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ABSTRACT

Context. X-ray observations of galaxy clusters are impacted by the presence of active galactic nuclei (AGNs) in a manner that is chal-
lenging to quantify, leading to biases in the detection and measurement of cluster properties for both astrophysics and cosmological
applications.

Aims. We detect and characterise clusters contaminated by central AGNs within the XXL survey footprint and provide a systematic
assessment of the cosmological impact of such systems in X-ray cluster samples.

Methods. We introduce a new automated class for AGN-contaminated (AC) clusters in the XXL source detection pipeline. The
majority of these systems are otherwise missed by current X-ray cluster-detection methods. The AC selection is also effective in
distinguishing AGN and cool-core presence using supplementary optical and infrared information.

Results. We present 33 AC objects, including 25 clusters in the redshift range, 0.14 < z < 1.03, and eight other sources with signifi-
cantly peaked central profiles based on X-ray observations. Six of these are new confirmed clusters. We computed the missed fraction
of the XXL survey, which is defined as the fraction of genuine clusters that are undetected due to their centrally peaked X-ray profiles.
We report seven undetected AC clusters above z > 0.6, in the range where X-ray cluster detection efficiency drops significantly. The
missed fraction is estimated to be at the level of 5% for the 50 square-degree XXL area. The impact on cosmological estimates from
missed clusters is negligible for XXL, but it produces a tension of ~3¢ with the fiducial cosmology when considering larger survey
areas.

Conclusions. This work demonstrates the first systematic attempt to quantify the percentage of missed clusters in X-ray surveys as a
result of central AGN contamination. Looking towards surveys such as eROSITA and Athena, larger areas and increased sensitivity
will significantly enhance cluster detection, and therefore robust methods for characterising AGN contamination will be crucial for
precise cluster cosmology, particularly in the redshift z > 1 regime.

Key words. X-rays: galaxies: clusters — cosmological parameters — galaxies: active — surveys — large-scale structure of Universe —
galaxies: clusters: general

1. Introduction

The growth of galaxy clusters from the highest primordial
density peaks makes them indispensable probes for the mea-
surement of cosmological parameters. The number of clus-

* Based on observations obtained with XMM-Newton, an ESA sci-
ence mission with instruments and contributions directly funded by
ESA Member States and NASA.

ters observed as a function of mass and redshift is extremely
sensitive to the underlying matter and energy content of the
Universe. However, since galaxy clusters are not detected
according to their total mass, but rather via observable mass
proxies, the precise modelling of selection effects is a cru-
cial component to ensure an accurate sampling of clusters over
cosmic time. One key advantage for X-ray cluster surveys,
which detect diffuse emission from the intracluster medium
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(ICM), is that they are significantly less sensitive to projection
effects, since the X-ray surface brightness is more centrally con-
centrated than the galaxy distribution of the cluster. This has
allowed for the creation of many effective cluster catalogues
(e.g. Ebeling et al. 1998; Bohringer et al. 2000; Mehrtens et al.
2012; Adami et al. 2018, hereafter XXL Paper XX), as well
as more recent samples (Klein et al. 2019; Brunner et al. 2022),
including those that go to redshifts of z > 1 (e.g. Willis et al.
2013; Trudeau et al. 2020). Despite the efficacy of X-ray cluster
searches, approximately 90 percent of sources in X-ray surveys
are point-like objects, of which the majority are active galac-
tic nuclei (AGNs). Sufficient angular resolution can allow one
to distinguish between clusters and AGNs, but this is harder at
intermediate to high redshifts, where the extent of cluster emis-
sion becomes comparable to the point spread function (PSF)
of most X-ray missions (e.g. FWHM 6" on-axis for XMM-
Newton). As a consequence, AGNs may be misclassified as clus-
ters and vice versa (Donahue et al. 2020; Bulbul et al. 2022).
Moreover, galaxy clusters may be contaminated by X-ray emis-
sion from an unresolved AGN within or along the line of sight.
Famously, the Phoenix cluster at z = 0.597 was first misclas-
sified as an X-ray point source in the ROSAT Bright Source
Catalogue (Voges et al. 1999) due to the presence of a bright
AGN embedded in the cluster centre. In more recent work by
Logan et al. (2018, hereafter XXL Paper XXXIII), an XXL sam-
ple of cluster candidates (z > 1) with associated Chandra obser-
vations revealed the presence of significant contamination from
previously unresolved AGNs in approximately one third of the
sample. It is also difficult to distinguish between AGNs and
cool-cores in such systems due to the similarity in their X-ray
surface brightness profiles (particularly in the inner 10—30kpc
region, see Fabian 1994). While consequences are less drastic
for nearby clusters where the XMM PSF is compensated by
the low redshift, this illustrates the importance of the subject
well.

Modelling the impact of AGN contamination is important
in the context of the XXL survey (Pierre etal. 2016, here-
after XXL Paper I). This is the largest XMM programme total-
ing ~7Ms. It covers two extragalactic areas of 25deg? each
at a point-source sensitivity of ~6 x 1075 ergs™! cm™ in the
[0.5-2] keV band (completeness limit). Given that one of the
survey’s key goals is to serve as a pathfinder for future wide-
area X-ray missions such as Athena for the next decade, the
accurate selection of galaxy clusters is a necessary aspect, espe-
cially given that AGN density in clusters increases with redshift
(e.g. Martini et al. 2013; Bufanda et al. 2017; Krishnan et al.
2017; Koulouridis et al. 2018a). AGN contamination within
X-ray cluster surveys is typically addressed statistically by using
realistic models of clusters, field AGNs, and AGNs embed-
ded or projected onto clusters to calibrate the selection func-
tion (e.g. Kifer et al. 2020), but future surveys will likely need
to employ cosmological hydrodynamical simulations in which
AGNSs and cluster evolution are treated self-consistently (see
Biffi et al. 2018; Koulouridis et al. 2018b; Zhang et al. 2020).
Unfortunately, there remains a lack of observational data on
which to base such models, motivating the work presented in this
paper. The final XXL data release aims to have approximately
400 cluster candidates of which AGN contamination may consti-
tute a significant fraction. Looking forwards, the eROSITA all-
sky X-ray survey will likely detect 10° clusters (Merloni et al.
2012) together with more than three million X-ray AGNs. There-
fore, to obtain large X-ray cluster samples with sufficient purity,
an automated method is required to select clusters with point
source contamination.

A92, page 2 of 24

This work presents a systematic search for the presence
of AGN contamination within or projected onto X-ray-selected
clusters. We applied a pipeline-driven classification blindly to
all significant detected objects within the full XXL survey foot-
print; therefore, this work also delivers the first estimate of the
level of AGN contamination over the redshift range of the XXL
cluster sample. The outline of the paper is as follows. In Sect. 2
we describe the simulations used to model AGN-contaminated
(ACQ) clusters in X-ray data. In Sects. 3 and 4 we state the selec-
tion criteria for AC objects and their selection function. Section 5
describes the properties of the AC sample on the latest XXL
dataset, including redshift estimates and multi-wavelength meth-
ods of confirmation. In Sect. 6, we estimate the missed frac-
tion within XXL and its consequences for the final cosmological
analysis of XXL and other X-ray surveys. We summarise our
results in Sect. 7. Throughout the paper, unless otherwise stated,
we assume a WMAP9 cosmology with Qy = 0.28, Qx = 0.72,
and Hy = 70kms~! Mpc~!.

2. Modelling AGN-contaminated clusters using
simulations

2.1. Injections into simulated XMM observations

We performed realistic Monte Carlo image simulations of
XMM-like observations (hereafter pointings) to assess the detec-
tion threshold of clusters with central point source contami-
nation using the INSTSIMULATION software (Valtchanov et al.
2001). Soft-band XMM pointings were produced from scratch
using a combined exposure time of 10ks (see Fig. 1). Two back-
ground components — the non-resolved vignetted AGN photon
background and the unvignetted, uniform particle background —
were added according to Read & Ponman (2003). These simu-
lations faithfully reproduce the characteristics of the three EPIC
detectors and have been used to characterise the cluster selection
function of the XXL and X-CLASS surveys (see Pacaud et al.
2006; Koulouridis et al. 2021; Garrel et al. 2022, hereafter XXL
Paper XLVI).

In order to model the detection differences for AGN-
contaminated clusters, we first modelled “pure” uncontaminated
clusters according to a single-beta profile

21-36+0.5
1+ (ri) ] )

where the core radius r. is measured in arcseconds, and a fixed
value of 8 = 2/3 is used throughout. The total count rate in the
soft [0.5-2]keV band and core radius were varied as shown in
Table 1. The clusters were populated in random positions within
three off-axis shells (0-5’, 5-10’, 10—13") measured from the
XMM aimpoint — the number of clusters per shell was adjusted
according to its core radius to minimise the occurrence of over-
laps between sources. Altogether 850 simulations of pure clus-
ters were rendered, with 5900 clusters simulated (based on the
breakdown of clusters according to Table 1).

The simulations for clusters with point-source contamination
were produced identically, with the addition of a point source
placed in the centre of the cluster. We used three flux ratios for
the contamination level: 0.25, 0.5 and 1, i.e. where the central
point source had one quarter, half, or the same count rate of
the cluster in the soft band. The total rate in this instance is
the sum of both the central point and cluster count rates. The
point source was always positioned in the centre of the clus-
ter in all cases. In total, 2550 simulations were rendered for

Sx(r)=So
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Fig. 1. Comparison of simulated uncontaminated (left) and point-source contaminated (right) clusters. Top panel: surface brightness (SB) distri-
bution showing the extracted cluster profiles (black crosses) are plotted against the blue line corresponding to the fitted S-model; the green line
displays the particle background level extracted from each image. Bottom panel: simulated 10 ks XMM pointings showing a cluster with a core
radius r. = 20” and count rate CR = 0.1 cts s~". For the contaminated cluster, 50% of the overall source counts lie within the central point source.
The colour bar shows the number of photons within each pixel (2.5” per pixel scale).

the contaminated clusters (850 corresponding to each level of
contamination). Finally, a set of 180 simulations were produced
for field AGNs modelled based on the soft-band logN-logS dis-
tribution from Moretti et al. (2003) down to the flux limit of
5x 1070 ergs™! cm2 at 10ks, yielding approximately 830 ran-
domly distributed point sources per pointing. Both point-source
and extended-source profiles were convolved using the latest
ELLBETA PSF model from Read et al. (2011), available from
the XMM calibration data, which takes into account the strong
distortions of the PSF at large off-axis angles.

2.2. XMM pipeline processing

All simulated sources were then processed through the latest
version of the XXL source detection pipeline, which consists
of a three-step process. Soft X-ray band observations were cre-

ated and subsequently filtered using the wavelet decomposition
method described in Starck & Pierre (1998). This technique is
considered to be optimal for filtering X-ray images that con-
tain few photon counts and Poisson noise, and has proven effec-
tive for cluster detection in the regime of short exposure times.
Secondly, SEXTRACTOR (Bertin & Arnouts 1996) was used to
detect sources within the inner 13’ of the field to avoid border
effects. The background level was iteratively estimated using 30
clipping, and a full background map was constructed by bicubic
spline interpolation. While the simulated background is known,
we performed this step to match the processing of the real XXL
data. An isophotal analysis was then performed to determine
the X-ray centroid position, brightness and shape within a flex-
ible elliptical aperture. Finally, these parameters were inputted
into the XAMIN maximum likelihood fitting routine that applies
several source models on the soft band photon image. For a
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Table 1. Input configuration for XMM simulations of cluster profiles.

Core radius [arcsec] Count rate [ctss™] Run no.

31D 0.005, 0.01, 0.02, 0.05, 0.1 20
5(1) 0.005, 0.01, 0.02, 0.05, 0.1 20
10 (8) 0.005, 0.01, 0.02, 0.05, 0.1 20
20 (8) 0.005, 0.01, 0.02, 0.05, 0.1 20
50 (6) 0.005, 0.01, 0.02, 0.05, 0.1 30
100 (4) 0.005, 0.01, 0.02, 0.05, 0.1 60

Notes. The numbers in brackets indicate the number of clusters simu-
lated per pointing as a function of core radius and total count rate. The
run no. is the number of realisations per total count rate and core radius.

detailed description of the individual model fits, we refer the
reader to Faccioli et al. (2018, hereafter XXL Paper XXIV),
however, we provide a self-contained description of the rele-
vant models below. The PNT model is a precise point spread
function (PSF) model for point-like sources. The EXT model
is a spherically symmetric 8 model for pure extended sources
(Cavaliere & Fusco-Femiano 1976). Finally, the EPN model is a
B model superposed to a central PSF for extended sources con-
taining a central point source.

2.3. The extended and central point (epn) model

The EPN model is introduced to recover clusters with cen-
tral AGN contamination. This is required in addition to the
EXT model which can miss clusters that are too peaked in the
core region. In the EPN fit, the candidates are fitted using a
superposition of the convolved g profile and ELLBETA PSF
model.

We defined two parameters to quantify the likelihood of the
EPN fit with respect to (a) the point-like PNT and (b) the simple
extended EXT fit. Both the EPN_STAT PNT and EPN_STAT EXT
values are defined as the difference in the best-fitted values (Egg)
of the Cash (C)-statistic (Cash 1979) for each model. The third
key parameter in the EPN model is the EPN_RATIO, which is the
ratio of the count rate estimated from the PNT and EXT models.
The three key properties are therefore

EPN_STAT_PNT = Egglent — EBEleexs
EPN_STAT_EXT = Egglexr — EBrlepns
EPN_RATIO = CRpnr/CRexr,

@)

where Egp is the best fitted value of the Cash (C)-statistic
(Cash 1979) for each model. The higher the value of the
EPN_STAT_PNT or EPN_STAT_EXT, the better the fit from the
EPN model compared to either the PNT and EXT models alone. In
more physical terms, the EPN_STAT_EXT value determines that
the contaminated cluster is sufficiently peaked while remaining
extended, while the second (EPN_STAT_PNT) distinguishes the
contaminated cluster from a point source. The EPN_RATIO is
analogous to a flux ratio between the central point source and
cluster.

3. Defining the AC parameter space

Since AGN-contaminated clusters are a particular class of
objects, they must be distinguishable from existing XXL source
criteria. We recap these categories below (for a more detailed
description, the reader is referred to Pacaud et al. 2006). The
C1 class refers to cluster candidates where the level of purity
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is above 90% and contamination from point sources is deemed
negligible. The C2 class refers to cluster candidates with an
assigned purity of 50%, and hence this class also includes mis-
classified AGNs, image artefacts, and spurious detections. The
XXL pipeline criteria for the C1 and C2 classes is outlined in
Table 2.

We define a new class for the AGN-contaminated clusters,
hereafter the AC class. We first distinguish these sources from
field AGNs, and, subsequently, from the uncontaminated clus-
ter population. From the set of simulations described in Sect. 2,
we correlated the input and XAMIN output sources with a maxi-
mum radius of 37.5” for clusters (both contaminated and uncon-
taminated) following the prescription outlined in Pacaud et al.
(2006). Point sources were correlated within 12.5" of an input
source. Figure 2 shows the distribution of the simulated field
AGN in the EPN_STAT_EXT versus EPN_STAT_PNT parameter
space. As expected, the point sources do not produce sufficiently
high likelihood values for the EPN model, as the Egg for these
objects is highest for the PNT model alone. We applied a cut at
EPN_STAT_PNT > 20 to separate the AC and AGN populations.

Next we segregated AC candidates from the population of
pure uncontaminated clusters. The top panel of Fig. 3 shows
that both pure and contaminated clusters, in green and pink
respectively, exist above EPN_STAT_PNT > 20, since both are
types of extended objects. We used the EPN_RATIO to sepa-
rate the ‘peakiness’ of the two classes, selecting a threshold of
EPN RATIO > 0.2. After applying this cut, the majority of pure
clusters have lower EPN_RATIO values compared to the AC class
(Fig. 3, bottom panel). We also imposed a cut on the core radius,
EPN_EXT > 5", similarly to the C1 and C2 criteria. We selected
a slightly higher value of 5 rather than 3" for the pure clusters
to compensate for the fact that the AC sources are, by defin-
tion, more peaked. The final criteria for the AC selection is sum-
marised in Table 2. We emphasise that given the use of X-ray
image simulations, no light cone information is provided, and
therefore the density of points in Figs. 2 and 3 is not physically
relatable to the real ratio of C1 and AC clusters. Nevertheless,
we estimated the misclassification rate of C1 to AC clusters for
the simulated dataset. Out of 5900 clusters in total (see Sect. 2),
3521 are recovered as pure C1 by the XAMIN detection algo-
rithm. 149 are classed as AC (less than 3% of the total set).
Among the 149 misclassified C1, over 90% have an input core
radius of . < 5”, highlighting that the highest misclassification
rate occurs at smaller radii; i.e. clusters that appear more peaked
are more likely to be classed as AC rather than C1. Overall, the
number of predicted C1 to AC misclassifications is much smaller
than the number of AC sources presented in Sect. 5. Finally, we
re-simulated the detection process using a cosmological simula-
tion — not including AGN contamination — over a 25 deg” area
(Bhargava et al., in prep.). We processed the field following the
tile system detailed in Sect. 5.1, taking into account pointing
overlaps. The results show the fraction of C1 clusters misclas-
sified as AC is similar to that obtained with the single-pointing
simulations.

We define two sub-classes within the AC category: (1) the
pure AC class, which consists of objects that meet only the
selection criteria from the EPN model, and (2) the C1/C2-AC
class, comprising sources that satisfy both criteria. Both of
these classes have a concerted impact for X-ray surveys. The
pure AC class serves as an indicator of cluster candidates that
are not recovered by the latest XXL pipeline due to a highly
peaked emission profile. We used this classification to assess
the missed fraction of clusters in Sect. 6. The second C1/C2-AC
class refers to known clusters, but with some unmodelled AGN
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Table 2. Summary of the various types of source and their selection criteria.

Classification  Source type XXL Paper XLVI This work

Cl Extended EXT > 5" EXT > 3"
EXT_STAT > 33 and EXT_DET_LIKE > 32 Unchanged

C2 Extended EXT > 5" EXT > 3"
EXT_STAT > 15 Unchanged

AC Extended + central point EPN_EXT > 5" EPN_EXT > 5"

EPN_STAT _EXT > 20 and EPN_STAT_PNT > 20
or EPN_STAT PNT > 100

EPN_STAT _PNT > 20
EPN__ RATIO > 0.2

Notes. If more than one condition is specified, all conditions must be used unless explicitly stated otherwise.

contribution or cool-core signature. The impact of such sources
is more astrophysical; while they do not contribute to the
missed cluster fraction, the peaked morphology of C1/C2-AC
clusters, in particular if originating from AGN contamination,
means their use in scaling relations can be challenging and
requires special attention (Eckert et al. 2016; Sereno et al. 2020;
Lovisari & Maughan 2022).

4. The AC selection function

To determine the AC selection function, the detection probability
of point-source contaminated clusters is computed for each com-
bination of core radius and count rate described in Sect. 2. This is
for all sources in the output catalogue that fulfil the AC criteria.
The resulting selection function is shown in Fig. 4. The selection
function is plotted in the r.-CR observable plane. While the over-
all shape is consistent with the one derived for the pure C1 case
(left panel of Fig. 10), the most notable difference between the
two cases is the more peaked shape of the AC detection probabil-
ity. Owing to the centrally concentrated X-ray emission within
the AC objects, the detection rate falls off more sharply com-
pared to that of C1 clusters as a function of CR, while the range
of core radii is narrower. The C1 selection function is illustrated
as part of a more detailed assessment of the impact of AC clus-
ters for cosmological applications (Sect. 6).

We emphasise that in order to define the class of AGN-
contaminated clusters, we only used the XAMIN pipeline param-
eters. From this classification alone, it is not possible to deter-
mine the exact nature of the AC object — simply that it is an
extended source with a peaked central emission profile that is
better fit by the EPN model than either the EXT and PNT fits
alone. We identify three principal reasons for this: an X-ray point
source located at the cluster position (either physically associ-
ated or as a result of a foreground/background projection), a
cluster with a prominent cool-core, or an X-ray-bright nearby
extended object, such as a galaxy with an active nucleus. In prin-
ciple, X-ray cluster samples are biased by the occurrence of any
of these particular features. We aim to characterise the number
of AC objects in the XXL survey that come under each of these
categories, using complementary, multi-wavelength methods of
confirmation.

5. The catalogue
5.1. Data processing and sample selection

We implemented the AC criteria within the latest version (here-
after V4.3) of the XXL pipeline to undertake a systematic search
for AC clusters within the survey footprint. Details of the most
recent XXL pipeline are given in XXL Paper XLVI; below we

* Simulated AC candidates (all flux ratios) .
100 * simulated AGN

10

EPN STAT PNT
=}
[

0.001 0.01 0.1 1 10 100
EPN STAT EXT

1000

Fig. 2. Simulated AC versus field AGN comparison for the simulated
dataset. The red line denotes the cut for the AC class, where a largely
pure fraction of AC objects are expected.

summarise the salient aspects. First, event lists were created
from raw observation data files (ODFs) using the SAS software
(Gabriel et al. 2004) tasks emchain and epchain, filtered for
solar soft photon flares. The cleaned event lists were then used to
produce images of 2.5” per pixel to correctly sample the XMM
PSF (~6" on-axis) using evselect. Three images were pro-
duced - one for each EPIC detector (MOS1, MOS2, and PN)
— for three energy bands: [0.3—-0.5], [0.5-2.0], and [2.0—10.0]
keV. In what follows we predominantly focus on [0.5-2.0] keV
images as this is most relevant for cluster detection and char-
acterisation. Departing from the earlier use of approximately
700 single XMM pointings spread over 50.9 deg® of the extra-
galactic sky, the most up-to-date version features images that are
mosaicked into 68" x 68" ‘tiles’ (the term ‘mosaic’ is reserved
for images consisting of more than one EPIC detector). One tile
was created per EPIC instrument, pixelised at 2.5” using the
SAS tasks attcalc and evselect. The tiling layout is designed
such that there is a 4’ overlap between tiles, with approximately
20-25 pointings per tile. The three individual tile images were
coadded into a single mosaic prior to running the XXL source
detection pipeline (described in Sect. 2.2). We detect 27 AC can-
didates in the northern field, 23 of which are ‘pure’ AC objects,
three are C2-AC, and one is C1-AC. In the southern field we
recovered 20 such candidates, 18 of which are pure AC, one
is C1-AC, and the other is C2-AC. In XXL Paper XX, a third
C3 class was also defined corresponding to optically confirmed
clusters selected as C1/C2 by a previous pipeline version, but
not by the present one. Typically these clusters exhibit an X-ray
emission that is weak enough to be at the detection limit of the
pipeline. In this study, we recover one C3 cluster known from the
literature using the new AC class. The system, XLSSC 063, is a
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Fig. 3. Population of simulated AC and
uncontaminated clusters in the output XAMIN
parameter space. Top panel: distribution of
AC sources (pink crosses) compared with
uncontaminated clusters (green circles). Bottom
panel: distribution of AC sources and uncon-
taminated clusters shaded according to the
EPN_RATIO parameter. The red line highlights
the EPN_STAT_PNT > 20 cut. Dark shaded cir-
cles above the red line indicate pure clusters
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Full AC selection function
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50
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Fig. 4. Contours of AC detection probability as a function of the total
count rate (CR) in the 0.5-2 keV band and the input core radius (r.) from
the 8 model. An exposure time of 10ks was used along with nominal
background value of b = 1. The flux ratio chosen was 0.5, i.e. half the
count rate of the cluster is contained within the central AGN.

cluster with a spectroscopic redshift z = 0.276 (see Fig. A.2),
with [NII], [OI] and [OII] emission lines in the spectrum of
the BCG, indicating the presence of ionised gas in the central
galaxy.
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that are separable from the AC population due
to their having an EPN_RATIO < 0.2.

5.2. Visual screening

Given that this is the first instance of applying the purely
pipeline-driven AC classification to X-ray data, a visual screen-
ing process was conducted to confirm the final AC sample.
The screening procedure is based on X-ray and optical images.
Optical imaging data was taken from Hyper Suprime-Cam
(HSC; Aihara et al. 2018) in the gri bands, the Canada France
Hawaii Telescope Lensing Survey' (CFHTLS, i-band images)
for the northern XXL field, and from the Blanco Cosmology
Survey (BCS; Desai et al. 2012; i-band images) and the Dark
Energy Survey Data Release 1 (Abbott et al. 2018; gri band) for
the southern field. Visual inspection is relatively rapid to perform
and provides useful information on the broad nature of each X-
ray source, as, for example, bright clustered galaxies consistent
with a low-redshift cluster, nearby galaxies, clusters with back-
ground/foreground/member AGNs, QSOs, two blended point-
like sources, stars, or a significant extended X-ray source with a
grouping of faint galaxies consistent with a high-redshift cluster.
Altogether, 14/47 objects were discarded and 33 were retained.

Among the 14 discarded objects, five of these were lone
QSOs without any visible optical overdensity of galaxies, one
was an X-ray detector artefact caused by a nearby star, three
were nearby bright stars in the optical images, and five were
removed due to their extended X-ray profile appearing as a
result of two blended QSOs in the optical image. For all the dis-
carded sources, we do not observe any systematic trend in their
XAMIN-derived properties compared with genuine contaminated
clusters or active galaxies.

I https://www.cfht.hawaii.edu/Science/CFHTLS/
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Table 3. Full sample of 33 AC sources.

Object name RA Dec z Class Type QSO zgpee  faon  Notes
XLSSC 045 36.368 -4.261 0.56 a Cluster 0.56 020 @®
XLSSC 063 34.655 -5.673 0.28 a Cluster - 032 @
XLSSC 090 37.122 -4.857 0.14 a Cluster - 028 @®
XLSSC 095 31.962 -5.206 0.14 a Cluster - 025 @®
XLSSC 115 32.680 -6.58 0.04 C2-A Cluster - 0.19 @®
XLSSC 150 37.659 -4.992 029 C2-A Cluster - 020 @
XLSSC 210 37.624 -5.225 0.19 C2-A Cluster - 027 @®
XLSSC 211 33.370 -5.195 044 a Cluster 0.44 0.56 @®
XLSSC 518 349822 -55.325 0.18 CIl1-A Cluster - 019 @®
XLSSC 519 353.020 -55.211 0.27 a Cluster - 020 @®
XLSSC 595 351.690 -53.811 0.21 a Cluster - 0.18 @®
XLSSC 648 356.773 —-53.848 0.64 a Cluster - 027 @®
XLSSC 649 355.119 -53.730 0.19 a Cluster - 042 OO
XLSSC 650 355.102 -55.164 0.29 a Cluster - 025 OO
XLSSC 651 356.504 —-56.185 0.10 a Cluster - 023 @®H®
XLSSU J020435.7-061922  31.149 -6.324  0.90 a Cluster candidate 0.91 045 ©M
XLSSU J020514.7-045638  31.311 -4.944  0.29 a Cluster candidate 0.36 049 ©M
XLSSU J022055.4-033332  35.230 -3.558 1.03 a Cluster candidate - 065 ©
XLSSU J023322.1-045506  38.343 -4918 0.78 a Cluster candidate 0.78 071 ®®
XLSSU J232212.6-553259 350.553 —-55.550 - a Cluster candidate 0.82 049 -
XLSSU J232713.5-560337 351.806 —56.061 0.97 a Cluster candidate - 020 @M
XLSSU J232936.7-555349 352.400 -55.897 0.31 a Cluster candidate 2.03 036 @
XLSSU J233006.5-545553  352.526 —54.932 - a Cluster candidate - 037
XLSSU J233809.3-555350 354.537 -55.896 0.60 a Cluster candidate - 017 ©@
XLSSU J234705.7-535653  356.773 —-53.948 0.65 a Cluster candidate - 039 ®
XLSSU J020218.3-065958  30.576 -6.999 0.05 a Active galaxy - 027 113@
XLSSU J020519.5-062702  31.331 -6.451 0.01 a Active galaxy - 026 @®
XLSSU J020802.9-050302  32.011 -5.051 - a Active galaxy 1.86 027 @M
XLSSU J021830.7-050126  34.628 -5.023 0.87 a QSO 3.00 048 64@®
XLSSU J021905.5-051038  34.774 -5.178 1.65 a Active galaxy 1.66 0.57 @M
XLSSU J022129.1-040531  35.372 -4.092 1.04 a QSO 1.23 032 34@
XLSSU J022402.5-044134  36.011 -4.693  0.04 a Active galaxy - 023 @
XLSSU J022445.6-030224  36.190 -3.040 - a Active galaxy 1.23 058 @

Notes. Column 1 displays the XLLSSC name or the new source tag for the cluster based on the latest version of the XXL pipeline. Columns 2
and 3 give the cluster position. Column 4 is the estimated redshift. Column 5 is the automated XAMIN pipeline classification. Column 6 gives the
object type. Column 7 provides the spectroscopic redshift of the QSO counterpart where available. Column 8 provides the AGN contamination
fraction measured in the soft X-ray band. The horizontal line divides the 25 clusters and cluster candidates from eight non-cluster AC objects.
The ‘a’ class refers to objects which satisfy only the AC criteria, while ‘C1/C2-A’ refers to those which satisfy both the C1/C2 and AC criteria.
@Denotes spectroscopic redshift estimates reported in XXL Paper XX. ®’Denotes WaZP photometric redshift estimates. “Denotes publicly
available photometric redshift estimates. “Denotes spectroscopic redshifts stored in CESAM. ’Denotes photometric redshifts from the XMM-
BCS survey (Suhada et al. 2012; Bleem et al. 2015). "Denotes spectroscopic redshifts from NTT. @Denotes publicly available spectroscopic
redshifts. ®Denotes objects that were classified as C1 in XXL Paper XX but without redshift estimates. ("Denotes AC objects which fall within
the WISE type I/Il AGN wedge (Fig. 6). ®Denotes AC clusters which display an indication of a cool core (Sect. 5.5). ®Denotes new XLSSC
clusters, first published in this work. Numbers denote the known XLSSC object that is blended with the AC source. Redshifts are quoted for the
object in these cases, with additional redshifts provided in the relevant column where applicable.

The remaining 33 sources (20 in the north, 13 in the south)
are considered to be genuine extended sources based on X-ray
and optical information, with some level of point-source con-
tamination or cool core. The resulting AC catalogue, presented
in Table 3, is a heterogeneous sample, shedding light on the fact
that similarity in X-ray profiles can nevertheless be obtained
by different types of objects. While we are principally inter-
ested in the case of AGN contamination in clusters, we find that
the AC classification is effective at detecting active fossil and
galaxy groups, as well as single active galaxies. In two cases
(XLSSU J022129.1-040531 and XLSSU J021830.7-050126),

the AC object is centred on a QSO that is located very close
to a distant cluster — XLSSC 034 (z = 1.036) and XLSSC 064
(z = 0.874). In these instances, the detection of the AC object
is due to the blended X-ray emission from the cluster and the
point source. In one further example, we detect a high-redshift
(Zphot = 1.03) cluster, first discovered as RCS J0220.9-0333
in Jee et al. (2011) due to a strong red sequence among cluster
members, and later confirmed via the SZ signal in Hilton et al.
(2018). We detected this cluster for the first time due to a ‘boost’
in the X-ray emission from a low-redshift foreground galaxy in
alignment (Fig. 5), allowing us to quantify the occurrences of
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ARC MINUTES
L cluster candidate

Fig. 5. Zoomed-in view of a new AC cluster candidate, XLSSU J022055.4-033332 (zphor = 1.03). Left: HST ACS F850LP/F775W composite
image around the cluster position (red cross), highlighting the distribution of red sequence cluster members behind the star forming spiral galaxy
(Zspee = 0.15). Right: raw 7 x 7 arcmin XMM image centred on the same source, showing the peaked X-ray profile due to the superposition of
point-like (galaxy) and extended (cluster) emission. The X-ray contours are shown in blue. Green squares indicate X-ray-pipeline-detected objects.

cluster-galaxy projections along the line of sight in the AC sam-
ple.

5.3. Redshift confirmation

Out of the 33 candidates, 11 have spectroscopic redshift confir-
mations published in XXL Paper XX. For six additional objects,
we derived spectroscopic redshifts from public (e.g. SDSS,
GAMA, AAT) or XXL private data stored in the CEntre de
donéeS Astrophysiques de Marseille? (hereafter CESAM). Two
objects have spectroscopic confirmation from the New Technol-
ogy Telescope (NTT) operated by the European Southern Obser-
vatory (ESO). In total, 19 objects in the full catalogue are spec-
troscopically confirmed. For the objects that possess no spectro-
scopic confirmation, we report a photometric redshift estimate
within 120 arcsec of the X-ray cluster centre where available.

Photometric redshifts of the clusters were measured using
the Wavelet Z Photometric (WaZP) cluster finder, which uses
wavelet-based density maps of galaxies selected in photomet-
ric redshift space, removing any assumptions on the cluster
galaxy population (Aguena et al. 2021). Details on the method
used to compute the individual galaxy redshifts is detailed in
Gschwend et al. (2018). Where referenced, we refer only to the
WaZP-based cluster photometric redshifts. All sources with a
confirmed WaZP redshift estimate have a S/N =~ 3.0, above
which the occurrence of false detections is considered to be
negligible. We prioritised the use of a wavelet-based cluster
finder rather than one based on the red sequence to confirm
the AC sources for the main reason that we are searching for
clusters with central AGN contamination, which may appear
more ‘blue’ (Klesman & Sarajedini 2014), posing issues for
colour-based cluster finders. In the absence of WaZP estimates,
we used photometric information from the XMM-BCS survey
(Suhada et al. 2012) or those which were publicly available via
the NASA/IPAC Extragalactic Database (NED).

2 https://www.lam.fr/cesam/
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We confirm the cluster nature of an AC object if there are at
least three concordant spectroscopic redshifts within the extent
of the X-ray emission, or if an obvious brightest cluster galaxy
(BCG hereafter), close to the X-ray centroid, has a spectroscopic
redshift (mirroring the criteria used in XXL Paper XX). Clus-
ter names with the prefix “XLSSC’ pertain to spectroscopically
confirmed clusters. It constitutes a cumulative cluster catalogue,
in the sense that objects are published in subsequent indepen-
dent papers. In particular six new confirmed clusters are pub-
lished afresh in this paper (210, 211, 648—651). They are tagged
by the last footnote in Table 3. The term ‘cluster candidate’ is
used to refer to clusters with insufficient information to be spec-
troscopically confirmed, and which nevertheless have either a
photometric redshift estimate and/or a clear visual overdensity
of galaxies. Such objects are provisionally indicated with the
‘XLSSU’ acroynm. The source coordinates of these objects may
be updated when the final XXL source catalogue is published
(Bhargava et al., in prep.) if a XAMIN version later than 4.3 is
used.

5.4. Indication of AGN presence

We performed two diagnostic checks to indicate the presence of
an AGN within the AC objects. We did this for all 33 sources —
clusters and individual galaxies — as we aim to quantify to what
extent the peaked X-ray profile is indicative of an AGN, irrespec-
tive of the object morphology. We began by searching for any
publicly available optical spectra for QSOs at or near the object
position, using SDSS, NED, and CESAM databases. If no QSO
spectrum was available, we searched for the presence of emis-
sion lines in the BCG spectrum as an indicator of ionised gas,
which may suggest the presence of AGN activity. Four cluster
candidates were followed up with the MISTRAL spectrograph?
to search for emission lines that could confirm AGN presence
(see details in Appendix A).

3 http://www.obs-hp.fr/guide/mistral/MISTRAL_
spectrograph_camera.shtml
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Fig. 6. Distribution of 33 XXL AC objects in the mid-infrared colour
space. The dashed magenta line encloses the spectroscopic type I and 11
AGN criteria. The red markers denote AC objects that have the ten
largest hardness ratios (an independent X-ray indicator of AGN pres-
ence) described in Sect. 5.5. All objects are coloured according to the
level of point-source contamination in the soft X-ray band, which is
defined in Sect. 5.6.

Secondly, we used observations from the publicly avail-
able All-Sky Wide-field Infrared Survey Explorer (WISE) data
release in four photometric bands, centred at 3.4, 4.6, 12, and
22 um and referred to as W1, W2, W3, and W4, respectively.
We probed the infrared power law of AGNs by measuring the
flux f of the AC sources in adjacent bands, namely fw1, fw2,
and fy3. Hot dust emission from the torus heated by AGN activ-
ity is expected to result in high flux ratios, hence allowing us to
confirm AGN presence. We searched for all mid-infrared coun-
terparts within an angular radius of 60" from the AC position,
resulting in 33 mid-IR matches (the full AC catalogue) all within
<11” of the object centre. We computed the mid-infrared colour
properties of each source in order to assess how many fall within
the bounds of type I and II optical spectroscopic AGNs, based
on a new selection criterion described in Hviding et al. (2022).
The results are shown in Fig. 6. We report that out of the 33
candidates, ten are revealed to be within the designated ‘AGN
wedge’ (the objects are marked within Table 3). The majority of
these sources have independently confirmed redshifts for a QSO
at the cluster centre, reinforcing the AGN contamination hypoth-
esis for these cases. The information related to the AGN for each
source is listed in Appendix A.

5.5. Indication of cool-core presence

We elaborate on the AC class further by classifying the fraction
of AC clusters where the peaked X-ray profile may be due, fully
or at least partially, to the presence of a cool core. In order to
do this, we performed a simple hardness ratio test. The hard-
ness ratio (HR) is defined as HR = (H — S)/(H + S), where H is
the hard (2—10keV) band and S is the soft (0.5-2keV) band
count rate measured in the same sized aperture. Out of the full
sample, we report nine clusters that have a hardness ratio of —1,
referring to clusters with no measurable X-ray emission in the
hard band. If the peaked X-ray emission is visible only within
the soft band, this can indicate that cooling gas within the clus-
ter core is contributing to the peaked surface brightness profile,
rather than clear AGN activity (which is correlated strongly with
a non-zero hardness ratio). These nine clusters with a hardness

ratio of —1 are marked accordingly within the table. The hard-
ness ratio allows us to examine the overall spectral shape of the
AC sources without a dedicated analysis. Given that we are lim-
ited by the number of photon counts, spectroscopic confirma-
tion of point sources within the cluster emission is not feasible
for all of the AC sources. However we find the X-ray hardness
ratio is consistent with the WISE AGN diagnostic described in
Sect. 5.4, as shown in Fig. 6, suggesting that this can assist in
determining the presence of AGNs or cooling flows in each of
the sources. We acknowledge there are some AC candidates that
do not correspond to clear optical overdensities of galaxies; the
most common reasons for this are high (z > 0.6) redshift clus-
ters (see Fig. 9), or foreground AGNs that dominate the optical
image.

5.6. Level of AGN contamination

For the AC candidates, the XAMIN pipeline provides both an
angular core radius (r.) and flux estimate from the 8 = 2/3
surface-brightness profile. This allows us to derive an approxi-
mate count rate for the source within a given radius. The EPN
model fit also provides the ratio of the fluxes measured for
the point source and extended model, from which the individ-
ual count rates corresponding to the cluster and AGN can be
inferred. The total count rate for the source is determined by
summing the individual PN and MOS detectors as follows

CR = CRpy + 2 X CRy0s A3)

and the individual rates for the cluster and AGN can be computed
via

CRepser = CR/(1 + EPN_RATIO)
CRagN = EPN_RATIO X CR/(1 + EPN_RATIO).

“

The fraction of AGN contamination, fagn, of the AC sources can
hence be defined as the ratio of the point source contribution to
the total flux, which is given as

fagn = CRgn/CR. (5)

We plot the distribution of fagn as a function of the AC redshift
in Fig. 7. We find the trend is indicative of a positive correlation
between contamination level and the redshift of the cluster. It is
important to note, however, this might not necessarily indicate a
stronger AGN presence, but rather a decrease of angular resolu-
tion of the instrument. This may result in a larger scatter in the
facn for clusters above a given redshift. Deeper observations are
required to more precisely measure the level of point source con-
tribution in these objects. We do not perform a direct comparison
with other studies of point-source contamination in high-redshift
clusters (e.g. Willis et al. 2013, XXL Paper XXXIII), owing to
the considerably different methods of selection. It is not use-
ful to compare the current AC sample to clusters detected using
the C1 criteria as these are necessarily more diffuse and less
peaked in their emission profiles. In particular, high-redshift C1
systems with point source contamination occur predominantly
in the XMM-SERVS area — an approximately 4 deg? region in
the northern field, where the sensitivity is up to four times the
nominal value for the full XXL area. In contrast, the nature
of the AC selection allows for the detection of high redshift
AGN-contaminated candidates with considerably lower expo-
sure times on average. The release of the final XXL cluster cata-
logue will allow us to make a more pointed comparison between
the differences of the C1 and AC selection, to better assess AGN
population statistics in high redshift X-ray clusters.
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Fig. 7. Trend of fagn as a function of redshift for the AC clusters. Pink
triangles illustrate the individual systems, with the binned trend and
standard error displayed in blue. The lilac dashed vertical lines denote
the binned redshift boundaries: z < 0.3,0.3 <7< 0.7,z > 0.7.

6. Assessment of AGN contamination in the XXL
survey

6.1. Missed fraction of clusters due to AGN

In this work, we investigated two related but nevertheless dis-
tinct concepts — cluster contamination and sample contamina-
tion. Cluster contamination refers to the level of point source
contamination within the individual system, while sample con-
tamination describes the impact of such objects on the overall
purity and completeness of a cluster sample for cosmological
use. Previous work by Bohringer et al. (2013) defined the con-
tamination fraction within X-ray surveys to be the number of
non-cluster sources within a flux-limited cluster sample. How-
ever, since the C1 class defined within XXL is calibrated to be
above 90% pure, we instead focused on quantifying some of
the C1 incompleteness. This is done by analysing the ‘missed’
fraction of clusters — those that are missed from the final sam-
ple due to the presence of AGNs. To do this, we computed the
fraction of AC sources that would be classed as C1 if the emis-
sion from the central AGN were removed. The EPN model is a
superposition of the EXT and PNT models, so we analysed the
EPN_EXT and EPN_EXT_LIKE parameters that were analogous
— but strictly speaking, not identical — to the C1 selection crite-
ria presented in Table 2. This set of criteria corresponds directly
to the extended B-model component of the EPN fit, and is used
to mirror the selection for the C1 class shown in Table 2. Out
of the 33 objects, we find that 11 fulfil the criteria, and eight of
these are clusters. The distribution of these clusters is displayed
in Fig. 8. If we consider the C1 sample used in the latest XXL
cosmological analysis (XXL Paper XLVI), this corresponds to
a missed fraction of 5%. In other words, 5% of genuine clusters
are excluded from the cosmological dataset due to contamination
from a central AGN.

Strikingly, after removing the point-source contribution from
the AC sources, clusters can be recovered in the 0.8 < z < 1
range, suggesting that AC and cool-core clusters may help to
explain the deficit of detected X-ray clusters above z > 0.6
(Fig. 9). Such a deficit has been reported in X-ray cluster sam-
ples based on the predicted number density of clusters using the
Planck CMB cosmological model Planck Collaboration XXIX
(2014). This deficit has been observed within both the north-
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Fig. 8. AC clusters recovered as C1 by detection pipeline after the point-
source contribution from the central region of the cluster is removed.
The recovered clusters are given by the pink triangles, while the total
AC population is displayed in blue. Yellow squares denote AC galaxies
that would not appear in the final sample following visual screening.
The lilac dot-dashed line demarcates the C1 threshold. We note that
four AC clusters do not appear in this plot as their EPN LIKE EXT value
is exactly 0, indicating that their profiles were too peaked to be fitted
adequately by the extended model.

ern and southern XXL fields, yet its origin remains unclear
(Clerc et al. 2014; Pacaud et al. 2018). Independent X-ray sam-
ples such as McDonald et al. (2013) similarly report a deficit of
high-redshift (z > 0.75), cuspy, cool-core clusters. While the
AC sample of objects is considerably smaller in size compared
to the C1, Fig. 9 shows that is more homogeneous across the
overall redshift range. Since the X-ray luminosity depends on
the gas density squared, it is expected that X-ray clusters at high
redshift are more likely to be detected if they have more peaked
profiles, hence the AC classification is a critical tool to recover
clusters that are otherwise missed by the C1 classification alone.
Finally, we note that all the C1/C2-AC objects, after remov-
ing the central point-like emission, are no longer classed as C1
objects. This is not unexpected since we are removing the major-
ity of the flux from objects that are already classed as C1/C2 by
the pipeline. While these objects do not impact the cosmological
dataset, since they are known by definition in the C1 selection
function, the number of C1/C2-AC may inform as to the cool-
core fraction of the C1 sample. Interestingly, these objects also
displayed no clear signature from an AGN from the criteria out-
lined in Sect. 5.4, suggesting that their AC classification may
support a cool-core morphology rather than clear point-source
contamination.

The missed cluster fraction from other X-ray surveys such
as eROSITA and Athena is likely to be determined by five main
factors. Three of these are instrumental (the sensitivity, PSF size,
and background level) and two are survey-dependent (exposure
time and survey area). Given the flux limit in XXL is ~80 pho-
tons for C1 clusters, we are able to detect a cluster of luminosity
L = 10*ergs™ at this limit up to a redshift z ~ 0.8. Assum-
ing the same background level and exposure time, the increased
sensitivity of the Athena Wide Field Imager (WFI) will reach the
equivalent SNR limit >5 for such a cluster at a redshift z ~ 1.9.
This will result in the detection of many more systems, therefore
also increasing the number of the clusters missed due to AGN
presence. Given that the peak of cosmic AGN activity occurs at
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Fig. 9. Redshift distribution of the AC clusters in this study com-
pared to the C1 sample used in the previous cosmological analysis of
XXL Paper XLVI. The ratio of AC to C1 clusters is approximately 50%
at z ~ 0.6, indicating that the population of AC clusters may increase as
the number of detected C1 objects decrease.

z ~ 2 (Aird et al. 2015), we can infer that the missed fraction for
Athena is likely to be larger than for the XXL survey.

6.2. Impact on cosmological parameters

As described in Sect. 4, the selection function for AC clusters
was computed in the CR—r, parameter space using three flux
ratios. We then applied the XXL pipeline to select AC objects in
the XAMIN output parameter space (EPN PNT STAT, EPN EXT and
EPN RATIO). This is subsequently mapped back into the input
CR-r. parameter space; this quantifies the probability of detect-
ing clusters at each CR-r. combination. We emphasise that it
is not the distribution of XAMIN output CR and r. values but
rather the input values, following the prescription first described
in Pacaud et al. (20006).

While the number of missed clusters within the XXL survey
is limited by the small survey area and relatively high exposure
on average for extended sources (resulting in fewer misclassifi-
cations between clusters and AGNs), consequences may be more
drastic for larger X-ray surveys with smaller exposure times,
where the detection of extended sources may be more impacted
by point-source contamination (see e.g. Bulbul et al. 2022).

We therefore estimated the impact of missed clusters by
modelling the CI in tandem with the pure AC selection func-
tion, to take into account the lost fraction of clusters

C1 selfunc

—_— 6
ACselfunc ( )

Clselfunc,conlam = Clselfunc -d < > Acselfunc

where d is chosen to denote the percentage of clusters missed
from the C1 sample due to their pure AC classification. We com-
pared diagrams for the selection function for two d values: 0 (no
missed clusters) and 0.05 (5% contamination), shown in Fig. 10.
The 5% value is chosen based on the eight clusters that are
‘missed’ out of 178 in the latest cosmological sample. The differ-
ence between the two cases reveals the change in overall shape of
the detection probability based on the fraction of missed clusters
from the final sample. Both the C1 and AC selection functions
in this case were computed using the simulations described in
Sect. 2.

To quantify the cosmological impact of mis-modelling the
selection function due to the presence of AC clusters, we study
the Q,,—og parameter space for the case of 5% missed clusters
for two levels of sky coverage: (a) 47.36 deg? (XXL-like) and (b)
1000 deg?.

We used the ASpiX (Clerc et al. 2012; XXL Paper XLVI)
method to perform the cosmological analysis with the following
method. In each case, we generated a predicted diagram for a
fiducial cosmology with a selection function corresponding to
the percentage of clusters missed due to AGN contamination
(5%). We then rescaled it to the chosen survey area and applied
Poisson noise (the same seed is used in all cases). Finally, we
applied a Markov chain Monte-Carlo (MCMC) approach to esti-
mate posterior distributions and the log-likelihood is chosen to
only account for Poisson noise,

N

L= Z [fz - szjln(ﬁ,)]
Zi J

Zi

where 7 is the total number of predicted clusters in the redshift
bin, i, and N ;» and 71 j, respectively, refer to the observed and pre-
dicted number of clusters in the CR-HR bin j for a redshift z;.
We ran two different analyses: with the selection function com-
puted taking into account that 5% of sources are ‘missed’ by
the C1 class (d = 0.05 in Eq. (6)), and one with the pure Cl
selection function (d = 0). The fiducial parameters are chosen
to be the ones measured from XXL Paper XLVI (XXL-HSC
ASpiX + XXL cluster clustering + BAO), namely Q,, = 0.364
and og = 0.793.

The cosmological posterior estimates for the two surveys are
shown in Fig. 11. As expected, for an XXL-like survey, parame-
ter uncertainties are dominated by Poisson noise. We found that
a correct modelling of the selection function results in a Q,—07g
posterior distribution that is consistent with the fiducial values,
while a selection function accounting for only extended sources
in its estimation also remains in good agreement within 1o
However, going to a 1000 deg” survey area, the discrepancy is
significantly more pronounced and shows how AGN contamina-
tion could be problematic for X-ray surveys to come. While the
more accurate modelling of the selection function, shown by the
pink contour, encompasses the fiducial value within 1o~ well, the
selection function that does not account for AGN contamination
shows an ~30 tension with the fiducial values. We emphasise
that increasing the survey size is used as a proxy for increasing
the number of clusters in the sample. While the 1000 deg? reali-
sation predicts ~4000 clusters based on the XXL selection func-
tion, we reiterate that eROSITA will likely detect ~10° clusters,
and hence this tension may be larger.

Finally, the results obtained in XXL Paper XLVI are not sig-
nificantly impacted by the contamination level from AGNs. As
outlined in Fig. 11, the impact of contamination at the 5% level
for an XXL survey area is negligible, though we stress that our
model comparison fixes all relevant parameters aside from Q,
and og. However, for future surveys such Athena, where clusters
will be detected out to a redshift of z ~ 2, we anticipate a consid-
erably larger contamination rate from AGNs within clusters. In
a similar vein, all-sky missions such as eROSITA may plausibly
have a contamination fraction that is larger than 5%. Due to the
larger survey area, we suggest that without proper modelling of
the selection function, a 5% missed fraction of genuine clusters
may constitute a lower rather than upper limit for such surveys.
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Fig. 10. Impact of AGN contamination on XXL selection function in the CR—r, parameter space. We considered two cases: a pure case where no
clusters are missed due to AGN contamination (left), and the measured missed fraction from XXL, constituting 5% of the cluster population. The
detection probability is reduced in the case of 5% missed clusters, particularly in the CR > 0.1 region, reinforcing the hypothesis that very peaked

clusters are excluded by the C1 selection alone.
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Fig. 11. Bias introduced in Q,,—os plane without accounting for missed clusters in the cluster selection function. All other parameters, including
scaling relation coefficients, are fixed. The pink contours show the recovered constraints from a complete selection function, while the blue
contours reflect the results obtained by fitting the cosmological parameters assuming only pure, extended sources. The contours represent the 68%
and 95% confidence intervals respectively. The dashed lines indicate the fiducial input values used for the mock number density of clusters (see
XXL Paper XLVI for further details). The left panel shows the results for an XXIL-like survey area and the right one shows results for a survey of

1000 deg?.

7. Summary and conclusions

The AC sample is the first pipeline-derived catalogue of clus-
ters with measurable AGN contamination within the XXL sur-
vey. In particular, the characterisation of the 25 AC clusters,
using X-ray and multi-wavelength diagnostics, forms a valuable
dataset to better understand the evolution of AGN with clus-
ters and their impact on cosmology. We used extensive XMM-
like image simulations to define a parameter space to capture
AC clusters by modelling the point-like and extended X-ray
emission simultaneously. We then applied this criteria within the
XXL pipeline to generate a sample of clusters impacted by AGN
presence or with cool core signatures. Our work revealed that
AGN contamination in clusters is present well into the inter-
mediate redshift range (0.5 < z < 1), consistently with other
studies (e.g. Logan et al. 2018; Maughan & Reiprich 2019). We
found that removing the point-source flux contribution from

A92, page 12 of 24

these objects allows for the recovery of genuine clusters in parts
of the mass-redshift plane currently excluded by the canonical
cluster selection function, implying that clusters are ‘missed’
by current X-ray detection methods. We estimated the impact
of these missed clusters to be of the order 5% in the most
recent XXL. dataset. Finally, we quantified the impact on the
Qn,—0og parameter space as a result of improperly accounting
for these missed objects within the selection function. Conse-
quences are not drastic for small XXL-like areas, but likely to be
more substantial for other X-ray surveys. Our future work will
involve finding additional, complementary methods to determine
AGN presence within clusters, exploiting both the spectral and
image properties of these objects; for example, machine learn-
ing methods to denoise and increase the spatial resolution of
XMM-Newton images (Sweere et al. 2022) may lead to better
classification and identification of AC systems. One limitation of
our study is that unlike cool cores, contaminating AGN are not
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necessarily located in the centre of the X-ray cluster emission,
and hence the EPN model developed so far is limited in identify-
ing only missed clusters where AGNss are sufficiently close to the
X-ray centre. Future work will include placing the point sources
in different locations relative to the cluster emission and assess
the resulting detection probability. We will also aim to compare
the evolution of AGN contamination in clusters using hydrody-
namical simulations. A natural extension of this work will be to
subsequently subtract the AGN emission from the cluster flux
in order to render contaminated clusters usable for scaling laws
and cosmological studies. With larger samples it will further be
possible to quantify the co-evolving fraction of AGNs within
clusters as a function of redshift. Overall, the class of AC clus-
ters is rich for both astrophysical and cosmological uses, with
a potentially significant impact on future X-ray studies. Larger
and deeper datasets will allow for a more precise determination
of the properties of these objects to maximise the cosmological
potential of clusters.
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Appendix A: Atlas of final AC objects in this study

We present a visual catalogue of all sources presented in Table 3.
The layout of the atlas is as follows. The left panel shows a 4 x
4 arcminute optical (HSC for the nothern field candidates, DES
for southern) gri cutout centred on the AC object. The orange
contours represent the X-ray emission, centred on the X-ray
peak value. The pink cross denotes the location of the weighted

X-ray barycentre. The middle panel shows the 7 X 7 arcminute
i-band image (CFHTLS for XXLn, BCS for XXLs) centred
on the AC object (X-ray contours are displayed in blue).
The right panel shows the 7 X 7arcminute raw X-ray pho-
ton image. The green symbols correspond to XAmin pipeline
detections. Green squares correspond to AC objects (and point
sources), while green circles correspond to pure extended

sources.
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Cluster XLSSC 045 at z,.. = 0.556. At the centre of the X-ray emission we find an AGN (not the BCG) at z,.. = 0.563.
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Fig. A.2. Cluster XLSSC 063 recovered as AC in this study. The optical spectrum of the BCG presents several emission lines, indicating the

presence of ionised gas in the elliptical galaxy.
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Fig. A.3. Fossil group XLSSC 090 with z,,.. = 0.141. The NII (6586 A) line is clearly visible in the optical spectrum of the BCG, again indicating

the presence of ionised gas in the elliptical galaxy.
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Fig. A.4. Cluster XLSSC 095. The NII (6586 A) line is clearly visible in the optical spectrum of the BCG of this system.
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Fig. A.6. Cluster XLSSC 150. Two member galaxies observed with the MISTRAL instrument revealed passive objects.
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Fig. A.7. Cluster XLSSC 210. Many GAMA redshifts are available within the field including the BCG at z = 0.19 (CESAM). While there is
no clear evidence of AGN activity, it may be hidden in the three merging elliptical galaxies in the centre. Two member galaxies observed by
MISTRAL indicate passive objects.
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Fig. A.8. Cluster XLSSC 211. The X-ray emission is centred on a cluster member galaxy that hosts a broad-line AGN (SDSS), though it is not the
BCG of the system.
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Fig. A.9. Cluster XLSSC 518, shown to have a possible cool-core signature and no obvious AGN presence.
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Fig. A.10. Cluster XLSSC 519. Emission lines in the optical spectrum of the BCG indicate the presence of ionised gas in the elliptical galaxy.
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Fig. A.11. Cluster XLSSC 595. The optical spectrum of the BCG from AAT indicates probable AGN activity.
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Fig. A.12. Cluster XLSSC 648 at z,,.. = 0.64 contaminated by an X-ray bright star.
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Fig. A.13. Cluster XLSSC 649 at z,,.. = 0.19 confirmed by NTT spectroscopic observations. The BCG hosts a broad line AGN.
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Fig. A.14. Cluster XLSSC 650 likely contaminated by a QSO. Two galaxies observed by NTT very close to the centre of the X-ray emission with
Zspee = 0.29.
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Fig. A.15. Fossil group XLSSC 651 at z = 0.102.

Dec (ICRS)

i ;‘® i

ARC MINUTE:
L cluster candidate

2M04ma0*

ARC MINUTES
RA (ICRS) Lcluster candidate

Fig. A.16. Cluster candidate XLSSU J020435.7-061922 with AGN at z,.. = 0.91. Many HSC photo-zs within the field are found to be at the same
redshift.
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Fig. A.17. Cluster candidate XLSSU J020514.7-045638 with QSO at zy,.. = 0.36. Spectroscopic observations from the MISTRAL instrument

contradict the QSO redshift, placing it at z,.. = 0.31.
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Fig. A.18. Cluster candidate XLSSU J022055.4-033332 (also known as ACT-CL J0220.9-0332) with z,,.. = 1.03 published in Hilton et al. (2018).
See Figure 5 for more details. MISTRAL observations of the central foreground object shows evidence of Ha, HB, and NII emission lines.
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Fig. A.19. Cluster candidate XLSSU J023322.1-045506. The X-ray emission is centred on a QSO at z = 0.78 (SDSS). The cluster is approximately

at the same photometric redshift.
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Fig. A.21. Cluster candidate XLSSU J232713.5-560337 (also known as XBCS J232713.7-560341) published in Suhada et al. (2012).

55052/00.0"

53000

Dec (2000)

ARG MINUTE:
L cluster candidate

36.00s.
RA (12000)

ARC MINUTE:
L cluster candidate

Fig. A.22. Cluster candidate XL.SSU J232936.7-555349 showing two galaxies at the centre of the X-ray emission at z = 0.31 and a QSO at
z = 2.03. Both galaxies host an AGN. Some additional galaxies nearby are possibly at the same redshift. This is a line-of-sight projection of AGN

or a small group.
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Fig. A.23. Cluster candidate XLSSU J233006.5-545553 with visible galaxies possibly at concordant redshift but with no spectroscopic information.
There exists also the possibility of a high-redshift cluster. The origin of the X-ray emission is unclear. Nevertheless, this source falls within the
type I/l AGN wedge based on WISE data.
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Fig. A.24. Cluster candidate XLSSU J233809.3-555350 with a QSO at the centre of the X-ray emission at z = 3.81 and a possible BCG above the
QSO. Cluster LCS-CL J233802-5553.3 with tentative spectroscopic redshift at z = 0.6 is located 1 arcminute to the bottom left of the X-ray centre
(Bleem et al. 2015).
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Fig. A.25. Cluster candidate XLSSU J234705.7-535653 without any spectroscopic information.
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Fig. A.26. Active galaxy XLSSU J020218.3-065958 in a nearby group, known as XLSSC 113 at z = 0.05. The optical spectrum (NED) shows no
AGN activity.
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Fig. A.27. Active galaxy XLSSU J020519.5-062702 at z = 0.01.
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Fig. A.28. Active galaxy XLSSU J020802.9-050302 with a QSO at zy,.. = 1.86.
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Fig. A.29. QSO XLSSU J021830.7-050126 with peaked X-ray emission observed at z = 3.00211 (SDSS). XLSSC 64 is separately detected as a
cluster by the pipeline.
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Fig. A.30. Active galaxy XLSSU J021905.5-051038. QSO at z = 1.66. There is possibly a foreground cluster, but there is no further redshift
information.
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Fig. A.31. QSO XLSSU J022129.1-040531. XLSSC 34 at z,,.. = 1.036 is separately detected. However, the X-ray emission is centred on a
possible AGN with uncertain redshift in SDSS (z = 1.23). The AGN classification is dubious because of its low S/N spectrum.
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Fig. A.32. Active galaxy XLSSU J022402.5-044134 at z = 0.043.
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Fig. A.33. Active galaxy XLSSU J022445.6-030224 with a known QSO at z = 1.23 and a cluster that is clearly visible to the south-east of the
object.
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