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ABSTRACT

Context. The eFEDS survey is a proof-of-concept mini-survey designed to demonstrate the survey science capabilities of
SRG/eROSITA. It covers an area of 140 deg2 where ∼540 galaxy clusters have been detected out to a redshift of 1.3. The eFEDS
field is partly embedded in the Hyper Suprime-Cam Subaru Strategic Program (HSC-SSP) S19A data release, which covers ∼510 deg2,
containing approximately 36 million galaxies. This galaxy catalogue has been used to construct a sample of ∼180 shear-selected galaxy
clusters. The common area to both surveys covers about 90 deg2, making it an ideal region to study galaxy clusters selected in different
ways.
Aims. The aim of this work is to investigate the effects of selection methods in the galaxy cluster detection by comparing the X-ray
selected, eFEDS, and the shear-selected, HSC-SSP S19A, galaxy cluster samples. There are 25 shear-selected clusters in the eFEDS
fooprint.
Methods. The relation between X-ray bolometric luminosity and weak-lensing mass is investigated (Lbol −M relation), comparing this
relation derived from a shear-selected cluster sample to the relation obtained from an X-ray selected sample. Moreover, the dynamical
state of the shear-selected clusters is investigated and compared to the X-ray selected sample using X-ray morphological parameters
and galaxy distribution.
Results. The normalisation of the Lbol −M relation of the X-ray selected and shear-selected samples is consistent within 1σ. Moreover,
the dynamical state and merger fraction of the shear-selected clusters is not different from the X-ray selected ones. Four shear-selected
clusters are undetected in X-rays. A close inspection reveals that one is the result of projection effects, while the other three have an
X-ray flux below the ultimate eROSITA detection limit. Finally, 43% of the shear-selected clusters lie in superclusters.
Conclusions. Our results indicate that the scaling relation between X-ray bolometric luminosity and true cluster mass of the shear-
selected cluster sample is consistent with the eFEDS sample. There is no significant population of X-ray underluminous clusters,
indicating that X-ray selected cluster samples are complete and can be used as an accurate cosmological probe.

Key words. galaxies: clusters: general – large-scale structure of Universe – galaxies: clusters: intracluster medium –
X-rays: galaxies: clusters

1. Introduction

There are a number of completed and on-going galaxy cluster
surveys across the electromagnetic spectrum ranging from sub-
millimetre wavelengths, infrared and optical bands, to X-rays.
While clusters are rare, constructions of large samples of clusters
have been made possible thanks to recent technological advances
of sensitive detectors and telescopes that allow us to collect
huge amounts of data in a reasonable amount of time. Clusters
selected in different wavelengths are complementary with each
other because they are sensitive to distinct cluster components.
Broadly speaking, ∼80−85% of the cluster mass is in the form of
dark matter and the rest, the baryonic component, is divided into
∼12% as a hot plasma called the intracluster medium (ICM), and
∼3−8% cluster member galaxies and a relativistic population of
electrons that are part of the ICM.

In the optical and the near-infrared, galaxy clusters are identi-
fied as spatially localised and projected overdensities of galaxies
(e.g. Wen et al. 2012; Rykoff et al. 2014; Oguri 2014). In X-rays
and sub-millimetre wavelengths, galaxy clusters are identified
via the ICM, whose angular extent is comparable to that of
the galaxy member distribution (e.g. Böhringer et al. 2001;
Pacaud et al. 2006; Reichardt et al. 2013; Planck Collaboration
XXVII 2016). While X-rays detect the integrated emission from
the optically thin bremsstrahlung emission from the ICM, the
sub-millimetre wavelengths detect the apparent decrement in
the brightness of the cosmic microwave background (CMB)
caused by the inverse Compton scattering of the CMB pho-
tons by energetic electrons in the ICM, that is the so-called
Sunyaev-Zel’dovich (SZ) effect (Sunyaev & Zeldovich 1970).
Furthermore, it is possible to identify galaxy clusters directly
using weak gravitational lensing, that is the distortion in the
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shapes of background galaxies caused by the total projected mass
along the line of sight, presumably dominated by the cluster (e.g.
Miyazaki et al. 2002, 2018b; Hetterscheidt et al. 2005; Wittman
et al. 2006; Schirmer et al. 2007; Shan et al. 2012; Liu et al.
2015; Hamana et al. 2020). Finally, in radio wavelengths spatially
localised and projected overdensities of wide- and narrow-angle
tail radio galaxies and/or spatially extended, low-frequency radio
emission, the so-called radio relics and radio halos, can also be
used to identify galaxy clusters (e.g. Kale et al. 2015).

Two important aspects of the multi-wavelength study of
galaxy cluster samples are worth emphasising. First, regardless
of the galaxy cluster search technique, there is a selection bias,
that is the distinct wavelengths tend to preferentially select a par-
ticular type of clusters with respect to the full population (see
Giodini et al. 2013, for a review on cluster survey biases). Sec-
ondly, there are galaxy cluster correlations, the so-called scaling
relations, that describe the relationship between different galaxy
cluster properties (e.g. Kaiser 1986; Giodini et al. 2013). These
relations are not exclusive of a given waveband and are very
important because they relate easily observable quantities to
other cluster properties that are difficult to determine by direct
observations. Although the different cluster surveys have their
strengths and challenges, the ultimate goal is to combine them
and use their synergies to obtain a sufficiently complete view of
the cluster populations and their place in the hierarchy of cos-
mic large-scale structure formation. Only if we succeed with this
challenge, large galaxy cluster samples can be reliably used for
competitive, precision cosmological constraints.

There are three main ways to have a better understanding
of the selection bias in cluster samples and to understand their
multi-wavelength properties: (i) by comparing results obtained
from different cluster samples (e.g. Gilbank et al. 2004; Rozo
et al. 2014), (ii) by doing an exhaustive follow-up of a given
cluster sample (e.g. Rossetti et al. 2017; Andrade-Santos et al.
2017), and (iii) by comparing cluster samples obtained over a
common sky area (e.g. Sadibekova et al. 2014; Donahue et al.
2002; Willis et al. 2018, 2021). This work focuses on the third
method and compares an X-ray detected galaxy cluster sam-
ple and a shear-selected sample obtained over the same sky
region.

Most of studies in this line of investigation have focused on
determining the cluster masses from weak-lensing observations
for X-ray selected galaxy cluster samples (e.g. Okabe et al. 2010;
Hoekstra et al. 2012; Mahdavi et al. 2013; Israel et al. 2014). Very
few studies have performed an X-ray follow-up of shear-selected
galaxy clusters (e.g. Giles et al. 2015; Deshpande et al. 2017).
Miyazaki et al. (2018b) studied the X-ray properties of shear-
selected clusters using archival X-ray data, which is shallow and
incomplete. In general, all these studies lack having a concise X-
ray or weak-lensing selected cluster sample, either because they
are noisy, very small or are not completely followed up. This was
a consequence of the lack of large area and deep optical data that
is necessary to construct a large sample of shear-selected clus-
ters and the difficulty of a uniform X-ray analysis. These issues
are now alleviated thanks to the multi-wavelength coverage of
the eROSITA (Predehl et al. 2021) pilot survey by deep wide-
field optical imaging enabled by Subaru Hyper Suprime-Cam
(Miyazaki et al. 2018a). Using these data sets, we can for the first
time conduct a complete census of X-ray properties for a large
sample of shear-selected clusters.

The detailed exploration of weak lensing shear-selected clus-
ters is particularly important for advancing our understanding of
the observational bias in cluster samples, because their selection
can be well modelled in analyses of cosmological simulations.

The selection bias of shear-selected clusters depends on the
density profile of clusters as well as the density fluctuations
along the line-of-sight, both of which are reasonably well under-
stood from N-body simulations (Hamana et al. 2004, 2012; Chen
et al. 2020). In contrast, selections of clusters in other methods
rely on baryonic properties, and hence their selection biases are
subject to detailed baryon physics that is not yet fully understood
(e.g. Eckert et al. 2011). Thus it is expected that the study of
the baryonic property of shear-selected clusters as explored in
this paper will help to achieve a better understanding of cluster
selection biases.

The structure of the paper is as follows: in Sect. 2, we
describe each cluster sample and perform a matching analysis.
In Sect. 3, we describe the methods used to extract cluster prop-
erties as well as the algorithm used for scaling-relation fitting.
We present the results of this analysis in Sect. 4, discussion
in Sect. 5, and draw conclusions in Sect. 6. Throughout this
paper, we assume a flat ΛCDM cosmology with Ωm = 0.3 and
H0 = 70 km s−1 Mpc−1.

2. Galaxy cluster samples

In this section, the X-ray detected and shear-selected cluster sam-
ples are described, as well as their weak-lensing mass calibration.
Both samples are cross-matched, and sub-samples are defined in
the common sky area.

2.1. X-ray detected clusters: eFEDS

The X-ray extended source sample studied in this work is taken
from Brunner et al. (2022), which presents ∼540 extended X-ray
sources detected in the eROSITA Final Equatorial-Depth Survey
(eFEDS), which was completed during the Performance Veri-
fication (PV) phase of eROSITA (Predehl et al. 2021). eFEDS
covers an area of ∼140 deg2 and has an average, vignetted
exposure time of 1.3 ks in the 0.5−2.0 keV energy band.

The X-ray source detection was performed using the
eROSITA Standard Analysis Software System (eSASS,
eSASSusers_201009) in the 0.2−2.3 keV energy band. The
source detection is based on the sliding-cell algorithm followed
by a source characterisation method (see Brunner et al. 2022, for
further details). The extended X-ray source catalogue was built
by setting a minimum detection likelihood of 5 and a minimum
extent likelihood of 6.

Liu et al. (2022a) used this X-ray extended source catalogue
as a basis for the construction of the eFEDS cluster catalogue and
determined several X-ray observables of the detected clusters.
Based on X-ray simulations (Comparat et al. 2020) and optical
follow-up, Liu et al. (2022a) and Klein et al. (2022) determined
that this sample has ∼20% of contamination.

Using data from the Hyper Suprime-Cam Subaru Strategic
Program (HSC-SSP, Aihara et al. 2018a,b, 2019) and from the
DESI Legacy Imaging Surveys (LS, Dey et al. 2019), photomet-
ric redshifts and richness were obtained for all cluster candidates
using the Multi-Component Matched Filter (MCMF) cluster
confirmation tool (Klein et al. 2018). Approximately 82% of the
eFEDS extended X-ray sources have been confirmed to be galaxy
clusters by an optical follow- up (see Klein et al. 2022, for further
details). The redshift range of these clusters is 0 < z < 1.3, with
the peak of the distribution being around z ∼ 0.3. The confirmed
galaxy clusters used in this work are selected using the MCMF
cleaning parameter fcont to be fcont < 0.2, yielding a catalogue
purity of 96% (Klein et al. 2022).
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2.2. Shear-selected clusters: HSC-SSP S19A

The shear-selected galaxy cluster sample studied in this paper
is taken from Oguri et al. (2021). Using the HSC-SSP S19A
shape catalogue from Li et al. (2022), Oguri et al. (2021) con-
structed samples of weak lensing shear-selected clusters with
signal-to-noise ratio (S/N) larger than 4.7 over an area of
∼510 deg2.

The constructed shear-selected cluster catalogues are the
result of two different approaches, which adopt distinct spatial
filters. Specifically, Oguri et al. (2021) considered two spatial
filters, a truncated Gaussian filter and a truncated isothermal
filter. The former is similar to the one used in Miyazaki et al.
(2018b) and delivers 187 clusters (the so-called TG15 cata-
logue), while the latter adopts the functional form proposed in
Schneider (1996) and optimises the detection of halos from the
mass maps. Oguri et al. (2021) explored the impact of the inner
boundary of the truncated isothermal filter when constructing
shear-selected cluster catalogues: considering two different val-
ues of this parameter (see Sect. 3.3 in Oguri et al. 2021), two
shear-selected catalogues of 418 and 200 clusters were deliv-
ered1. The analysis presented in this work, is focused only on
the former shear-selected cluster catalogue because a mass bias
correction, derived in Chen et al. (2020), can be applied to this
catalogue (see Sect. 2.3). A cross-matching of the other two
shear-selected cluster catalogues with eFEDS is discussed in
Appendix A.

The redshifts of the shear-selected clusters were assigned by
cross-matching them with different optically-selected clusters,
which include: an optically-selected cluster catalogue obtained
from the HSC-SSP using the CAMIRA algorithm (Oguri 2014;
Oguri et al. 2018) as well as several optically-selected clusters
from the Sloan Digital Sky Survey (SDSS, York et al. 2000)
including the redMaPPer catalogue (Rykoff et al. 2014) and
WHL15 (Wen et al. 2012; Wen & Han 2015). In addition, the
CODEX cluster catalogue (Finoguenov et al. 2020), which con-
tains galaxy clusters from the ROSAT All-Sky Survey (RASS,
Voges et al. 1999) with optical confirmations from SDSS, was
used. The combination of these catalogues allows covering a red-
shift range between 0.05 < z < 1.38. In short, more than ∼97%
of the shear-selected clusters have an optical counterpart. The
purity of the shear-selected cluster catalogue is estimated to be
higher than 95%.

The cluster number in both samples are different due to the
distinct selection functions employed in the X-ray and shear
detection techniques. The shear-selection requires high cluster
masses, that is the reason why the number of the shear-selected
clusters is in general smaller.

2.3. Cluster mass determination

The true masses, that is calibrated weak-lensing masses, in the
eFEDS and HSC shear-selected clusters were derived indepen-
dently, following different approaches. In the following, both
methods are briefly described.

eFEDS clusters. Chiu et al. (2022) obtained the weak-
lensing mass calibration of the eFEDS clusters using the S19A
weak-lensing data from the HSC. They studied 313 clusters in a
redshift range of 0.1 < z < 1.3, which are fully covered by HSC
data. Using a Bayesian population modelling, a blind analysis
for the weak-lensing mass calibration was performed: for each
1 In Oguri et al. (2021) they are referred as TI05 and TI20 catalogues.

cluster, the observed X-ray count-rate (used as a mass proxy)
and the shear-profile were simultaneously modelled using the
count-rate-to-true-mass-redshift and weak-lensing mass-to-true-
mass-redshift relations. All biases of the different observables
were taken into account using simulation-based calibrations.
Especially, the weak-lensing mass was extensively calibrated
using cosmological hydrodynamical simulations, which take into
account, among other things, the cluster member contamination,
the miscentring of the X-ray centre and the redshift distribu-
tion of the source. It was found that the covered mass range of
these eFEDS clusters is 1013 < M500 [h−1 M�] < 1015 with a
mass uncertainty of ∼30%. Chiu et al. (2022) also studied differ-
ent X-ray observable-to-mass-redshift relations, for example, the
bolometric luminosity − mass relation.

HSC shear-selected clusters. Oguri et al. (2021) derived
weak-lensing masses following Miyazaki et al. (2018b) for all
shear-selected clusters with estimated redshift. Briefly, Oguri
et al. (2021) derived differential surface density profiles from
securely selected background galaxies for each shear-selected
cluster. These profiles were fitted with a Navarro et al. (1997)
profile, which is parameterised by the mass, M500c, and concen-
tration, c500c, parameter for a critical overdensity of 500. For
the shear-selected sample, cluster masses were derived in such
a way that the Eddington bias correction for the weak-lensing
mass measurements derived in Chen et al. (2020) can be applied.
Using large sets of mock cluster samples Chen et al. (2020) found
that derived weak-lensing masses for shear-selected clusters are
biased high by ∼55% with respect to the cluster true mass, on
average, due to the up-scatter of weak lensing signals by the
shape noise as well as cosmic shear. This mass bias strongly cor-
relates with cluster redshifts, true halo masses, and selection S/N
thresholds. Furthermore, an additional scatter due to triaxiality is
included in the mass bias correction. Chen et al. (2020) showed
that, once this Eddington bias is properly taken into account,
the discrepancy of the X-ray luminosity–mass relations for X-ray
selected and shear-selected clusters (Giles et al. 2015; Miyazaki
et al. 2018b) is mitigated.

The masses of the shear-selected clusters used in this work
are bias-corrected. The applied bias is the one calculated for a
S/N threshold of 4.7 and an average surface density of source
galaxies of 30 arcmin−2 (see Sect. 2 of Chen et al. 2020). We
take into account the cluster redshift dependence of the mass
bias and adopt different mass bias values for clusters at dif-
ferent redshifts. Most weak-lensing masses are corrected by
∼20%. Table 1 shows the calibrated weak-lensing mass, M500,
of the shear-selected clusters in the common area between the
HSC GAMA09H and eFEDS fields. The masses cover the range
8 × 1013 . M500 [M�] . 8 × 1014 with a mass uncertainty of
∼30%. This bias-corrected weak-lensing mass is used to deter-
mine the radius within which different X-ray observables of the
HSC shear-selected clusters are measured (see Sect. 3.1).

While true masses are estimated for the eFEDS clusters and
HSC shear-selected clusters using a different methodology, we
confirm that those of matched clusters of both samples (see
Sect. 2.4) are on average consistent given their mass uncertain-
ties: ∼42% of them have a mass difference of less than 20%, 33%
have a mass difference between 20−50%, and the rest do not
exceed a mass difference of ∼60%. The mean systematic mass
difference between these two samples is ∼0.1± 0.1 dex. The dif-
ference of estimated true masses for individual clusters mainly
comes from the distinct assumed centre, the range of radii for
the shear profile fitting, and the use of priors.
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2.4. Matching between shear-selected clusters and X-ray
selected eFEDS clusters

The HSC-SSP S19A shape catalogue consists of six disjoint
patches. The patch that overlaps with the eFEDS survey is the so-
called GAMA09H. The common sky area between the eFEDS
and GAMA09H is ∼90 deg2 (see Fig. 1). There are 313 eFEDS
clusters (with z > 0.05 and fcont < 0.2) and 25 shear-selected
clusters lying within the common footprint, that is the area that
has been uniformly covered by the HSC survey to enable the
extraction of the weak-lensing shear signal. The redshift limit
of z = 0.05 imposed to the eFEDS sample is motivated by the
completeness of the weak-lensing peaks, which is small at very
low redshift values (see Fig. 9 of Miyazaki et al. 2018b), and the
incompleteness at such redshifts of the optically-selected clus-
ter samples used for redshift confirmation of the shear-selected
clusters. All these shear-selected clusters have an assigned red-
shift (see Sect. 2.2). Figure 1 displays the location in the sky of
the weak-lensing peaks and the eFEDS clusters.

Both catalogues are matched according to a positional and
redshift offset in order to assess the number of common clusters
to both samples. Galaxy clusters are considered to be matched if,
first, they are located within 5 arcmin and, second, if the redshift
difference between the eFEDS and the shear-selected cluster red-
shifts is |∆z| < 0.12. The shear-selected cluster catalogue has
been generated by using a smoothing scale of 1.5 arcmin, there-
fore the tolerance radius must be large enough (5 arcmin) to
identify X-ray counterparts.

The results of the matching procedure show that out of the
25 shear-selected clusters, only 21 of them have eFEDS coun-
terparts. Out of these 21 matches, five of them have multiple
eFEDS matches within 5 arcmin: three shear-selected clusters
have two associated eFEDS clusters of similar redshift, one has
three eFEDS matches with similar redshift, and one has two
eFEDS matches of very different redshift. Clusters with a one to
one match will be referred to as unique matches. For the shear-
selected clusters with multiple eFEDS counterparts, the most
X-ray luminous eFEDS cluster is chosen (only one case is not
the closest, in position and redshift); they will be referred to as
primary matches.

Figures 2 and 3 show the distribution of the angular sep-
aration and the redshift difference, respectively, between the
matched clusters. Both plots show the good accordance between
the common clusters: the positional offset between them is less
than 2 arcmin and the redshift difference is less then 0.03. Using
the redshift of the matched shear-selected clusters, the rest-frame
transverse physical offset values are between 44 and 531 kpc.

The unmatched shear-selected clusters are not the ones with
the lowest weak-lensing S/N, but all four have an S/N < 5.0.
A visual inspection of their X-ray and optical data reveals that
one of the shear-selected clusters without an associated eFEDS
cluster is the result of projection effects. For the other three
clusters, there is no evident extended X-ray emission. Moreover,
there is not any extended X-ray candidate nearby of these clus-
ters, optically confirmed or not. These non-matched clusters are
individually discussed in Sect. 4.5.

3. Methodology

Here, the X-ray cluster analysis used in this work is described.
First a brief review of the X-ray analysis is presented, followed

2 Although a redshift difference of 0.1 seems large, all matched clusters
have a redshift difference smaller than 0.04, as shown in Fig. 3.

by a description of the different morphological parameters that
were determined for the clusters.

3.1. Determination of X-ray observables

The X-ray spectral and imaging analysis for the eFEDS clus-
ters is fully described in Ghirardini et al. (2021) and Liu et al.
(2022a). In the following, a short description is presented.

The main X-ray property of interest for this work is the
bolometric X-ray luminosity of each cluster, which is derived
from the soft-band luminosity profile. The soft-band luminos-
ity, LX, is obtained by integrating the surface brightness along
the line of sight in the 0.5−2.0 keV energy band together with
the determined temperature from X-ray spectral analysis. The
X-ray surface brightness is calculated by fitting the X-ray clus-
ter image with a projected cluster analytic model (Vikhlinin
et al. 2006) using a Monte Carlo Markov chain code (MCMC,
Foreman-Mackey et al. 2013). The faint point sources within the
cluster images are excised, while the bright ones are modelled as
delta functions convolved with the point spread function (PSF)
to eliminate residual emission due to the PSF wings. The temper-
ature was determined by fitting jointly the extracted spectra from
the seven eROSITA telescope modules with the XSPEC soft-
ware (Arnaud 1996). The cluster emission was modelled with
an optically thin plasma model apec (Smith et al. 2001). Due
to the shallow depth of the eFEDS survey, the abundance in the
thermal emission model is fixed to 0.3 Z�. The model also con-
tains the usual X-ray emission background components: local
Hot Bubble, Galactic Halo and unresolved X-ray sources (see
Ghirardini et al. 2021, for further details). The temperature deter-
mined within a given radius is used in the calculation of the
cluster luminosity. Therefore, the luminosity profile is obtained
by multiplying the surface-brightness profile by a conversion fac-
tor using the determined temperature, thus taking into account
uncertainties from the spatial and spectral analysis. In the same
manner, the bolometric luminosity (in the 0.01−100 keV energy
range), Lbol, is obtained.

For the shear-selected clusters, the bolometric luminosity
and temperature are measured within rWL

500 , that is r500
3 from the

calibrated weak-lensing mass, that is, bias corrected by the Chen
et al. (2020) correction. As described in Sect. 2.3, the differ-
ence in the true mass between the Oguri et al. (2021) and Chiu
et al. (2022) estimations can reach up to ∼60%, however, this
is translated as a maximum of 30% difference in the bolomet-
ric luminosity using the two estimations of rWL

500 . In fact, ∼76%
of the matched clusters have a bolometric luminosity difference
of less than 20% (i.e. a mean systematic luminosity difference
of 0.02 ± 0.04 dex) using one or the other rWL

500 estimations.
The apertures are centred on the X-ray position of the corre-
sponding eFEDS counterpart for shear-selected clusters with a
unique or primary matches. Both X-ray observables were mea-
sured including the core of the cluster. In this work, core excised
derived quantities are omitted since the X-ray observations are
relatively shallow and cluster counts are low. The same approach
is also applied at the positions of the non-matched shear-selected
clusters to obtain X-ray luminosity measurements for them.

The bolometric luminosities and masses of the shear-selected
clusters are shown in Table 1. The bolometric luminosity of all
eFEDS clusters and weak-lensing peaks as function of redshift is
shown in Fig. 4. The matched shear-selected clusters are among
the most luminous eFEDS clusters, while the non-matched
shear-selected clusters lie in the low luminosity regime.
3 r500 is the radius within which the mean over-density of the galaxy
cluster is 500 times the critical density at the cluster redshift.
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Fig. 1. Part of the weak lensing map for the GAMA09H HSC-SSP S19A field (green background). The solid yellow line shows the eFEDS
survey footprint. Small filled circles show the location of eFEDS clusters with z > 0.05, whose colours correspond to their redshift as shown by
the colour bar. Open symbols show the position of the shear-selected clusters: blue circles correspond to peaks that have one counterpart in the
eFEDS catalogue, orange squares are weak-lensing peaks with two or three eFEDS counterparts, and dotted red squares are peaks with no eFEDS
counterparts.

Fig. 2. Distribution of the angular separation, in arcmin, between the
shear-selected clusters and the closest X-ray detected (eFEDS) clusters.
In blue, clusters are shown which have one unique match between the
catalogues within 5 arcmin and with a redshift difference |∆z| < 0.1. The
orange histogram displays primary matches for clusters with multiple
matches. Primary matches correspond to the most X-ray luminous (and
in most cases the closest) eFEDS counterpart.

3.2. X-ray morphological properties

Ghirardini et al. (2022) have determined different X-ray mor-
phological parameters of the eFEDS sample, which help us to
understand the dynamical state of the cluster sample. Using the
procedure briefly described in Sect. 3.1, to obtain surface bright-
ness and density profiles, Ghirardini et al. (2022) calculated
eleven X-ray morphological parameters for each cluster in the
eFEDS sample, but used only a subset of this sample4 to study

4 Ghirardini et al. (2022) applied selection criteria of extent likelihood
and detection likelihood values larger than 12 on the eFEDS sample to

Fig. 3. Top: comparison between the assigned redshift of the shear-
selected and the X-ray detected clusters. In blue, clusters are shown
that have one unique match between the catalogues within 5 arcmin
and with a redshift difference |∆z| < 0.1. The orange points display
primary matches for clusters with multiple matches. Primary matches
correspond to the most X-ray luminous (and in most cases the clos-
est) eFEDS counterpart. The solid black line shows the 1:1 relationship,
and the dotted black lines, a ± 0.05 offset from this relation. Bottom:
difference between redshifts.

obtain a cleaner sample. This selection reduces the fraction of spurious
clusters to ∼14% in the eFEDS sample, decreasing the sample size to
325 clusters.
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Table 1. Properties of the shear-selected clusters within the eFEDS
footprint.

eFEDS ID zMCMF Lbol,rWL
500

ID z M500

(eFEDSJ+) [1043 erg s−1] [1014 M�]

091403.3+013846 0.168 7.56+5.14
−2.75 114 0.161 1.95+0.54

−0.51
085931.9+030839 0.196 9.05+0.72

−0.59 62 0.179 2.02+0.56
−0.52

092241.9+020719 0.198 2.10+0.32
−0.30 117 0.200 1.76+0.52

−0.48
085751.6+031039 0.201 56.30+5.20

−4.20 16 0.188 4.38+0.91
−0.92

093403.5−001422 0.240 8.21+1.28
−0.99 133 0.238 2.19+0.57

−0.54
085230.6+002457 0.270 10.60+1.30

−1.00 49 0.281 2.17+0.58
−0.55

091351.1−004507 0.294 9.00+1.40
−1.14 53 0.265 3.10+0.71

−0.75
092844.0+005318 0.318 3.94+14.86

−1.23 158 0.300 1.64+0.69
−0.70

091610.1−002348 0.322 71.80+10.50
−5.20 29 0.332 4.35+0.93

−0.90
092121.2+031726 0.333 112.00+23.00

−13.00 24 0.353 5.35+0.94
−0.90

084528.6+032739 0.334 110.00+37.00
−16.30 6 0.349 5.23+0.91

−0.86
093431.3−002309 0.342 16.50+6.90

−2.30 20 0.331 4.33+1.05
−1.06

092846.5+000056 0.344 5.98+2.08
−1.21 162 0.336 3.06+0.92

−1.05
093302.7−010145 0.356 9.08+9.52

−2.39 12 0.338 2.78+0.74
−0.67

093513.0+004757 0.356 93.00+20.00
−32.50 8 0.357 8.08+1.20

−1.14
090805.9+011952 0.659 20.30+25.80

−7.10 159 0.644 3.66+1.58
−1.44

083654.6+025954 0.191 14.10+1.30
−0.70 94 0.193 2.94+0.68

−0.64
091849.0+021204 0.283 22.10+3.50

−2.20 18 0.274 2.65+0.63
−0.57

092209.3+034628 0.270 29.80+7.50
−5.40 35 0.252 4.20+0.80

−0.80
093546.3−000115 0.339 17.30+12.70

−5.10 58 0.339 2.68+0.69
−0.67

084129.0+002645 0.402 12.80+8.00
−2.20 104 0.398 2.38+0.89

−0.93

0.07+0.17
−0.06 141 0.160 0.85+0.51

−0.59
0.14+1.22

−0.14 169 0.255 2.11+0.83
−0.83

7.15+3.25
−3.04 146 0.356 2.68+0.85

−0.76
0.18+3.38

−0.17 144 0.439 1.94+0.90
−0.92

Notes. The horizontal lines divide the unique, primary and non-
matches categories (from top to bottom). Weak-lensing peaks not
matched to an eFEDS cluster have no corresponding eFEDS ID and
redshift.

the overall trend of the morphological analysis. The morpholog-
ical parameters were calculated within rWL

500 (Chiu et al. 2022). In
the following, a brief description of each X-ray morphological
parameter is presented.

Concentration (cSB). This parameter indicates how concen-
trated the X-ray emission is and it correlates with the presence of
a cool core (CC) in the cluster (Santos et al. 2008). It is defined
as the ratio between the integrated surface brightness in two
different circular apertures. Ghirardini et al. (2022) presented
two concentration measurements: cSB,r500 , whose apertures are
0.1r500 and r500, and cSB,40−400 kpc, whose apertures are 40 and
400 kpc.

Central gas density (n0). This value also indicates the state
of relaxation of the clusters. It is based on the findings of sev-
eral studies, which have shown that relaxed systems tend to
have a higher gas density in the core (e.g. Hudson et al. 2010).
Ghirardini et al. (2022) used a representative value of the density
computed at 0.02r500 (at radius r = 0 the density profile might
diverge).

Fig. 4. Bolometric luminosities within rWL
500 as a function of redshift of

the eFEDS clusters (grey pentagons). Blue circles display the shear-
selected clusters with a unique eFEDS match; orange diamonds show
weak-lensing peaks with a primary eFEDS counterpart; and red squares
show weak-lensing clusters with no eFEDS match.

Cuspiness (α). This parameter measures the slope of the
cluster density profile at a fixed radius (Vikhlinin et al. 2007).
As in Lovisari et al. (2017), Ghirardini et al. (2022) fixed the
radius at r = 0.04r500, avoiding the cluster core where cooling
affects the measurements the most, but also staying close to the
cluster centre to avoid the flattening of the profile caused by AGN
outflows.

Ellipticity (ε). This quantity is defined as the ratio between
the semi-minor and the semi-major axis. Ghirardini et al. (2022)
obtained these values from fitting an elliptical and rotated den-
sity profile. It is expected that relaxed clusters have a rounder
shape (ε ∼ 1) than disturbed ones (ε � 1).

Power ratios. These parameters are obtained through a two-
dimensional multipole expansion of the cluster surface bright-
ness distribution within a given aperture. The radial fluctuations
are detected by the higher order moments, which are sensitive to
smaller scales. This concept is based on the idea that by using
the projected mass profile (in this case using the surface bright-
ness) the power ratios are related to the cluster potential (Buote
& Tsai 1995). Ghirardini et al. (2022) considered only the power
ratios up to order 4 (P10, P20, P30, and P40).

Gini coefficient. This parameter measures the X-ray flux dis-
tribution in galaxy clusters. If the total flux is equally distributed
among the considered pixels in a given aperture, then the Gini
coefficient is equal to 0, on the contrary, if the total flux is con-
centrated in a single pixel, then the value is 1. This parameter
is used in economics, but it was used in astronomy by Abraham
et al. (2003) and many other optical galaxy studies.

Photon asymmetry (Aphot). This parameter quantifies the
degree of rotational symmetry of the light coming from the
galaxy clusters (Nurgaliev et al. 2013).

Thanks to the large luminosity and redshift coverage
of the eFEDS sample, Ghirardini et al. (2022) success-
fully constrained the evolution of morphological parameters
with both redshift and luminosity. These allow us to obtain
evolution-independent morphological estimators. Furthermore,
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Fig. 5. Top: X-ray bolometric luminosity–mass relation for the weak-
lensing peaks in the eFEDS footprint. Blue circles show the shear-
selected clusters with a unique eFEDS match; orange diamonds display
weak-lensing peaks with a primary eFEDS counterpart; and red squares
show weak-lensing clusters with no eFEDS match. eFEDS clusters are
displayed as light purple asterisks and its corresponding fit is given by
the black solid line. For comparison, the data of the X-ray selected
clusters presented in Mahdavi et al. (2013, grey pentagons), and the
shear-selected clusters studied in Giles et al. (2015, green pentagons)
are plotted. The fit to the shear-selected cluster is given by the dashed-
red line, and for two sub-samples of them the fits are shown by the
dotted-green and dashed-dotted blue lines. Bottom: ratio of the different
normalisations of the distinct shear-selected cluster to normalisation of
the eFEDS clusters fit.

Ghirardini et al. (2022) introduced a new morphological param-
eter, the relaxation score, Rscore. This parameter is derived taking
into account all the information of the different redshift and
luminosity independent morphological parameters, their correla-
tions with respect to the concentration parameter and the cluster
selection function.

4. Results

In this section the measurements of the Lbol − M relation of the
shear-selected clusters are presented, as well as their dynamical
state analysis.

4.1. Bolometric luminosity–mass relation

The X-ray bolometric luminosity–mass, Lbol − M, relation for
the shear-selected clusters is derived, with the masses estimated
from the weak-lensing analysis. The masses, in units of h−1M� in
Oguri et al. (2021), are converted to those in units of M� adopt-
ing H0 = 70 km s−1 Mpc−1 and are bias corrected according to
Chen et al. (2020), obtaining their true masses (see Sect. 2.3).
Figure 5 shows the Lbol − M relation of the shear-selected
clusters, which are colour coded according to the eFEDS cross-
matching. The error correlation between Lbol and M is ignored
in this analysis since the correlation is very small.

The bolometric luminosity measurements of the shear-
selected clusters are compared with the ones from the eFEDS
X-ray selected cluster sample, since both samples cover approx-
imately the same cluster mass range. As in Chiu et al. (2022),
only eFEDS clusters with fcont < 0.2 are used (see Sect. 2.1).

Table 2. Fit results of the Lbol − M relation.

Fitted sample Slope (BLM) Normalisation (L0)
[×1043 erg s−1]

eFEDS 1.56 ± 0.05 6.67 ± 0.21
All shear-selected clusters 1.56 6.91 ± 0.87
Unique and primary matches 1.56 7.14 ± 0.91
Unique matches 1.56 7.13 ± 1.16

Notes. The scaling relation is fitted with a power-law of the form
E(z)−1(L/L0) = [E(z)(M/M0)]BLM , where M0 = 2 × 1014 M�. The slope
is fixed for the shear-selected clusters.

The bolometric luminosities and calibrated weak-lensing masses
in all data sets were corrected for the expected self-similar evo-
lution, that is × E(z)−1 and × E(z), respectively, where E(z) is the
dimensionless Hubble parameter.

The data are fitted with a power law of the form

E(z)−1 Lbol

L0
=

[
E(z)

M
M0

]BLM

(1)

using the BCES orthogonal regression in logarithmic space
(Akritas & Bershady 1996; Nemmen et al. 2012). The pivot mass
M0 is taken to be 2 × 1014 M�. The slope, BLM, and the normal-
isation, L0, are determined from the data fit. First, the eFEDS
sample is fitted, yielding BeFEDS

LM = 1.56 ± 0.05 and LeFEDS
0 =

(6.67 ± 0.21) × 1043 erg s−1 (black solid line in Fig. 5). Since
there is a small number of shear-selected clusters, the slope BLM
is fixed to the best-fit value BeFEDS

LM when fitting the shear-selected
cluster sample. It is found that L0 = (6.91 ± 0.87) × 1043 erg s−1

(red dashed line in Fig. 5) when fitting the 21 weak-lensing
peaks. There is a slight offset in the normalisation of the fits
between the eFEDS and shear-selected samples, but they are
consistent within 1σ. As mentioned in Sect. 2.3, there exists an
additional, but small systematic difference in the cluster mass
between the eFEDS and the shear-selected cluster samples. As
shown in Table 2, this consistency remains even if the fit is per-
formed using only unique or unique and primary weak-lensing
peaks. This confirms that the mass-bias correction introduced
in Chen et al. (2020) reduces the tension in the Lbol − M nor-
malisation between X-ray selected and shear-selected cluster
samples.

Chiu et al. (2022) calculated the parameter constraints of sev-
eral X-ray scaling relations for the eFEDS clusters taking into
account the eFEDS X-ray selection function and the flexibility
of possible redshift-dependent deviations from the self-similar
prediction. For the Lbol − M relation, they found a slope of
BChiu+21

LM = 1.55+0.16
−0.14, which is consistent with the slope obtained

here using the BCES orthogonal regression method. The nor-
malisation obtained by Chiu et al. (2022) is LChiu+21

0 = 9.2+1.6
−1.3 ×

1043 erg s−1 at their pivotal redshift zpiv = 0.35, and it is slightly
higher than the one obtained here.

4.2. Soft-band luminosity–mass relation

As in the previous section, the soft-band (0.5−2 keV)
luminosity-mass, LX −M, relation for the shear-selected clusters
is derived. However, the fitting methodology is slightly changed
in order to compare the results with the ones obtained by the
XXL collaboration (Pierre et al. 2016). In the following, the
methodology and results of this comparison are presented.
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Fig. 6. X-ray soft band luminosity–mass relation for the weak-lensing
peaks in the eFEDS footprint. Blue circles show the shear-selected clus-
ters with a unique eFEDS match; orange diamonds display weak-lensing
peaks with a primary eFEDS counterpart; and red squares show weak-
lensing clusters with no eFEDS match. eFEDS clusters are displayed as
purple asterisks and its corresponding fit is given by the black solid line.
Two fits, with fixed slope and with a prior in the slope, for the shear-
selected clusters are shown by the red dashed and blue dotted lines,
respectively. For comparison, the fit obtained by Akino et al. (2022) on
the XXL clusters is shown by the green dotted-dashed line.

The XXL survey is the one of the largest XMM-Newton sur-
veys, covering 50 deg2 with nearly 7 Ms of exposure. In the same
manner, as eFEDS, the XXL survey was designed to provide a
well-characterised sample of X-ray detected galaxy clusters. In
2018, Adami et al. (2018) published a sample of 365 clusters
down to a flux of 10−15 erg s−1 cm−2 in the 0.5−2.0 keV energy
band. The clusters span a redshift range between 0 < z < 1.2.
Umetsu et al. (2020), determined weak-lensing masses for 136 of
these XXL clusters using HSC-SSP data, covering a mass range
of 1013 < MWL

500 [M�]< 6× 1014. The median redshift of this sub-
sample is z = 0.31, very similar to the one of eFEDS clusters.
Using this sub-sample, Akino et al. (2022) investigated X-ray
observable-to-mass scaling relations, among them the LX − M
relation. The redshift, mass range and weak-lensing mass cal-
ibration covered by the XXL clusters, make them the ideal
external X-ray sample to compare the HSC shear-selected and
the eFEDS samples presented in this work.

To compare the HSC shear-selected sample studied in this
work with the XXL sample, the LX − M relation is investigated.
Figure 6 shows the LX − M relation of the HSC shear-selected
sample (colour coded accordingly to the eFEDS cross-matching)
and the eFEDS clusters (purple points).

Akino et al. (2022) carried out the scaling relation fitting
using a linear regression method, obtaining a slope of 1.38+0.27

−0.18
and a normalisation of 1.34+0.19

−0.16 ×1043 erg s−1 for the XXL clus-
ters (green dotted-dashed line in Fig. 6). In order to compare
with the XXL results, we use the same fitting method for the
LX − M. For the eFEDS sample, we obtain a slope of 1.52+0.03

−0.03
(black solid line), which is in good agreement with the XXL
sample; however, the normalisation is 0.87+0.02

−0.02 × 1043 erg s−1.
By keeping the slope fixed to the eFEDS value and with a prior
around this value (red dashed and blue dotted lines, respectively),
we performed a fit of the HSC shear-selected sample. While
there is consistency within ∼1σ between the normalisations of

Table 3. Linear regression parameters (slope and normalisation) for the
LX − M relation.

Fitted sample Slope Normalisation
[×1043 erg s−1]

All shear-selected clusters (fixed slope) 1.52 0.70+0.12
−0.11

All shear-selected clusters (slope prior) 1.52+0.03
−0.03 0.69+0.12

−0.11

eFEDS clusters 1.52+0.03
−0.03 0.87+0.02

−0.02

XXL clusters by Akino et al. (2022) 1.38+0.27
−0.18 1.34+0.19

−0.16

the eFEDS and HSC shear-selected samples, the disagreement
increases between the HSC shear-selected sample and the XXL
sample (XXL luminosities are larger by a factor of 4σ at 1014 M�
but there is ∼1.5σ agreement at 1013 M� and 1015 M� because of
the uncertainty of slope). The results are summarised in Table 3.
A possible source of this discrepancy is the used radius to
extract the X-ray luminosity: the XXL X-ray luminosity is mea-
sured not at rWL

500 but at the maximum detection radius of X-ray
source count. Moreover, the XXL does not cover the low mass
group regime as eFEDS (MWL

500 < 1013 M�), which can cause an
overestimation of the slope in their XXL fits.

For the LX − M relation, Chiu et al. (2022) found a slope of
1.50+0.15

−0.14, which is consistent with the slope obtained here using
the linear regression method. It is also consistent with the XXL
slope within the uncertainties. The normalisation obtained by
Chiu et al. (2022) is 3.36+0.53

−0.49 × 1043 erg s−1, at their pivotal red-
shift zpiv = 0.35, is higher than the one obtained with the linear
regression method.

4.3. Dynamical state of the shear-selected clusters

One of our goals is to investigate the dynamical state of the shear-
selected clusters and compare it to the one of X-ray selected
cluster samples, here with an emphasis on the eFEDS sample.
In the following X-ray and optical morphological parameters are
discussed for the shear-selected clusters and the eFEDS sample.

4.3.1. X-ray morphology of the shear-selected clusters

The X-ray morphological parameters described in Sect. 3.2
and obtained in Ghirardini et al. (2022), are compared for the
eFEDS sample and the shear-selected sample. We note that for
the shear-selected samples, the values of their corresponding
eFEDS counterparts are used, that is no new morphological
estimators are calculated within rWL

500 from Oguri et al. (2021).
Moreover, not all the shear-selected clusters fall into the clus-
ter selection applied by Ghirardini et al. (2022) (see Sect. 3.2),
4 shear-selected clusters have an extension likelihood lower than
12 (between ∼9 and 11 values). This clusters can be still be
corrected by the luminosity and redshift factors described in
Ghirardini et al. (2022), but there is no relaxation score parame-
ter for them.

The median values (together with the difference with the
16th and 84th percentiles of their distribution) of the eleven
morphological parameters for the eFEDS sample5 and for the
shear-selected sample are shown in Table 4. These values are
presented with and without luminosity and redshift correction

5 The 17 shear-selected clusters are a sub-sample of the eFEDS clus-
ters, therefore they are removed from the main eFEDS sample in this
X-ray morphological analysis.
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Table 4. Median values of the luminosity and redshift corrected and non-corrected X-ray morphological parameters of the eFEDS and shear-
selected samples.

Morphological Not corrected L and z corrected

parameter eFEDS sample Shear-selected sample eFEDS sample Shear-selected sample

n0 (0.57 ± 0.60) × 10−2 (0.65 ± 0.41) × 10−2 (0.59 ± 0.41) × 10−2 (0.60 ± 0.32) × 10−2

cSB,r500 0.16 ± 0.12 0.17 ± 0.06 0.15 ± 0.10 0.18 ± 0.06
cSB,40−400 kpc (0.90 ± 0.85) × 10−1 (0.83 ± 0.42) × 10−1 (0.90 ± 0.70) × 10−1 (0.96 ± 0.49) × 10−1

α 0.72 ± 0.36 0.69 ± 0.21 0.70 ± 0.22 0.72 ± 0.23
ε 0.73 ± 0.22 0.79 ± 0.11 0.73 ± 0.11 0.80 ± 0.12
P10 (0.52 ± 1.19) × 10−3 (0.22 ± 0.35) × 10−3 (0.45 ± 0.64) × 10−3 (0.40 ± 0.29) × 10−3

P20 (0.71 ± 1.57) × 10−4 (0.22 ± 0.34) × 10−4 (0.57 ± 0.69) × 10−4 (0.39 ± 0.41) × 10−4

P30 (0.18 ± 0.47) × 10−4 (0.05 ± 0.11) × 10−4 (0.16 ± 0.20) × 10−4 (0.13 ± 0.08) × 10−4

P40 (0.80 ± 1.80) × 10−5 (0.29 ± 0.50) × 10−5 (0.60 ± 0.70) × 10−5 (0.50 ± 0.60) × 10−5

Gini 0.65 ± 0.07 0.70 ± 0.06 0.66 ± 0.03 0.66 ± 0.02
Aphot 0.47 ± 0.62 0.21 ± 0.27 0.44 ± 0.37 0.39 ± 0.24

Notes. The number after the median shows the 16th and 84th percentiles of the distributions.

(see Sect. 3.2 and Ghirardini et al. 2022 for further details). The
luminosity and redshift corrected morphological parameter dis-
tributions are shown in Fig. C.1 (not-corrected morphological
estimators show similar distributions).

The results in Table 4 (and Fig. C.1) show that the distribu-
tion of the corrected (luminosity and evolution-independent) and
non-corrected morphological parameters between eFEDS and
the shear-selected clusters are consistent with each other. Espe-
cially, the median values of the central density (n0), cuspiness
(α) and Gini coefficient remain very similar before and after the
luminosity and redshift correction between both samples. Both
concentrations (cSB,r500 and cSB,40−400 kpc) and ellipticity (ε) val-
ues for the shear-selected clusters remain slightly higher after
the luminosity and redshift correction, although the difference is
not significant. In fact, larger values of concentration and ellip-
ticity are likely associated with relaxed clusters. This might be
a direct consequence of the Gaussian filter used to select this
sample (see Sect. 2.2). Finally, although consistent, after the
luminosity and redshift correction, the median values of the
power-ratios (P10, P20, P30, P40,) and photon asymmetry (Aphot)
of the shear-selected sample approach more to the median val-
ues of the eFEDs sample but still they are smaller. Lower values
of power-ratios are usually associated with more relaxed clusters.

As described in Sect. 3.2, Ghirardini et al. (2022) determined
the relaxation score parameter for the eFEDS clusters. The corre-
lation between this parameter and the concentration is shown in
Fig. 7. In this figure, the shear-selected clusters for which Rscore
is measured are highlighted by the blue-filled circles and orange-
filled diamonds. Ghirardini et al. (2022) suggested a threshold
of Rscore = 0.0137 to distinguish between relaxed (above) and
disturbed (below) clusters. Lovisari et al. (2017) proposed a sim-
ilar criteria using the concentration parameter: relaxed clusters
have cSB,r500 > 0.27 and disturbed clusters cSB,r500 < 0.15. The
shear-selected clusters do not show a preferred dynamical state
according to the Rscore − cSB,r500 plane. Following the Rscore cri-
terion, half of them seem to be in a relaxed state, and a similar
conclusion can be drawn from the cSB,r500 threshold.

4.3.2. Optically defined merging state of the cluster samples

We search for merging clusters by a peak-finding method of
galaxy distributions following Okabe et al. (2019). The lifetime

Fig. 7. Relaxation parameter, Rscore, as function of the concentration
parameter, cSB,r500 . Filled-blue circles show the shear-selected clusters
with a unique eFEDS match; filled-orange diamonds display weak-
lensing peaks with a primary eFEDS counterpart. Points with a red
ring around are clusters with multiple-peaks, which were found by
peak-finding method described in Sect. 4.3.2. The solid black line indi-
cates the threshold to distinguish relaxed clusters (above) from disturbed
(below) clusters as suggested in Ghirardini et al. (2022), while the
dashed and dotted vertical lines display a similar criteria suggested
by Lovisari et al. (2017). Errors in the eFEDS clusters are omitted for
clarity purposes.

of galaxy subhalos whose distribution is similar to the dark mat-
ter distribution is much longer than that of gas subhalos (Okabe
& Umetsu 2008). The number of luminous galaxies is almost
conserved during mergers, while the X-ray luminosity is sig-
nificantly affected by mergers because of the collisional nature
of the ICM (Ricker & Sarazin 2001). The angular resolution of
the galaxy distribution, which is higher than that of the weak-
lensing mass reconstruction, resolves subhalos inside clusters.
Therefore, the galaxy distribution enables to search for merger
candidates unbiasedly. However, since it is difficult to distinguish
between pre- and post-mergers only from the galaxy distribution,
X-ray morphological parameters are essential.

We select red-sequence galaxies in the colour-magnitude
plane in a similar way as in Nishizawa et al. (2018), and then
make galaxy maps with a Gaussian kernel of FWHM = 200 kpc.
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Fig. 8. Left: galaxy density maps (16× 16 arcmin) centred on the HSC shear-selected cluster positions without an eFEDS match. Overlaid in red are
X-ray contours, which were obtained by smoothing the raw X-ray image in the 0.5−2.0 keV energy band with a Gaussian of 24 arcsec. The black
circles in the lower-left corners show the smoothing scale, FWHM = 200 kpc. Right: HSC-SSP optical images centred on the HSC shear-selected
cluster positions. The 8 × 8 arcmin optical images of the central region are created using the z, i, and r bands. X-ray contours are shown in red,
galaxy density contours in white (they are the same contours as the black ones in the corresponding galaxy density maps), and weak-lensing mass
contours in yellow.

Since both the number of red galaxies and the angular size of
the smoothing scale depends on cluster redshifts, we adopt a
redshift-dependent threshold corresponding to the peak height
of CAMIRA richness N = 15 that roughly correspond to M500 ∼
5 × 1013M�. We also subtract the contamination of the extended
distribution of a galaxy peak from other peaks, where we assume
the average extended distribution of the CAMIRA clusters for
the distribution of the highest peak and a Gaussian distribution
for other peaks. The galaxy maps are shown in Appendix B
and Fig. 8. We search for peaks within 500 kpc from the cen-
tres of the shear-selected clusters. The number of clusters with
multiple peaks is 15 out of 25 clusters, that is the merger frac-
tion is 60%. For comparison, we repeat the same analysis for
425 from the 444 eFEDS clusters in the HSC-SSP footprint
and find 108 multiple-peak clusters (24%). We note that the
number of eFEDS clusters is larger than that of weak-lensing
analysis because the colour analysis does not requires the strict
full-colour and full-depth conditions.

To further check the above result, we first construct eFEDS
sub-samples that are more comparable to the shear-selected
cluster sample by selecting eFEDS clusters with M500 > 1.5 ×
1014M� in the redshift ranges 0.15 < z < 0.45 and 0.15 < z <
0.65. These sub-samples give 22% (59 out of 264) and 19%
(70 out of 364), respectively, of multiple-peak clusters. These
percentages are still lower than the one from the shear-selected
sample. The same analysis was performed for the entire sam-
ple of shear-selected clusters with redshift information available
(182). The final percentages are: 76% of the shear-selected clus-
ters (138) show a single peak, while 24% (44) have are multiple
peaks. Therefore, no significant differences in the merger frac-
tion between X-ray and shear-selected samples are found. The
result of a high-merger fraction present in the shear-selected

clusters located in the eFEDS footprint can be explained by a sta-
tistical fluctuation due to the small number of the shear-selected
clusters in the eFEDS region. The sample of X-ray detected clus-
ters will significantly increase in the near future with the analysis
of the first eROSITA all-sky survey, in the same fashion the num-
ber of shear-selected clusters will be higher with further HSC
observations. Therefore larger cluster samples will help us to
identify if there might be a higher incidence of mergers in the
shear-selected cluster population.

The multiple-peak shear-selected clusters that have an
eFEDS counterpart, and therefore an X-ray morphological
parameter estimation, are shown in Fig. 7 (and also Fig. C.1) as
red rings enclosing the corresponding clusters. In both figures,
the distributions of these multiple-peak clusters are not different
from those of the shear-selected and eFEDS samples.

4.4. Weak-lensing peaks in superclusters

Liu et al. (2022a) searched for superclusters in the eFEDS area.
In short, employing a friends-of-friends (FoF) algorithm with an
redshift-dependent linking length, 19 superclusters candidates in
the redshift range z = 0.1−0.8 were found. Each supercluster has
at least four galaxy cluster members. Of the 542 eFEDS clusters,
∼18% of them lie in superclusters. Out of these 19 superclusters,
2 lie outside the common GAMA09/eFEDS area (no. 5 and 16
in Liu et al. 2022a).

Out of the 21 shear-selected clusters with an eFEDS coun-
terpart (see Sect. 2.4), 9 are located in an eFEDS supercluster.
This represents ∼43% of the weak-lensing peaks with at least one
eFEDS counterpart. Of these 9, 5 are unique matches and 4 pri-
mary matches. The fact that a higher percentage of shear-selected
clusters lie in superclusters is not surprising since weak-lensing
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searches identify the integrated shear signal using a broad lens-
ing kernel along the line-of-sight direction. Therefore the lensing
signal is affected, not only by foreground and background struc-
tures but also by nearby objects whose angular separation is
smaller than the kernel size, which may cause the enhancement
of the shear signals. We leave the quantitative estimate of the
impact of superclusters on weak lensing shear-selected clusters
for future work.

4.5. Notes on clusters without eFEDS counterpart

As found in Sect. 2.4, there are four HSC shear-selected clusters
without a counterpart in the eFEDS cluster catalogue. Figure 8
shows the galaxy map distribution and optical images of these
systems. In each case, the galaxy maps are smoothed by a
Gaussian of FWHM = 200 kpc. The red contours are obtained
from the smoothed (Gaussian of 24 arcsec) raw X-ray image
(0.5−2.0 keV energy band). The HSC-SSP optical images (z, i,
and r bands) are also centred on the HSC shear-selected cluster
positions and have a size of 8 × 8 arcmin. These images have
overlaid the following: X-ray contours are shown in red, galaxy
density contours in white and weak-lensing mass contours in yel-
low. The X-ray images show that none of these clusters have
significant extended X-ray emission. Here, we discuss each of
these clusters in detail. In each case, the cluster is identified by
its ID as in Oguri et al. (2021).

4.5.1. ID 141

Oguri et al. (2021) found that the closest optical cluster to
this weak-lensing peak is a CAMIRA cluster located 0.93 Mpc
(∼5.5 arcmin) away at z = 0.160 with richness N = 22.9. The
lack of a clear BCG in the optical image in Fig. 8 of this
cluster (top panel) confirms that the corresponding optical coun-
terpart is far away from the peak position. Furthermore, the
galaxy distribution analysis (see Sect. 4.3.2) reveals that there
are two prominent peaks located more than ∼6 arcmin away from
the shear-selected cluster position, but none around the shear-
selected cluster. Most likely, this is a spurious shear-selected
cluster.

4.5.2. ID 144

This shear-selected cluster has a WHL15 counterpart ∼50 kpc
away at z = 0.439. The concentration of galaxies shown in
Fig. 8 is consistent with the small spatial offset. The cluster
is also detected by CAMIRA with richness N = 16.7 and red-
shift z = 0.453. There is another CAMIRA cluster with richness
N = 31.5 and redshift z = 0.80 at ∼1 arcmin away from the mass
map peak. This is likely to be a real cluster at z = 0.44 but pos-
sibly with an enhancement of the weak lensing signal due to the
line-of-sight structure. The faint X-ray signal may be explained
by the high redshift of the cluster as well as the projection effect.

4.5.3. ID 146

This shear-selected cluster has a CAMIRA counterpart ∼260 kpc
away at z = 0.356. Figure 8 shows a complex but significant
concentration of galaxies. The high richness of this cluster,
N = 38.1, implies that this is a sufficiently massive cluster that is
capable of producing a mass map peak. Indeed the X-ray flux is
detected by our forced measurement at more than 2σ level at the
shear cluster position, even though this cluster is not included in
the eFEDS X-ray cluster catalogue.

4.5.4. ID 169

This shear-selected cluster has a WHL15 counterpart 218 kpc
away at z = 0.255 with relatively high WHL15 richness of
RL∗,500 = 35.2. Figure 8 shows some concentration of galaxies
that is consistent with the mass map peak position.

5. Discussion

5.1. Comparison with previous studies

As mentioned in Sect. 1, Giles et al. (2015) investigated the
Lbol − M relation of a small sample of shear-selected clusters.
They obtained X-ray properties for 10 low S/N shear-selected
clusters in the redshift range of 0.13 < z < 0.27 and compared
them with the X-ray selected sampled of Mahdavi et al. (2013).
Mahdavi et al. (2013) analysed X-ray and optical data of 50 X-
ray selected clusters in the redshift range of 0.15 < z < 0.55.
Both samples can be compared with our work because they both
extracted X-ray properties within rWL

500 . Of special interest for
the analysis presented here is the sample of Giles et al. (2015),
since their weak-lensing masses can also be bias corrected6 using
the adjustment presented in Chen et al. (2020). For reference,
Fig. 5 shows the location of the Giles et al. (2015) and Mahdavi
et al. (2013) samples (green and grey pentagons, respectively)
in the Lbol − M plane in comparison with the eFEDS and the
HSC shear-selected samples. Since the cosmological parameters
adopted in this work and the Mahdavi et al. (2013) and Giles
et al. (2015) studies are the same, we can compare them directly.

First of all, one can see that the Chen et al. (2020) bias cor-
rection on the Giles et al. (2015) sample brings this sample in
agreement with eFEDS and with the HSC weak-lensing peaks.
We do not perform a fit on this sample because we do not know
how much the luminosity is effected by the mass bias correction,
that is the Chen et al. (2020) correction reduces the weak-lensing
masses of the clusters, leading to a smaller radius, and there-
fore smaller luminosities. In this sense, the Giles et al. (2015)
luminosities in Fig. 5 can be considered as upper limits. Second,
the masses in Mahdavi et al. (2013) are larger than the ones in
eFEDS and HSC shear-selected cluster samples. As in Sect. 4.1,
we fitted the Mahdavi et al. (2013) sample using Eq. (1). We
obtain a slope of BM13

LM = 2.35 ± 0.89, which is steeper than that
of the eFEDS clusters.

Giles et al. (2015) also studied the dynamical state of their
weak-lensing peaks. They found that the majority of their clus-
ters appear unrelaxed, and one third of them seem to host a
cool-core. As shown in Sect. 4.3, the HSC shear-selected clus-
ters studied in this work have X-ray morphological properties
that do not prefer a relaxed or unrelaxed state. This was also
found for the eFEDS clusters. Using the peak finding method
of galaxy distribution, 60% of the HSC shear-selected clusters
appear to be in a merging state, although we show that this might
be a statistical fluctuation due to the small number of clusters in
the sample.

5.2. No X-ray underluminous shear-selected clusters

In Sect. 2.4, we have shown that four shear-selected clusters do
not have an eFEDS counterpart. Their galaxy distribution map
(see Sect. 4.5) revealed that one of them (ID 141) is the result of

6 The Chen et al. (2020) bias correction for this sample is obtained by
using a S/N threshold of 3.69 and an average surface density of source
galaxies of 30 arcmin−2.
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some galaxy conglomerates being close in projection and there-
fore giving rise to a false weak-lensing peak. As shown in Fig. 8,
the shear-selected clusters without an eFEDS counterparts do not
show any sign of extended X-ray emission. The nearest, in pro-
jection, point-like sources to these weak-lensing peak positions
are located between 20 and 80 arcsec, and have fluxes lower than
9 × 10−15 erg s−1 cm−2 in the 0.5−2 keV energy band (Liu et al.
2022b; Salvato et al. 2022). These point-like sources are removed
from the X-ray analysis as explained in Sect. 3.1.

Liu et al. (2022a) described the eFEDS selection function
from extensive simulations, which took into account the instru-
ment response and a realistic emission of galaxy clusters and
Active Galactic Nuclei (AGN). Using training classifiers, Liu
et al. (2022a) found that the cluster (true) 0.5−2.0 keV energy
band X-ray counts, its flux in this soft band, the redshift, mass
and luminosity are the most discriminating cluster features when
constructing the selection function of eFEDS. We have a look
at the detection probability of the non-matched shear-selected
clusters based on their soft-band luminosity and fluxes.

We found that based on the soft-band luminosity, clusters
ID 141, 144 and 169 have a probability�17 of being detected by
the pipeline used in eFEDS. Their fluxes, which are in the range
of 0.4−1.5× 10−15 erg s−1 cm−2 in the 0.5−2.0 keV energy band,
are also below the flux limit of 1.5 × 10−15 erg s−1 cm−2 where
eFEDS has ∼40% percent completeness (see Liu et al. 2022a).
Therefore it is not surprising that such clusters are not detected
in the eFEDS given the shallow observations.

Cluster ID 146 has a probability of ∼0.1 of being detected
in eFEDS given its soft-band luminosity. It has a flux of ∼3.2 ×
10−14 erg s−1 cm−2 in the 0.5−2.0 keV energy band and within
rWL

500 . At this flux, the eFEDS sample has a completeness of
65%. Therefore, the absence of this cluster in the eFEDS cluster
catalogue is again not surprising.

We calculated the significance of these four non-matched
clusters to check if they are consistent with the tail of the Lbol−M
scaling relation. We found that these clusters are not statistically
different (.2.5σ) to the eFEDS sample, that is their presence
is consistent with the log-normal distribution around the mean
eFEDS scaling relation taking into account its scatter. These
clusters can be explained as a stochastic fluctuation at the low
luminosity end of the Lbol − M relation at a given mass. With
deeper eROSITA (pointed) observations, we would be able to
detect them.

X-ray underluminous clusters have been a subject of study in
the last years (e.g. Dietrich et al. 2009; Castellano et al. 2011;
Andreon & Moretti 2011; Trejo-Alonso et al. 2014; Andreon
et al. 2019). Some of these works focus only on one or a few clus-
ters that have not been detected in previous X-ray observations.
The main conclusions of such works are that X-ray underlumi-
nous clusters have not yet formed, which translate in a low X-ray
luminosity, or they are located in filaments, which, when seen
along the line of sight, would look like massive clusters. Our
results indicate that only one of the non-matched shear-selected
clusters is a spurious weak-lensing peak, while the other three,
given the available X-ray observation and X-ray derived proper-
ties, have a low probability of being detected. Therefore we do
not find any clear examples of X-ray underluminous clusters in
our shear-selected cluster sub-sample.

In addition, if the X-ray underluminous clusters constitute
a significant fraction of clusters in such a way that they are
not well captured by the standard unimodal, log-normal X-ray

7 Probability of 1 means that a cluster has a 100% probability of being
detected. See Fig. 5 in Liu et al. (2022a).

luminosity-mass relation, they would cause a discrepancy of
scaling relations derived from X-ray- and shear-selected cluster
samples even after correcting for the selection biases assuming
the unimodal, log-normal distribution. The consistency of the
bias-corrected scaling relations between these cluster samples
found in this paper indicates that such assumption on the shape
of the X-ray luminosity-mass relation is valid and there is no
significant population of such X-ray underluminous clusters.

6. Summary and conclusions

We have presented a complete census of X-ray properties of
shear-selected clusters. We have achieved this by comparing the
HSC weak-lensing shear-selected clusters with the eFEDS X-ray
selected cluster sample. Both samples share ∼90 deg2 of a com-
mon area. This study is one of the first of its kind comparing
X-ray and shear-selected cluster samples over the same region in
the sky.

We have found that 21 out of 25 shear-selected clusters have
an eFEDS counterpart. The physical separation between them
is between 44 and 531 kpc, which correspond to ∼0.05rWL

500 and
∼0.5rWL

500 , respectively. Their redshifts are consistent at the 5%
level. We have found that the scaling relation between X-ray
bolometric luminosity and true mass of shear-selected clusters
is consistent with the eFEDS X-ray selected clusters. This is
achieved once the weak-lensing mass of the shear-selected clus-
ters is corrected by the Eddington mass bias as quantified in
Chen et al. (2020) (by approximately 20%). Similarly, the X-ray
soft-band luminosity and true mass scaling relation is consistent
between the shear-selected clusters and the eFEDS sample. Fur-
thermore, the results are also comparable to the results of the
XXL survey.

Different X-ray morphological indicators (e.g. cuspiness,
ellipticity, power ratios, etc.) show that the shear-selected clus-
ters do not have a preferable dynamical state compared with
X-ray selected clusters. The peak-finding method of galaxy dis-
tribution shows that the 60% of shear-selected cluster located in
the eFEDS footprint appear to be in a merging stage. However,
once we compare the full HSC shear-selected cluster sample, we
do not find a significant difference in the merger fraction between
X-ray and shear-selected samples. We have also found that 43%
of the shear-selected clusters lie in super-clusters detected in the
eFEDS field.

The galaxy distribution of one of the four shear-selected
clusters without an eFEDS counterpart reveals that such a weak-
lensing peak is likely a spurious shear-selected cluster. Two other
shear-selected clusters have X-ray fluxes way below the flux limit
where the eFEDS sample has 40% completeness. The last shear-
selected cluster without an eFEDS counterpart has a flux where
the eFEDS sample is 65% complete.

Overall, we have found a good consistency of scaling rela-
tions and the dynamical state between shear-selected and X-ray
selected cluster samples. Our results indicate that there is no sig-
nificant population of X-ray underluminous clusters that were
previously advocated. Such X-ray underluminous clusters, if suf-
ficiently abundant, pose a challenge for using the abundance of
X-ray clusters as a cosmological probe. The absence of signif-
icant population of X-ray underluminous clusters suggests that
X-ray cluster samples can be regarded as nearly complete and
therefore can be used as an accurate cosmological probe.
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Appendix A: Matching to other shear-selected cluster catalogues

In section 2.2 we briefly described the methodology used in Oguri et al. (2021) to construct shear-selected galaxy cluster samples
using the HSC-SSP S19A data. Oguri et al. (2021) obtained three cluster catalogues, which were the result of applying different
shape filters. In the main part of the paper, the clusters selected using a truncated Gaussian filter (the TG15 catalogue) that lie in
the eFEDS footprint were studied since a mass bias correction derived in Chen et al. (2020) can be applied. Since the other two
catalogues, TI05 and TI20 were constructed with a different technique, the same mass bias correction cannot be applied to these two
catalogues. Nevertheless, here we cross-match these two catalogues with the eFEDS cluster catalogue and show the results in this
section. For completeness, we also consider the work of Hamana et al. (2020, hereafter Ha20), who also constructed a weak-lensing
cluster catalogue, but using the HSC-SSP first-year data (S16A). They obtained a sample of 124 shear-selected clusters with S/N
larger than 5. The technique used considers the dilution effect of cluster-member and foreground galaxies on weak-lensing signals
from galaxy clusters.

Table A.1 shows the total number of shear-selected clusters in the HSC-SSP GAMA09H patch for the TI05, TI20 and Ha20
catalogues, as well as the number of such clusters that lie within the common area with the eFEDS survey. Figure A.1 shows the
location of the shear-selected clusters in these catalogues along with the position of the X-ray detected clusters in eFEDS. Using the
same criteria as in section 2.4 (∆z < 0.1 within a matching radius of 5 arcmin), these catalogues were cross-matched with the eFEDS
cluster catalogue. These three catalogues obtain between ∼ 48 − 62% of unique matches with the eFEDS sample, while the TG15
catalogue has a unique match percentage of ∼ 68%. In an opposite fashion, the TI05, TI20 and Ha20 catalogues have ∼ 30% of their
clusters without an eFEDS counterpart, while the TG15 has only 16% its clusters without a match. The three catalogues constructed
in Oguri et al. (2021) show that ∼ 15 − 22% of the clusters have multiple eFEDS counterparts, while for the Ha20 catalogue these
are only 5%. The three shear-selected cluster catalogues in Oguri et al. (2021) are constructed using different background galaxies,
for example, there are more clusters at higher redshifts (z > 0.6) in TI05 than in TG15 and TI20. This might explain why we find
more clusters without an eFEDS counterpart in this catalogue.

Finally, the weak-lensing cluster catalogues in Oguri et al. (2021) show that 30 − 43% of their clusters are located in super-
clusters. Only ∼ 16% of the Ha20 clusters are located in super-clusters, but this percentage is difficult to compare with those
obtained in the other catalogues given that the used data are different.

Table A.1: Number and percentages (in parentheses) of shear-selected clusters in the HSC-SSP GAMA09H area from three cata-
logues.

Catalogue HSC-SSP GAMA09H Unique matches Primary matches Non-matched In superclusters Outside the eFEDS area

TI05 86 37 (43) 11 (13) 22 (25) 21 (24) 16 (19)
TI20 39 15 (38) 7 (18) 9 (23) 12 (31) 8 (21)
Ha20 18 11 (61) 1 (6) 6 (33) 3 (17) 0 (0)

Notes. TI05 and TI20 catalogues are from Oguri et al. (2021) using the S19A data release, and the catalogue from Hamana et al. (2020, Ha20)
uses the S16A data release. These catalogues are matched with eFEDS clusters.

Fig. A.1: Part of the weak lensing map for the GAMA09H HSC-SSP S19A field (green background). The solid yellow line shows the
eFEDS survey footprint. Small filled circles show the location of eFEDS clusters with z > 0.05, whose colour correspond to their
redshift as shown by the colour bar. Open symbols show the position of the shear-selected clusters: purple circles correspond to the
Hamana et al. (2020) catalogue, orange and brown squares are weak-lensing peaks from the TI20 and TI05 catalogues, respectively
(Oguri et al. 2021).
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Appendix B: Images of matched shear-selected clusters

As found and discussed in section 2.4, there are 21 clusters in the shear-selected sample in the eFEDS footprint that have a corre-
sponding eFEDS cluster associated with them. Figures B.1 and B.2 show the galaxy map distribution and optical images of these
systems. In each case, the galaxy maps have been smoothed by a Gaussian of FWHM= 200 kpc. The red contours are obtained
from the smoothed (Gaussian of 24 arcsec) raw X-ray image (0.5 − 2.0 keV energy band). The HSC-SSP optical images (z, i and r
bands) are also centred on the HSC shear-selected cluster positions and have a size of 8 × 8 arcmin. These images have overlaid the
following: X-ray contours are shown in red, galaxy density contours in white and weak-lensing mass contours in yellow.

Fig. B.1: Left: Galaxy density maps (16 × 16 arcmin) centred on the HSC shear-selected cluster positions with a unique eFEDS
match. Overlaid in red are X-ray contours, which were obtained by smoothing the raw X-ray image in the 0.5 − 2.0 keV energy
band with a Gaussian of 24 arcsec. The black circles in the lower-left corners show the smoothing scale, FWHM = 200 kpc. Right:
HSC-SSP optical images centred on the HSC shear-selected cluster positions. The 8 × 8 arcmin optical images of the central region
are created using the z, i, and r bands. X-ray contours are shown in red, galaxy density contours in white (they are the same contours
as the black ones in the corresponding galaxy density maps), and weak-lensing mass contours in yellow.
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Fig. B.1: Continued.
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Fig. B.2: Left: Galaxy density maps (16 × 16 arcmin) centred on the HSC shear-selected cluster positions with primary eFEDS
match. Overlaid in red are X-ray contours, which were obtained by smoothing the raw X-ray image in the 0.5 − 2.0 keV energy
band with a Gaussian of 24 arcsec. The black circles in the lower-left corners show the smoothing scale, FWHM = 200 kpc. Right:
HSC-SSP optical images centred on the HSC shear-selected cluster positions. The 8 × 8 arcmin optical images of the central region
are created using the z, i, and r bands. X-ray contours are shown in red, galaxy density contours in white (they are the same contours
as the black ones in the corresponding galaxy density maps), and weak-lensing mass contours in yellow.
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Appendix C: X-ray morphological parameters distribution

The results of the X-ray morphological analysis by Ghirardini et al. (2022) is summarised in Fig. C.1, which shows the distribution
of the different parameters presented in section 3.2 of 325 eFEDS clusters (grey points). Shear-selected clusters with an eFEDS
counterpart are highlighted by blue-filled circles, clusters with a unique eFEDS match, and filled-orange circles, peaks with a
primary eFEDS counterpart.

Fig. C.1: LX and z corrected X-ray morphological parameters obtained within r500 in the parameter-parameter planes. Grey points
represent the eFEDS sample discussed in Ghirardini et al. (2022). Blue-filled circles show the shear-selected clusters with a unique
eFEDS match; filled-orange circles display weak-lensing peaks with a primary eFEDS counterpart. Points with a red ring around
have multiple-peaks, which were classified as such using the peak-finding method described in section 4.3.2. Shear-selected clusters
that fall out from the Ghirardini et al. (2022) selection are marked with a black cross. Errors are omitted for clarity purposes. Please
refer to Ghirardini et al. (2022) for the error visualisation.
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