constraints
for detected sources, and to determine upper limits for possible
sources that were not detected. For source detection we use the
CIAO wavdetect tool, and for photometry the CIAO srcflux
tool was used. The srcflux tool uses a Bayesian method
to compute the background-marginalised posterior probability
distribution of the source flux. srcflux has three possible out-
comes: a “good measurement” where the probability distribution
function (PDF) is not truncated at zero for the confidence interval
specified, so the lower limit is given as well as the most proba-
ble flux and upper limit; “pdf truncated at zero” where the most
probable flux and upper limit are given, but the lower limit is not
given as the PDF is truncated at zero for the confidence interval
specified; “mode of zero” where the most probable flux is zero
and a lower limit is therefore not given, but an upper limit is still
given.

In the following section, we describe the detection and pho-
tometry of point sources in the Chandra data in or projected onto
the cluster regions. We assume that all point sources detected are
AGN, as AGN vastly outnumber any other contaminating point
sources at this depth – the possibility that they could be X-ray
bright stars is ∼3% (Galametz et al. 2009; Chiappetti et al. 2018
– also known as XXL Paper XXVII). For several clusters, point
sources were detected in these regions by the XXL pipeline and
excluded from the XXL cluster flux measurements. Since the
goal of our analysis is to estimate the effects of AGN that were
unresolved by XMM, we do not include the point sources that
were detected by XXL in the main body of this paper. These
sources are detailed in Table A.1.

3.1. Point source detection and flux calculation

For the purpose of point source detection, images and the appro-
priate exposure maps were produced in the 0.3–8 keV band (Kim
et al. 2007). The CIAO wavdetect tool was used to search for
point sources in these images. The scales parameter was set as
(
√

2)n with n = 0–8 and the sigthresh parameter was set to
1 × 10−6 such that there will be ∼4 false-positive source detec-
tions per image for the 4 FI chips in the ACIS-I observations and
∼1 for the S3 chip in the ACIS-S observations. Since we are con-
sidering only the 60′′ region around the cluster, the false positive
rate will be ∼0.05 false positive source detections per cluster,

corresponding to ∼1 false positive in the full sample of clusters.
The detection limit corresponds to ∼5 photons from the source
aperture in wavdetect.

In some cases where the cluster fell off-axis, due to the
observation being from pre-existing Chandra data not specif-
ically designed to observe the cluster, there was ambiguity as
to whether a detected source was a point source or ICM emis-
sion. There were also cases where no source was detected by
wavdetect but a visual inspection suggested a possible point
source in or projected onto the cluster region. In order to be
conservative in our classification of whether point sources were
present, we flagged as possible point sources any regions within
60′′ of the cluster centre that possessed either (i) at least 4 counts
in a single pixel, or (ii) at least 6 counts in a 1′′ circle with
at least one pixel containing 2 or more counts. This formalised
our visual inspection enabling us to apply it to simulated images
when determining upper limits as described below.

Multi-wavelength data were used to assist the classification
of these possible point sources, and details for each are given in
Sect. 4. For the optical band, we used the Canada-France-Hawaii
Telescope Legacy Survey (CFHTLS) data for XXL-N4. These
images were taken with the wide field optical imaging camera
MegaCam, a 340 megapixel camera with a 1′ × 1′ field of view.
For XLSSC 634 in XXL-S, the image was taken from the BCS
survey (Desai et al. 2012) with the Mosaic2 imager on the Blanco
4 m telescope5. For radio data we used the NRAO VLA Sky Sur-
vey (Condon et al. 1998) and Tasse et al. (2008) for the XXL-N
field and used Australia Telescope Compact Array (ATCA) data
(Smolčić et al. 2016 – also known as XXL Paper XI; Butler et al.
2018 – also known as XXL Paper XVIII) for the XXL-S field
(for XLSSC 634). We define an optical or radio source as a likely
counterpart to a Chandra detected point source if it falls within
2′′ of the Chandra detected point source coordinates.

Fluxes were then measured for all point sources detected
within 60′′ of the cluster centre (as in XXL Paper XX), assuming
a power law model with Γ = 1.7, consistent with the modelling
used in other XXL papers (Fotopoulou et al. 2016 – also known
as XXL Paper VI, XXL Paper XXVII); however, since we are
measuring the flux in a relatively narrow band (compared to
the full Chandra bandpass), without needing to extrapolate, and
with too few counts to fit the spectral index, the exact choice
4 http://www.cfht.hawaii.edu/Science/CFHTLS
5 http://www.ctio.noao.edu/noao/node/9
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Fig. 3. Same as Fig. 1 but for all C3 clusters. All optical images are i-band images from the CFHTLS.
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Table 2. Summary of point source detection and cluster contamination from the Chandra data.

XXLID Class z F60 No. of point Chandra point source flux AGN contamination Final Chandra cluster flux
XXL (10−14 erg s−1 cm−2) sources (10−14 erg s−1 cm−2) fraction assessment (10−14 erg s−1 cm−2)

XLSSC 072a C1 1.00 4.1± 0.4 1 <0.08 <0.02 CC 3.41+0.85
−0.82

XLSSC 029a C1 1.05 3.2± 0.3 2 0.09± 0.04 0.03 CC 3.63+0.30
−0.29

XLSSC 005a C1 1.06 0.9± 0.2 0 <0.26 <0.29 CC 1.19+0.69
−0.67

3XLSS J021825.9-045947 C1 1.13 0.4± 0.1 1 0.27± 0.09 0.67b FC 0.32+0.25
−0.23

XLSSC 122a C1 1.99 1.3± 0.3 0 <0.24 <0.18 CC 1.98+0.79
−0.77

XLSSC 048a C2 1.01 1.1± 0.3 0 <0.19 <0.17 CC 0.85+0.67
−0.63

XLSSC 073a C2 1.03 0.7± 0.3 1 0.08± 0.05 0.11 CC 0.46+0.41
−0.37

3XLSS J022755.7-043119 C2 1.05 0.3± 0.3 2 0.16± 0.05 0.53 FC <0.37
3XLSS J021320.3-053411 C2 1.08 0.1+0.2

−0.1 1 0.12± 0.06 1.2 FC 0.35+0.32
−0.13

XLSSC 203 C2 1.08 0.2± 0.1 1 0.10± 0.06 0.50 PC 0.54+0.29
−0.29

XLSSC 634 C2 1.08 4.8± 0.6 3 0.46± 0.09 0.10b CC 5.62+0.35
−0.35

3XLSS J021325.0-042000 C2 1.20 1.5± 0.5 0 <0.25 <0.17 CC 1.75+0.87
−0.83

3XLSS J022005.5-050826a C2 1.65 0.6± 0.2 4 0.27± 0.08 0.45 FC <0.09
3XLSS J022418.4-043956a C2 1.67 0.6± 0.2 0 <0.28 <0.47 CC <0.47
XLSSC 034 C3 1.04 2.1± 0.9 1 0.15± 0.13 0.07 CC 2.52+0.88

−0.83
3XLSS J022059.0-043922a C3 1.11 0.9± 0.3 1 1.52± 0.34 1.7 FC 0.22+0.65

−0.22
XLSSC 046a C3 1.22 0.7± 0.2 0 <0.24 <0.34 CC 0.99+0.49

−0.47
3XLSS J022351.3-041841 C3 1.27 0.9± 0.2 0 <0.18 <0.20b FC/PC/CC 0.17+0.36

−0.17
3XLSS J021700.4-034746a C3 1.54 0.7± 0.2 2 0.48± 0.20 0.69 FC <0.45
3XLSS J022812.3-043836a C3 1.67 0.4± 0.1 1 0.22± 0.13 0.55 FC/PC 0.54+0.51

−0.48
3XLSS J022554.3-045059a C3 2.24 0.2± 0.2 2 0.37± 0.12 1.9 FC 0.07+0.47

−0.07

Notes. The Chandra cluster flux measurement is also shown. Column 4: XXL cluster flux. Column 5: number of point sources detected by
wavdetect within a 60′′ radius region around the cluster centre that were not previously detected by XXL. Column 6: total flux of all of the
point sources detected by wavdetect within a 60′′ region around the cluster centre that were not detected by XXL, with the 1σ lower and
upper limits given as error. All fluxes are in the 0.5–2 keV energy band. Column 7: fraction of F60 resolved into point sources by Chandra,
as described in Sect. 3.1. Column 8: our assessment of the cluster. Column 9: cluster flux as calculated from Chandra data after point source
removal (described in Sect. 3.2) with 1σ errors. XXLIDs marked with (a) appear in Willis et al. (2013) and are therefore part of the XMM-
LSS subset of clusters. AGN contamination fractions marked with (b) have possible additional contamination from potential point sources
that did not meet our detection threshold (except for XLSSC 634 which has a potentially lower AGN contamination fraction than stated in
this table), and contamination values that include these sources are given in Sect. 4. Individual point source fluxes and positions are given
in Table A.1.

of spectral index is not too important. The source region was
set to be the 90% encircled energy radius of the PSF at 1 keV
and the background region was an annulus centred on the same
coordinates as the source region, with the inner radius equal to
the source radius, and the outer radius five times greater than
the inner radius. The psfmethod option in srcflux was set
to quick, which uses the radius of the source circle to obtain
the PSF fraction in the specified energy band, and assumes that
the background region contains 0% of the source flux, so the
effect of any source flux that falls in the background region is
neglected. The absorbing Column, NH, was fixed at the Galactic
value (Kalberla et al. 2005): ≈2 – 2.5 × 1020 cm−2 for all clus-
ters except XLSSC 634 which had NH ≈ 1.5 × 1020 cm−2. All
of the wavdetect detected point sources had “good measure-
ments” from srcflux, except for XLSSC 072 which had “mode
of zero” for its flux measurement so we report this as a 1σ upper
limit.The fluxes are reported in Col. 6 in Table 2.

For those clusters that had no point sources detected within
60′′ of the cluster centre, we determined an upper limit on the
flux of any undetected point source. For each cluster we simu-
lated an image of a point source, using the Chandra PSF at the
detector position of the cluster centre, and normalised to a par-
ticular point source flux. Poisson noise was added and the point
source was added to the original Chandra image at the cluster
centre. We then applied the same detection method used on the
original data and recorded whether the simulated point source
was detected. This process was repeated for 100 realisations of
the Poisson noise for a given point source flux. The source flux
was then varied until the simulated source was detected in 68%
of the realisations, and the corresponding flux was defined as
the 1σ upper limit on the flux of an undetected point source.
This value is reported in Col. 6 of Table 2. The upper limits

are driven by the Poisson noise on the low number of counts
expected from the faint point source and hence can be signifi-
cantly larger than the measured flux for detected point sources in
comparable observations.

To estimate the possible contribution of point sources to
the cluster flux measured with XMM, we compute the AGN
contamination fraction. The AGN contamination fraction is the
contribution of the combined flux from all of the point sources
detected by Chandra (or upper limits for those clusters with no
point sources detected) within 60′′ of the cluster centre (that were
not detected by XXL and excluded from the XXL flux calcula-
tion) as a fraction of F60 (see Col. 4, 6, and 7 in Table 2). These
cluster fluxes are updated compared to those from Willis et al.
(2013), and calculated using the updated version of the XXL
analysis pipeline. Figures 1–3 show images of the clusters in
the sample, and indicate the positions of point sources that were
detected by XXL and/or by the Chandra follow-up observations.
Those detected by XXL were already excluded from the F60 val-
ues and so do not contribute to the AGN contamination fractions
calculated here. As mentioned above, the contamination was cal-
culated as the combined point source flux (or the upper limit in
the case of clean clusters) of those point sources not previously
resolved by XXL as a fraction of the cluster flux. Therefore, a
cluster with a contamination >

∼ 1 can be thought of as being a
misclassified point source(s). Lower, but non-zero, values sug-
gest that the XXL flux comes from a blend of cluster and point
source emission.

3.2. Calculating cluster fluxes from the Chandra data

The Chandra snapshot observations were optimised to detect
significant point source contamination in the XXL clusters, and
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are not expected to be deep enough to measure detailed ICM
properties. Nonetheless, we attempted to place constraints on the
ICM flux from the Chandra data. All of the point sources in
the image were masked using a circle with a radius necessary to
include 90% of the flux at 1 keV, and the flux from each cluster
was estimated using srcflux. A 60′′ radius circle was used as
the source region (consistent with the XXL flux measurements),
and the background region used was an annulus with inner and
outer radii of 120′′ and 180′′, respectively, as measured from the
cluster centre. In some cases this background region went off
chip and this was accounted for. An absorbed APEC thermal
plasma model (Smith et al. 2001) was used to model the clus-
ter flux. The absorption was set at the Galactic value (Kalberla
et al. 2005), the metal abundance set to 0.3 solar, and the plasma
temperature to 3.5 keV (typical of high redshift XXL clusters,
XXL Paper XX). The redshifts used are in Table 1. If the 3σ
lower bound on the PDF of the flux in this region was non-zero,
then we treated this as a definite detection of ICM emission with
Chandra. This was the case for five clusters. In 11 other cases,
an ICM flux measurement was still possible, but the 3σ lower
bound extended to zero flux. In the remaining cases, the mode of
the posterior distribution for the flux was zero, so only an upper
limit was measured.

The effect of masking the point sources means some clus-
ter emission is also lost from the masked region. The effect
of this will be greatest for off-axis sources where the PSF and
therefore the mask size is greatest. 3XLSS J021825.9-045947
has the largest PSF at cluster centre of all observations where
a point source is detected in the 60′′ cluster region (see Fig. 1).
The masked region accounts for ∼0.5% of the cluster area in
the 60′′ region. Modelling the cluster emission as a beta-model
(Cavaliere & Fusco-Femiano 1976) with β = 0.66 and a core
radius of 175 kpc and assuming that the point source mask is
at cluster centre (as this will maximise the amount of presump-
tive ICM flux lost), it is found that ∼2.5% of the total cluster
emission from the 60′′ region is masked. Thus, we can ignore
this effect as the difference is much smaller than our 1σ errors
on the cluster fluxes (see Table 2).

4. Notes on individual clusters

In this section we note any instances where we departed from the
analysis described in Sect. 3 and other points of interest. In all
cases, when PSF sizes are reported, we give the 90% encircled
energy radius at 1 keV.

For each cluster/cluster candidate below, we give the name,
Chandra ObsID, XXL class, and categorise its level of AGN
contamination based on all of the data available. CC indicates a
“clean cluster” with a low level of AGN contamination; PC indi-
cates a cluster that is “partially contaminated” from the point
sources previously unresolved in XXL; FC indicates a “fully
contaminated” cluster (i.e. most likely a point source – or mul-
tiple point sources – that was misclassified as extended). This
information is also given in Col. 8 in Table 2.

3XLSS J021825.9-045947 / ObsID 17306 / C1 / FC. This
cluster fell 2.8′ off-axis in an archived observation, where the
PSF is 4.09′′ compared with 0.83′′ on-axis. A source was
detected at the cluster centre but due to the larger PSF at
the source position, it is not clear whether this is a genuine
point source or a detection of extended emission. However, the
X-ray source is coincident with a radio source and an unresolved
optical source, so we conclude it is likely to be a radio-loud

quasar, and treat it as a point source. In addition, our dmstat
search method identified a potential point source that was unde-
tected by wavdetect, ∼5′′ from the source that was detected at
the cluster centre. From the optical data, there is a likely optical
counterpart to this possible X-ray source that appears slightly
extended in nature, so is likely to be a galaxy. We thus conclude
that this source (if real) is likely to be an AGN in that galaxy
rather than a detection of the ICM. We do not include this unde-
tected point source when calculating the cluster contamination,
however if we were to include it the AGN contamination fraction
would rise from 0.67 to 0.90. In either case, it appears likely that
the XXL detection is a misclassified AGN or pair of AGN and
not a genuine extended source.

XLSSC 122 / ObsID 18263 / C1 / CC. This cluster is at z =
1.99 (based on results in Mantz et al. 2018, hereafter XXL Paper
XVII, using X-ray spectroscopy) and is the most distant clus-
ter discovered by XXL to date (see XXL Paper XX). It has a
Sunyaev-Zel’dovich effect detection (XXL Paper V) and deep
XMM follow-up (XXL Paper XVII). wavdetect found no point
sources in the larger 60′′ circular region around the cluster cen-
tre, and inspecting the image visually confirms this. We therefore
computed an upper limit for contamination, as described in
Sect. 3.1. We first reported a 3σ upper limit on the flux con-
tamination of 8% in XXL Paper XVII. Using the same Chandra
data, we here place a 1σ upper limit of 18% on the flux of any
undetected point source. This weaker constraint is due to the
more rigorous and conservative definition of an upper limit in
the current work (see Sect. 3.1)

3XLSS J021320.3-053411 / ObsID 20535 / C2 / FC. This
cluster has one point source detected in the 60′′ cluster region by
wavdetect. In addition, our dmstat search method identified
a potential point source that was undetected by wavdetect, at
33.345, −5.56. There is no optical or radio counterpart for this
X-ray source, and we do not include this source when calculating
the cluster contamination; however, its flux is 0.02 ± 0.02 × 10−14

erg s−1 cm−2 and if we were to include it, the AGN contamination
fraction would rise from 1.2 to 1.4. In either case it appears likely
that the XXL detection is a misclassified AGN or pair of AGN
and not a genuine extended source.

XLSSC 203 / ObsID 17304 / C2 / FC/PC. This cluster fell 2.9′
off-axis in an archived observation, where the PSF is 4.59′′ com-
pared with 0.83′′ on-axis. A point source was detected close to
cluster centre, and upon visual inspection of the image, it is clear
that this is genuinely a point source (and not extended emission).
The flux of this point source is about half of the XXL cluster
flux, but the fluxes agree within the measurement errors, so this
cluster could be partially or fully contaminated.

XLSSC 634 / ObsID 11741 / C2 / CC. This cluster fell 1.4′
off-axis in an archived observation, where the PSF is 1.75′′ com-
pared with 0.83′′ on-axis. A source was detected at the cluster
centre, but due to the larger PSF it is not clear whether this is
a genuine point source or a detection of extended emission. We
do not find any radio or optical counterparts to this source, but
conservatively treat it as point source emission for the analysis.
However, if we were to treat it as ICM emission, then the AGN
contamination fraction would drop from 0.10 to 0.05.

3XLSS J022005.5-050826 / ObsID 13374 / C2 / FC. For this
cluster, the XXL F60 value (see Table 2) has a large error, and
the total flux from the 4 point sources detected in the 60′′ cluster
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region is consistent with a partially contaminated cluster and also
consistent with F60 coming solely from AGN emission. However,
when we mask all point sources and measure the Chandra cluster
flux (see Sect. 5.2), we find the cluster flux to be zero, with a
low upper limit, and thus we conclude that most likely there is
no cluster emission from 3XLSS J022005.5-050826, and it is
multiple AGN misclassified as extended ICM emission.

XLSSC 046 / ObsID 18259 / C3 / CC. This is a genuine
cluster (Bremer et al. 2006), with an overdensity of optical and
IR galaxies, but is compact, leading to its re-classification from a
C2 in a previous pipeline version (Willis et al. 2013) to a C3 with
the current XXL pipeline. We did not detect any point sources in
the 60′′ cluster region with our Chandra data.

3XLSS J022351.3-041841 / ObsID 6390 / C3 / FC/PC/CC.
This cluster fell 3.7′ off-axis in an archived observation, where
the PSF is 6.80′′ compared with 0.83′′ on-axis. The centre of the
cluster falls mostly on-chip, but part of the cluster emission falls
off-chip. No point sources were detected in the available cluster
region, so an upper limit was computed following the normal
method.

3XLSS J022812.3-043836 / ObsID 18261 / C3 / FC/PC.
wavdetect detects a point source previously detected by XXL
within 60′′ of the cluster centre, and for this point source the
position of the centre of the ellipse enclosing the source region
as detected by wavdetect is slightly offset from the peak pixel
position when visually inspecting the image. We therefore com-
puted the source flux at the position of the peak pixel rather
than the wavdetect source position. When masking the point
sources for the cluster flux calculation, we increased the point
source mask size by 1.5′′ to ensure all of the point source emis-
sion was masked. The point source flux is reported in Table A.1,
but the point source is not included in the AGN contamination
fraction as it was previously detected by XXL.

3XLSS J022554.3-045059 / ObsID 18264 / C3 / FC.
wavdetect detects three point sources within 60′′ of the cluster
centre. For one of the point sources, the position of the cen-
tre of the ellipse enclosing the source region as detected by
wavdetect is slightly off from the peak pixel position when
visually inspecting the image. We treated this as for 3XLSS
J022812.3-043836.

5. Discussion

5.1. Cluster contaminations

We report the point source detections, fluxes, and cluster contam-
inations in Table 2. Individual point source flux measurements
for each cluster can be found in Table A.1. We plot the point
source flux against the cluster flux to show the contamination
levels in Fig. 4.

Our results provide an important validation of the perfor-
mance of the XXL cluster detection pipeline in classifying
distant clusters. Four out of five of the C1 clusters are genuine
uncontaminated clusters. Only the C1 3XLSS J021825.9-045947
is contaminated by AGN to a significant level (67% contamina-
tion, or 90% if we include the second undetected point source
as discussed in Sect. 4). The C1 class is expected to be free
from strongly contaminated clusters or misclassified AGN, but
in this case the source was precisely at the threshold value in

Fig. 4. Total Chandra flux for point sources within 60′′ of the cluster
centre versus the XMM cluster flux. C1 clusters are black circles, C2s
are yellow triangles and C3s are blue squares. Arrows indicate clusters
that only have a 1σ upper limit for their point source flux (Col. 6 in
Table 2) – the tip of the arrow denotes the upper limit. The solid straight
line is a line of equality showing locus of 100% AGN contamination and
the dashed and dotted lines are lines of equality showing the locus of
50% and 10% AGN contamination, respectively. 1σ errors are shown.
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Fig. 5. EXT – EXT_STAT parameter space for the C1s, C2s, and C3s
in our sample (larger black circles, yellow triangles, and blue squares,
respectively). We also show a representative sample of C1, C2, and
C3 XXL clusters at 0 < z < 1 for illustration (smaller grey circles).
The C1/C2/C3 boundaries are explained in Sect. 2. The three larger
circles/squares with the hollow centres are those with labels on the plot.

extension required for classification as a cluster. This is illus-
trated in Fig. 5 which shows the clusters and cluster candidates in
the EXT – EXT_STAT parameter space. Furthermore, this cluster
was detected 6′ off-axis in the XMM observation, making extent
measurements more challenging due to the increased asymmetry
of the PSF. This appears to be a rare case of a false-positive C1
cluster at the classification threshold.

The C2 class shows a higher level of contamination than the
C1 class, as expected – five clusters have no significant point
source contamination (we include XLSSC 634 here, as, despite
having five point sources detected in the 60′′ cluster region, three
of which were not detected by XXL, their contribution to F60 is
very low) and the other four (3XLSS J022005.5-050826, XLSSC
203, 3XLSS J022755.7-043119, and 3XLSS J021320.3-053411)
are either a blend of cluster and AGN emission or misclassi-
fied AGN. Our Chandra cluster flux measurement suggests that
3XLSS J022005.5-050826 is not a genuine cluster, as the 1σ
upper limit for the cluster flux is low (see Col. 9 of Table 2).
The results from our C2 clusters are consistent with the <50%
contamination expected in the C2 sample. The results from our
C2 clusters are consistent with the <50% contamination that
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is expected in the C2 sample, and demonstrate that the XXL
detection pipeline is capable of detecting extended sources even
in the presence of relatively bright point sources.

Looking at the 14 C1 and C2 clusters together, nine have
either no newly resolved point sources, or have new Chandra-
detected sources that do not contribute significantly to the ICM
flux (i.e. >15%). A further cluster, XLSSC 203, is more strongly
contaminated (at the 50% level) but the Chandra measurement
of the ICM flux from this system supports the conclusion that
it comprises a blend of ICM and point source flux. The clusters
form a useful sample that can be targeted for deeper follow-up
observations to probe ICM properties at z > 1 with good limits
on the systematics from point source contamination. The legacy
value of this should not be underestimated – there is no approved
mission that will replace Chandra’s imaging capabilities.

We can compare the updated pipeline (XXL Paper XX)
directly to that used by Willis et al. (2013). If we define a
“clean” cluster as having an AGN contamination fraction less
than 0.15 for cases where wavdetect detects a point source
within 60′′ of the cluster centre, or a cluster that has no point
sources detected by wavdetect in this region, we can see that
the updated pipeline is more conservative. There is an improve-
ment for the C2 class with the updated pipeline, giving us a more
robust sample with 5/9 C2s clean, compared with 2/7 using the
Willis et al. (2013) classes.

The 7 C3 candidates were optically selected and associated
with XXL sources that do not meet the criteria for the C1 or
C2 classes. As would be expected, this sample is less pure than
the other classes, but two of the C3s are unambiguous high-z
clusters, on the basis of low contamination fractions, supporting
optical data and robust ICM detections in XXL and Chandra
data. XLSSC 034 has a low level of contamination, and XLSSC
046 is a genuine cluster that was studied in detail by Bremer
et al. (2006).

These C3 clusters do not have a well-defined selection
function, but still present interesting targets for further study.
Additional such clusters could be recovered by studying the
optical/IR data for sources in the same EXT – EXT_STAT
parameter space (see Sect. 2) as XLSSC 046. The location of
XLSSC 034 and XLSSC 046 in the EXT – EXT_STAT parameter
space is shown in Fig. 5.

We note that the existence of clusters like the C3s that fail
to meet the main survey selection criteria, and the presence of
AGN contamination in the C1/C2 sample, does not represent a
problem for the XXL selection function. The results of these
snapshots validate the current modelling of the survey selec-
tion function, and provide useful additional input for its further
refinement and testing by hydrodynamical simulations.

Galametz et al. (2009) studied X-ray selected AGN in galaxy
clusters that were selected in the infrared. If we apply the same
selection to the AGN detected in our Chandra observations, we
would not detect any AGN in the inner 0.25 Mpc of our C1 and
C2 clusters in the redshift range 1 < z < 1.5. This is not incon-
sistent with the results from Galametz et al. (2009), since based
on their detection rate, we would expect ∼1 AGN to be detected
in C1 and C2 cluster samples. Our results show that the effect
of selecting clusters in the X-ray band does not strongly bias our
sample towards clusters containing X-ray bright AGN.

A potentially important issue that has not yet been addressed
is that of the variability of AGN. The XMM data used in the
XMM-XXL survey were mostly taken years before the Chandra
follow-up (this is true for at least the non-archival data that
are the majority of our data). The typical variability in flux of
AGN on this timescale is ∼50% (Maughan & Reiprich, in prep.).

Fig. 6. Chandra cluster flux versus the XXL cluster flux, F60. C1 clusters
are black circles/crosses/arrows, C2s are yellow circles/crosses/arrows,
and C3s are blue circles/crosses/arrows. The crosses are F60 as listed
in Col. 4 of Table 2 (i.e. the original flux, not excluding the point
sources detected by Chandra). The circles are the F60 minus the flux
from any point source detected in the Chandra data that was not previ-
ously resolved by XXL data (listed in Col. 6 of Table 2). The solid line
is a line of equality. The arrows indicate upper limits on the Chandra
cluster flux – the tip of the arrow denotes the upper limit and are plotted
against the point source corrected XXL flux. 3XLSS J022059.0-043922
and 3XLSS J022554.3-045059 are not shown on the plot as the Chandra
point source flux is greater than F60.

Therefore, any cluster found to have a low (or undetectable)
level of AGN contamination is unlikely to have been >

∼ 30%
contaminated at the epoch of the XXL observation (or indeed
at the epoch of any future, deeper observations).

5.2. ICM Fluxes

The cluster fluxes calculated from our Chandra data are shown
in Table 2 and are compared with the XXL fluxes in Fig. 6.
For four of the clusters (XLSSC 072, XLSSC 029, XLSSC 634,
XLSSC 034), the 3σ lower limit on the flux is greater than
zero. The rest of the C1 and C2 clusters have 1σ lower limit
greater than zero, except for 3XLSS J022755.7-043119, 3XLSS
J022005.5-050826, and 3XLSS J022418.4-043956. These three
clusters have upper limits that are consistent with the XXL flux
(accounting for the unresolved AGN in the F60 measurement). In
summary, after accounting for unresolved AGN in the XXL mea-
surements and the measurement uncertainties, all of the cluster
fluxes calculated from our Chandra data are consistent with
those from XXL.

In some cases, the Chandra cluster flux is non-zero, even
when we believe there is only AGN emission and no cluster
emission (3XLSS J021825.9-045947, 3XLSS J022059.0-
043922, 3XLSS J021320.3-053411). In these cases, the Chandra
ICM fluxes are not significantly different from zero and we inter-
pret the signals as noise fluctuations rather than ICM detections.

6. Conclusion

We have analysed Chandra data for 21 clusters and cluster candi-
dates that appear in the XMM-XXL survey catalogue in order to
determine the extent of any contamination by unresolved point
sources. Our main results are as follows:

– In the 14 C1 and C2 clusters which form a complete sample
with a defined selection function, we find that the major-
ity have little or no contamination of their ICM fluxes
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by AGN. One C1 source appears to be an AGN that was
misclassified as extended, but this source was detected at
the extension parameter threshold, so represents a rare inter-
loper rather than any broad problem in the classification
scheme. Three or four of the nine C2 clusters are either
AGN that were misclassified as extended sources, or else
have ICM emission that is strongly contaminated by AGN
emission. Overall these results agree well with the calibra-
tion of the XXL selection function and serve to validate
its description of these distant cluster samples. We remind
the reader that these conclusions were derived for dis-
tant clusters where the angular size of a cluster might be
a similar size to the XMM PSF; therefore, our conclu-
sions should not be extrapolated to the lower redshift XXL
clusters.

– With this Chandra follow-up, we have defined a complete
sample of ten z> 1 clusters (those marked CC in Col. 8 of
Table 2 and XLSSC 203) for further study. This comprises
all secure C1 and C2 clusters that show evidence for X-
ray emission originating from the ICM (in addition to any
contaminating AGN if they are detected).

– Of the seven C3 optically selected cluster candidates with
X-ray counterparts that did not meet the C1 or C2 selection
criteria, we consider two (XLSSC 034 and XLSSC 046) to
be genuine clusters with low levels of AGN contamination.
A third, 3XLSS J0222351.3-041841 may also be a genuine
cluster with low contamination, but this is unclear due to the
cluster region being only partially covered by Chandra. The
remaining four sources are either AGN or clusters with high
levels of AGN contamination.

– We measured the ICM flux with Chandra, recording upper
limits in three cases. For all clusters, the Chandra ICM flux
was consistent with that measured by XMM once the XMM
flux was corrected for unresolved point sources.

– The number of AGN per cluster for this X-ray selected sam-
ple was found to be lower, but consistent with, that of clusters
selected in the infra-red, indicating the X-ray selection with
the XXL pipeline does not lead to a bias towards clusters
with associated X-ray bright AGN.

We have demonstrated the utility of Chandra snapshots to test
for AGN in or projected onto clusters detected in surveys with
poorer resolution, for example, the upcoming eROSITA sur-
vey, which has a HEW of 28′′ average over the entire field of
view (Merloni et al. 2012; Pillepich et al. 2012). Chandra snap-
shots can be used to decontaminate eROSITA high-z candidate
clusters using methods similar to those presented in this paper.
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Appendix A: Point source positions and individual fluxes

Table A.1. Summary of the fluxes for all point sources within 60′′ of the cluster centre.

XXLID Class z RA Dec Flux Resolved Separation from
XXL (J2000) (J2000) (10−14 erg s−1 cm−2) by XMM cluster centre (′′)

XLSSC 072a C1 1.00 33.852 −3.726 <0.08 No 8
XLSSC 029a C1 1.05 36.002 −4.225 0.04+0.03

−0.02 No 52
36.012 −4.229 0.05+0.03

−0.02 No 23
XLSSC 005a C1 1.06 – – – – –
3XLSS J021825.9-045947 C1 1.13 34.609 −4.996 0.27+0.09

−0.08 No 5
XLSSC 122a C1 1.99 – – – – –
XLSSC 048a C2 1.01 – – – – –
XLSSC 073a C2 1.03 33.749 −3.515 0.08+0.08

−0.05 No 37
33.737 −3.519 0.37+0.14

−0.12 3XLSS J021456.8-033108 53
3XLSS J022755.7-043119 C2 1.05 36.972 −4.516 0.05+0.05

−0.03 No 10
36.984 −4.521 0.11+0.06

−0.05 No 43
36.994 −4.520 0.61+0.14

−0.12 3XLSS J022758.7-043110 44
3XLSS J021320.3-053411 C2 1.08 33.331 −3.571 0.12+0.06

−0.05 No 11
XLSSC 203 C2 1.08 34.429 −4.988 0.10+0.07

−0.05 No 4
XLSSC 634 C2 1.08 355.692 −54.185 0.20+0.06

−0.06 No 4
355.704 −54.185 0.22+0.06

−0.05 No 29
355.683 −54.177 1.30+0.14

−0.14 3XLSS J234244.2-541033 34
355.687 −54.175 0.09+0.05

−0.03 3XLSS J234244.2-541033 36
355.712 −54.176 0.04+0.02

−0.02 No 54
3XLSS J021325.0-042000 C2 1.20 – – – – –
3XLSS J022005.5-050826a C2 1.65 35.022 −5.140 0.15+0.05

−0.03 No 5
35.021 −5.139 0.01+0.02

−0.01 No 10
35.030 −5.137 0.07+0.05

−0.04 No 29
35.014 −5.134 0.04+0.03

−0.02 No 41
3XLSS J022418.4-043956a C2 1.67 – – – – –
XLSSC 034 C3 1.04 35.372 −4.093 1.00+0.32

−0.26 3XLSS J022129.1-040534 22
35.375 −4.111 0.15+0.16

−0.10 No 45
3XLSS J022059.0-043922a C3 1.11 35.247 −4.656 1.52+0.37

−0.32 No 5
XLSSC 046a C3 1.22 – – – – –
3XLSS J022351.3-041841 C3 1.27 – – – – –
3XLSS J021700.4-034746a C3 1.54 34.253 −3.795 0.41+0.20

−0.15 No 8
34.258 −3.784 0.07+0.11

−0.06 No 50
3XLSS J022812.3-043836a C3 1.67 37.051 −4.651 0.10+0.04

−0.04 3XLSS J022812.2-043906 25
37.045 −4.648 0.22+0.15

−0.11 No 26
3XLSS J022554.3-045059a C3 2.24 36.477 −4.851 0.13+0.08

−0.06 No 5
36.472 −4.846 0.24+0.10

−0.08 No 20
36.471 −4.837 0.89+0.19

−0.16 3XLSS J022552.8-045013 50

Notes. Column 6: individual point source flux as calculated from the Chandra data with 1σ errors. All fluxes are in the 0.5–2 keV energy band.
XXLIDs marked with (a) appear in Willis et al. (2013) and are therefore part of the XMM-LSS subset of clusters. Column 7 states whether the
Chandra detected point source was previously resolved by XXL and thus excluded from the F60 measurements; for cases where the point source
was resolved by XXL, its name as in XXL Paper XXVII is provided. In the case of XLSSC 634, two sources were blended into one by the XMM
PSF, reported as one point source by XXL, and were masked from the F60 calculation.
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