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ABSTRACT

The ‘miscentring effect’, i.e. the offset between a galaxy cluster’s optically defined centre and the centre of its gravitational
potential, is a significant systematic effect on brightest cluster galaxy (BCG) studies and cluster lensing analyses. We perform
a cross-match between the optical cluster catalogue from the Hyper Suprime-Cam (HSC) Survey S19A Data Release and the
Sunyaev—Zeldovich cluster catalogue from Data Release 5 of the Atacama Cosmology Telescope (ACT). We obtain a sample of
186 clusters in common in the redshift range 0.1 < z < 1.4 over an area of 469 deg®. By modelling the distribution of centring
offsets in this fiducial sample, we find a miscentred fraction (corresponding to clusters offset by more than 330 kpc) of ~25
per cent, a value consistent with previous miscentring studies. We examine the image of each miscentred cluster in our sample
and identify one of several reasons to explain the miscentring. Some clusters show significant miscentring for astrophysical
reasons, i.e. ongoing cluster mergers. Others are miscentred due to non-astrophysical, systematic effects in the HSC data or the
cluster-finding algorithm. After removing all clusters with clear, non-astrophysical causes of miscentring from the sample, we
find a considerably smaller miscentred fraction, ~ 10 per cent. We show that the gravitational lensing signal within 1 Mpc of
miscentred clusters is considerably smaller than that of well-centred clusters, and we suggest that the ACT SZ centres are a
better estimate of the true cluster potential centroid.

Key words: gravitational lensing: weak —catalogues — galaxies: clusters: general —cosmological parameters.

et al. 2018; Dalal et al. 2021). Moreover, clusters are strong probes

1 INTRODUCTION of the growth of structure in the Universe, and they can be used

As the most massive gravitationally self-bound objects in the Uni-
verse, galaxy clusters are remarkably useful probes of both galaxy
evolution and cosmology.The formation and evolution of brightest
cluster galaxies (BCGs), the most luminous and massive galaxies
in the Universe, are likely influenced by merger processes and
other astrophysical phenomena within their host clusters (Hoessel
& Schneider 1985; Postman & Lauer 1995; Lauer et al. 2014; Huang
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to constrain cosmological parameters through abundance studies
(Bahcall & Fan 1998; Allen, Evrard & Mantz 2011; Weinberg et al.
2013; Mantz et al. 2015; Garrel et al. 2022; Clerc & Finoguenov
2023). Measuring the galaxy weak lensing signal around a cluster
(e.g. Rozoetal. 2010; Abbott et al. 2020; Sunayama et al. 2024) adds
information about the halo mass to the abundance measurements,
allowing one to simultaneously place strong constraints on both
cluster masses and cosmology.

Methods for observing or identifying clusters are varied; here, we
describe three. Each of these methods relies on a different observa-
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tional probe to determine the bottom of the cluster’s gravitational
potential well; in other words, its gravitational ‘centre’. The first
method we describe relies on the Sunyaev—Zeldovich (SZ) effect
(Sunyaev & Zeldovich 1972): electrons in a cluster’s hot intracluster
medium (ICM) can scatter photons from the cosmic microwave back-
ground (CMB) to higher energies via inverse-Compton scattering. As
aresult, in CMB maps taken at frequencies below 220 GHz, clusters
appear as ‘cold’ or darkened spots. Such a signal traces the cluster’s
gas — more precisely, the SZ signal at a specific position on the sky
is proportional to the integrated gas pressure along the line of sight
within the cluster. The cluster’s SZ centre is then defined as the
centroid of the SZ signal. Since the cluster’s gas should generally
trace the mass distribution, the SZ centre should coincide with the
bottom of the cluster’s potential well, especially when the cluster is
fully virialized (Kravtsov & Borgani 2012).

A second method for identifying clusters relies on optical data.
Optical surveys identify clusters by looking for closely concentrated
collections of galaxies on the sky located at similar redshifts (e.g.
Kim et al. 2002; Gladders & Yee 2005; Yang et al. 2007; Oguri
2014; Rykoff et al. 2014), as measured either photometrically or
with a spectroscopic survey. Some cluster-finding algorithms define
a cluster’s optical centre as the location of the ‘central galaxy;’ i.e. a
bright, massive galaxy located near the peak of the cluster’s galaxy
distribution. This is because the central galaxy often coincides with
the bottom of its cluster’s gravitational potential well as a result of
dynamical friction (Chandrasekhar 1943): when a relatively massive
galaxy moves within a cluster, it experiences a gravitational drag
force from the surrounding matter, causing it to spiral in towards the
gravitational centre (Ostriker & Tremaine 1975; Hausman & Ostriker
1978; Binney & Tremaine 2008).

However, there are situations where the central galaxy does not
coincide with the gravitational centre. For example, consider two
clusters in the process of merging. If they are close enough to
each other, an optical cluster-finding algorithm may identify the
system as one cluster even if it has not yet reached gravitational
equilibrium; a typical relaxation time for a cluster merger is a few
billion years (Faltenbacher, Gottloeber & Mathews 2006; Machado
et al. 2015). Consequently, there may not yet be a bright, massive
galaxy sufficiently close to the gas profile centre of the merged
cluster. Alternatively, if the merging cluster is not yet fully virialized,
there would not even be a well-defined bottom of the potential well.
In both cases, one would be unable to accurately identify the cluster
centre using a central galaxy.

Lastly, X-ray cluster surveys (e.g. Ebeling et al. 1998; Pacaud et al.
2007; Liu et al. 2022), similar to SZ cluster surveys, can trace the hot
gas in a cluster: the ICM of a cluster emits X-rays via bremsstrahlung
(or free—free) radiation.

Previous miscentring studies have generally shown that, around
20—40 per cent of the time, the central galaxy is not a good indicator
of the bottom of a cluster’s potential well (Sehgal et al. 2013; Lauer
et al. 2014; Rykoff et al. 2016; Oguri et al. 2018; Hollowood et al.
2019; Zhang et al. 2019; Bleem et al. 2020; Yan et al. 2020). This
number is referred to as the miscentred fraction." In such studies,
including this one, it is assumed that the cluster centre derived from
a gas profile (i.e. from SZ or X-ray data) is a good indicator of the
bottom of the potential well, while a cluster’s optical centre may be
displaced from the bottom of the potential well.

I'We will also use the term well-centered fraction, which refers to the fraction
of clusters for which the central galaxy is a good indicator of the gravitational
centre.

Optical cluster miscentring from SZ signals 573

Miscentring is a major systematic effect in cluster lensing analyses
which constrain cosmological parameters with the cluster mass
function (McClintock et al. 2019). Such studies take the lensing
signals of optical clusters, model their azimuthally averaged mass
profiles, and combine this with an inference of cluster abundance as a
function of some optically based variable, e.g. richness. Richness is a
measure of the number of galaxies in a cluster above some luminosity
or mass threshold; we denote it in this paper as A. (Note that the
CAMIRA catalogue, discussed in Section 2.1.1, denotes richness
with Npem.) Miscentring of clusters impacts this measurement in
several ways: first, the azimuthally averaged cluster lensing signal is
suppressed because one is not centring the lensing signal on the true
centre of the cluster’s mass profile. Furthermore, miscentring leads to
the underestimation of the number of clusters above a certain richness
threshold (Zhang et al. 2019). Therefore, cluster lensing analyses
explicitly account for the miscentred fraction in order to obtain
estimates of cosmological parameters (e.g. Rozo et al. 2010; Abbott
et al. 2020; Sunayama et al. 2024; Kelly et al. 2024). Additionally,
BCG studies often define the BCG as the cluster’s central galaxy
(e.g. Oguri et al. 2018), so miscentring can introduce a bias in BCG
samples. For example, Dalal et al. (2021) showed that BCGs with
large displacements from the cluster centre tend to be less dominant
than BCGs that are not. Finally, miscentring studies can point us
towards interesting astrophysics within clusters (e.g. mergers) that
contribute to miscentring (and may also influence BCG evolution).

In this paper, we aim to evaluate potential causes of the mis-
centring effect. As discussed previously, there may be astrophysical
processes like mergers that cause central galaxies to be offset from
the gas profile centre. We also explore non-astrophysical causes
of miscentring, which include systematic effects in optical cluster
data. Broadly speaking, our work illuminates potential directions
for improvement in optical cluster-finding algorithms. In the context
of BCG studies and cluster cosmology, we hope that identifying
causes of miscentring will allow for more effective quantification
and mitigation of this systematic effect.

This paper is structured as follows: in Section 2, we describe our
cross-match between an optical cluster catalogue, drawn from the
imaging data of the Hyper Suprime-Cam (HSC) survey, and an SZ
cluster catalogue from the Atacama Cosmology Telescope (ACT)
survey. The result is a matched sample that is larger and deeper than
those used in many previous miscentring studies. In Section 3, we
model the distribution of centring offsets within the fiducial sample
and infer the fraction of clusters that are miscentred. In Section 4,
we examine the optical image of each miscentred cluster and
identify one of several potential causes of the miscentring. We then
remove clusters with non-astrophysical causes of miscentring from
our analysis and characterize the distribution of offsets among the
remaining clusters. We summarize the results, potential implications,
and avenues for future work in Section 6. Throughout our analysis,
we assume a ACDM cosmology with Hy = 70 kms~' Mpc~! or
h=0.7,Q2,0=03,and Q, o = 0.7.

2 DATA

2.1 Cluster catalogues used

In this study, we cross-match an optical cluster catalogue (Oguri
et al. 2018) from the Hyper Suprime-Cam (HSC) Subaru Strategic
Program (Aihara et al. 2018) with an SZ cluster catalogue from
the Atacama Cosmology Telescope (ACT) (Hilton et al. 2021). In
particular, we use the optical catalogue from the HSC S19A data
release (Aihara et al. 2022) along with the SZ catalogue from Data
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Figure 1. Sky map, in equatorial coordinates, of the positions of the clusters
in the HSC and ACT catalogues used to create the fiducial sample. In total,
we considered 5860 HSC clusters with A > 15 and 4195 ACT clusters. The
overlap in area between these two catalogues is 469 deg?.

Release 5 of ACT (DRS; Naess et al. 2020); both catalogues are
described in detail below. Fig. 1 shows the distribution on the sky of
the clusters considered in the cross-match.

2.1.1 HSC catalogue

The Hyper Suprime-Cam is a wide-field optical imaging camera
installed on the Subaru 8.2-m telescope (Miyazaki et al. 2018). The
HSC survey (Aihara et al. 2018) has three layers — wide, deep, and
ultradeep. In the completed survey, the HSC Wide layer, which we
use in this work, has observed a sky area of ~ 1200 deg® with five
broad-band filters (grizy; Kawanomoto et al. 2018). The HSC survey
is unprecedented in that its depth (i;;, ~ 26 at So for point sources)
is sufficient to construct a large sample of optically observed clusters
up to z ~ 1.4 (Oguri et al. 2018). In this work, we use the HSC S19A
wide-field, star-masked catalogue (the star masks used in the HSC
survey are discussed in Section 4.2.) The S19A data release of the
HSC survey consists of data taken between March 2014 and April
2019, covering an area of ~ 589 deg®.

The cluster catalogue itself is created via the CAMIRA (Cluster-
finding Algorithm based on Multiband Identification of Red-
sequence gAlaxies) algorithm (Oguri 2014; Oguri et al. 2018). In
short, CAMIRA searches for overdensities of red-sequence galaxies
that are similar in both photometric redshift and position on the sky.
CAMIRA identifies the cluster’s centre as the position of a massive
galaxy near the peak of the cluster’s galaxy distribution; this is often,
but not always, the brightest cluster galaxy (BCG), or the most
luminous galaxy in the cluster. Additionally, CAMIRA uses stellar
population synthesis models to compute a cluster’s photometric
redshift from the cluster’s high-confidence member galaxies. The
S19A CAMIRA catalogue consists of clusters in the redshift range
0.1<z=<138

We emphasize that BCGs and central galaxies (as described in
Section 1) are not always interchangeable terms. The definition of
BCG varies between studies: for example, Lauer et al. (2014) and
Dalal et al. (2021) use the literal definition of BCG (namely, the
brightest galaxy in the cluster), while Oguri (2014) defines a BCG
as the most luminous galaxy among galaxies close to the peak of
the cluster’s galaxy distribution. Hence, Oguri (2014) uses BCG and
central galaxy interchangeably. For the sake of clarity, we follow
Dalal et al. (2021) and avoid using the term ‘BCG’ when referring
to the central galaxy.

One should also note that the task of identifying an optical cluster
—including its member galaxies and centre — is not straightforward.

MNRAS 536, 572-591 (2025)

In trying to identify a candidate central galaxy as a cluster’s centre,
one must have a general understanding of which galaxies belong
to the cluster. However, in deciding which galaxies belong to a
cluster, one must consider how close these galaxies are to the cluster
centre. Therefore, identifying the optical centre is an inherently
iterative process. In practice, CAMIRA uses a likelihood function to
determine the most likely central galaxy for a given cluster candidate
and then assigns a membership probability to each galaxy assigned
to the cluster. This probability is based in part on its distance from the
central galaxy, where the central galaxy has a membership probability
of 1.

2.1.2 ACT catalogue

The SZ catalogue presented here comes from ACT Data Release
5; the catalogue is constructed from ACT observations obtained
from 2008 to 2018 (Naess et al. 2020). The catalogue covers 13211
deg?® of the sky, with an overlap of 469 deg® with the HSC S19A
wide survey. To search for clusters, Hilton et al. (2021) apply a
multifrequency matched filter simultaneously to two sky maps from
Naess et al. (2020) — one each at 90 and 150 GHz. The filter has
a spatial component, which searches for cluster-sized objects, and a
spectral component, which weights the signal according to the known
spectral dependence of the SZ effect. Afterwards, Naess et al. (2020)
compile a list of the SNR peaks; these are the cluster candidates
(Hilton et al. 2023a). To create the final cluster catalogue, Hilton
et al. (2021) match their candidates with optical imaging surveys,
including the Sloan Digital Sky Survey (SDSS) (Ahumada et al.
2020), the Dark Energy Survey (DES) (Abbott et al. 2018), and
HSC, in addition to estimating photometric redshifts by applying the
zCluster algorithm (Hilton et al. 2023b) to photometric data from
the Dark Energy Camera Legacy Survey (DECaLS; Dey et al. 2019),
the Kilo Degree Survey (KiDS, Wright et al. 2019), and SDSS.

In this work, we perform an independent cross-match between the
final list of ACT candidates and the HSC catalogue (see Section 2.2).
This is because the ACT cluster data set (Hilton et al. 2021) does not
include HSC cluster data for each ACT cluster with an HSC match;
instead, some of these clusters are listed with optical data based on
other surveys. We did not, however, cross-check the initial list of
ACT cluster candidates with the HSC catalogue. For SNR, 4 > 5.0,2
more than 95 per cent of ACT cluster candidates within the HSC
footprint are optically confirmed (see fig. 15 in Hilton et al. 2021.)
Therefore, an independent cross-match of the SNR peaks list with
the HSC catalogueis unlikely to identify many new ACT candidates
as clusters.

Unlike with optical data, SZ maps enable the identification of
massive clusters at any redshift, as the strength of the SZ effect
does not depend on the cluster’s distance to the observer. For this
reason, having a deep optical cluster catalogue — in this case, the HSC
catalogue, which extends beyond z ~ 1 — allows us to construct
a uniquely large cross-matched sample. One does not expect all
ACT clusters in the HSC footprint to have a match in the HSC
catalogue, because some ACT clusters may be at higher redshifts
than those probed by HSC. (As mentioned in the previous paragraph,
< 5 per cent of ACT cluster candidates lack an optical counterpart.)
On the other hand, one does not expect all HSC clusters to have
a match in the ACT catalogue: less massive HSC clusters are less

2 As defined in Hilton et al. (2021), SNR 4 is the SZ signal’s signal-to-noise
ratio at Hilton et al. (2021)’s reference 2.4 arcmin filter scale.
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Figure 2. The normalized distributions of richness and stellar mass for both the fiducial cross-match and the full catalogues, along with the corresponding K-S
test p-values. All p-values are statistically significant, indicating that the two catalogues are drawn from different underlying distributions. (We use SCIPY’s K-S

function, whose minimum output p-value is effectively 1.2 x 10713).

likely to have high-pressure gas that gives rise to a measurable SZ
signal.

2.2 Fiducial cross-match

In creating the cross-matched sample for this study, we identify the
nearest HSC cluster for each ACT cluster. We do so via the AsTrROPY
package® (Robitaille et al. 2013; Price-Whelan et al. 2018; Astropy
Collaboration 2022). For a given cross-match between an ACT and
HSC cluster, we calculate the (projected) physical offset by using the
CAMIRA photometric redshift for the HSC cluster. We then impose
a maximum possible physical offset of 1 Mpch~! (i.e. a matching
radius) for the pair to be considered a match. Because clusters are
~ 1 Mpc in size, a pair of HSC and ACT clusters separated by this
distance or more are almost certainly distinct.

We only consider HSC clusters whose listed richness A is greater
than 15. At very low richnesses, the HSC catalogue is both less
complete and more contaminated with false clusters due to projection
effects. Furthermore, as discussed in Section 2.1.2, the ACT cata-
logue is unlikely to contain low-mass/low-richness clusters, so cross-
matches between an ACT signal and a low-richness HSC cluster
would be suspect.

After imposing the matching radius, we remove cross-matches
that include ACT clusters with an associated warning in the ACT
catalogue. There are six such cases: one ACT cluster has a warning
due to a potentially unreliable redshift; three clusters are associated
with systems that may be two clusters at different redshifts projected
onto each other; and the last two clusters were only confirmed via
‘scanning mode’, i.e. by running CAMIRA on an SZ position and
identifying an optical cluster there that was not originally in the HSC
catalogue. We remove these latter two clusters because their optical
centres are dependent on ACT data.

Lastly, there is one case in which two ACT clusters are matched
to the same HSC cluster. Here, we accept the lower redshift ACT
cluster as the true match. The resulting sample contains 186 clusters
with redshifts between 0.1 and 1.4 within an area of 469 deg?; this
is the largest existing cross-matched sample that uses HSC data.
Throughout this paper, we refer to this sample as the fiducial cross-
match or the fiducial sample.

3Specifically, we use the method match_to_catalog_sky from the
SkyCoord class.

In addition to the fiducial sample, we create a cross-match
where the matching radius is a function of ACT SNR. We do
this using the nemo algorithm (Hilton et al. 2023a), which also
includes a conservative estimate for positional uncertainties in the
optical catalogues by adding in quadrature an additional 0.5 Mpc
projected distance to the cross-matching radius. This nemo-based
sample excludes five clusters contained in the fiducial sample, but
is otherwise identical. These five excluded clusters are all highly
miscentred; thus, one should suspect that systematic effects in the
cross-matching and/or the CAMIRA algorithm may be relevant to
these five cases. Indeed, in our analysis described in Section 4, we
find that three of the excluded clusters are miscentred due to a star
mask, one is miscentred due to an observational artefact, and one is
miscentred due to a false ACT signal.

2.2.1 Fiducial cross-match properties

In Fig. 2, we plot the distributions of richness A and stellar mass M,
for both the fiducial cross-match and the full catalogue. We use the
values listed in the HSC catalogue. In brief, HSC defines richness as
the sum of the membership probabilities of all galaxies in a cluster,
and stellar mass is defined as the weighted sum of the individual
galaxy masses, each of which are calculated using a stellar population
synthesis model (Oguri 2014). In our richness distributions, the
number of clusters generally decreases with richness, consistent with
similar studies that use different optical and SZ catalogues (e.g.
Grandis et al. 2021).

For both properties, we perform a two-sided Kolmogorov—
Smirnov (K-S) test, which estimates the probability that two samples
come from the same underlying continuous distribution; in the con-
text of this work, we test if our cross-matched sample is representative
of the underlying catalogues. As shown in Fig. 2, the p-value for each
property is statistically significant, suggesting that the fiducial cross-
match and the full catalogue have different underlying distributions.
In particular, one sees that cross-match clusters are generally richer
and have higher stellar mass. These trends are expected because, as
Fig. 3 shows, richer/more massive clusters generally have stronger
SZ signals; thus, lower richness/lower mass HSC clusters are less
likely to have a match in the ACT catalogue.

Fig. 3 shows the completeness of the cross-matched sample as a
function of HSC richness. This completeness is defined as the fraction
of HSC clusters within a given richness bin that have a counterpart in
the ACT catalogue. Consistent with similar cross-matching studies

MNRAS 536, 572-591 (2025)
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Figure 3. ACT completeness as a function of HSC richness. Completeness
generally increases with richness, reaching 100 per cent for clusters with
A 2 100.

(e.g. Grandis et al. 2021), the completeness increases with richness,
reaching 1 for the five clusters with A 2> 100.

The full sample of matched clusters, together with their offsets
and our interpretations of them, are given in Appendix A.

3 CENTRING OFFSET MODEL

3.1 Offset distribution and model

We aim to construct a model of the distribution of centring offsets
r within our fiducial cross-match. Here, r is the projected physical
separation at the redshift of the cluster. In doing so, our goal is to
infer the fraction of clusters that have an offset due to measurement

uncertainty and the fraction that are miscentred due to other effects,
such as mergers of clusters.

The histogram in Fig. 4 shows the normalized distribution of r
for our fiducial cross-match. We model this distribution using the
two-component model from Oguri et al. (2018):

r r? ! r r? ]
p(r)_fcen;f exXp <_E> +( _fcen);;exp (_gzz> ( )

The first component models the well-centred cluster population,
while the second component models the miscentred population;
each individual component is modeled with a Rayleigh distribution,
which assumes that the horizontal and vertical displacements on
the sky are each normally distributed. Here, r is the offset in Mpc,
feen 18 the fraction of clusters that are well-centred, and o; and o,
are the characteristic offsets for the well-centred and miscentred
populations, respectively.

‘We expect the positional error to be dominated by the SZ positional
uncertainty: while optical astrometric errors on individual galaxies
are less than 1 arcsec, the SZ positional uncertainty is on the order
of 2 10arcsec due to the resolution of the CMB maps. Given a
typical value of SNR,4 =5 for the fiducial sample, we expect a
positional error of ~ 17 arcsec (see Hilton et al. 2021, who run the
nemo algorithm on simulated ACT data and model the distribution
of SZ positional uncertainty as a function of SNR;4). This angle
corresponds to a projected offset of ~ 0.15 Mpc over most of the
redshift range of the catalogue. We thus fix o; = 0.15 Mpc, and fit
for feen and o, simultaneously with a maximum-likelihood method.

Fig. 4 shows the measured and best-fitting offset distribution of
the fiducial cross-match. The best-fitting parameters are fe, = 0.75
and o, = 0.39 Mpc. This fee, is consistent with previous miscentring
studies, while o0 is consistent with Oguri et al. (2018), which reports
oy = 0.26 £ 0.04 h~' Mpc, approximately o, ~ 0.37 Mpc for h =
0.7.

3.0 o

Normalized number of clusters

0.0

0.0 0.2 0.4

Full model (f_cen=0.754)

Well-centered component (0;=0.15, fixed)
Miscentered component (0,=0.385)
Offset distribution

0.6 0.8 1.0

Physical offset (Mpc)

Figure 4. Offset distribution for the fiducial cross-match, including the histogram of measured offsets, the best-fit model using equation (1), and the two

components of the model.
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the corresponding K-S test p-values. The p-values for A and M; are both statistically significant, indicating that miscentred clusters have lower richness and

stellar mass than well-centred clusters.

Figure 6. HSC cluster HSCJ142103+002322 at redshift z = 0.65, an exam-
ple of a miscentred cluster that can be attributed to a merger. It has an offset
of 0.47 Mpc. The + symbol indicates the ACT centre, the x symbol indicates
the HSC centre, and the circles indicate member galaxies of the cluster
with membership probability > 0.1 (we use this convention in subsequent
figures as well). In this and subsequent figures, North is up and East is to the
right; note that this differs from the usual convention of having East be to
the left. The scale is shown with the scale bar in the figure. There appear to
be three potential peaks in the cluster’s galaxy distribution: one at the HSC
centre, one to the right of the ACT centre, and one near the bottom of the
image.

3.2 Well-centred versus miscentred populations

Based on our best-fitting model, fe., = 0.754 of the clusters in the
fiducial cross-match are well-centred; these clusters have offsets of
r < 330kpc. Thus, we denote this value, 330 kpc, as the well-centred
cutoff. The remainder of the clusters are labelled as miscentred.
We acknowledge that this definition of the well-centred cutoff is

somewhat arbitrary. In Section 5, we show that the difference in
lensing signals between the well-centred and miscentred populations
is statistically significant, thus validating our choice of the well-
centred cutoff.

Following Fig. 2, Fig. 5 compares the distributions of A and M,
between the well-centred and miscentred clusters. Here, the p-values
of the K-S test for A and M, are statistically significant, suggesting
that well-centred and miscentred clusters are not drawn from the same
underlying distribution. Miscentred clusters generally have lower A
and M, than do well-centred clusters. This may partially be explained
by the fact that the inferred richness and mass of miscentred clusters
are biased low by miscentring.

4 CAUSES OF MISCENTRING

In this section, we discuss potential causes of miscentring in the
fiducial sample. Using the HSC S19A wide-field data release (Aihara
et al. 2022), we individually examine the optical images of all 46
miscentred clusters in the fiducial sample. The cluster images shown
in this paper (e.g. Fig. 6) are composites of images taken in the g, r,
and i filters.

We find that causes of miscentring broadly fall into three
categories: cluster mergers, systematic effects in the HSC data,
and other causes such as potential false matches and false ACT
signals. We also discuss miscentred clusters that seemingly lack
any cause of miscentring. Table 1 summarizes the eight causes of
miscentring discussed in our analysis, while Table A1l has the full
list of clusters in our cross-match, including miscentring causes as
relevant.

4.1 Merging clusters

As discussed in Section 1, cluster mergers are a potential astro-
physical explanation for clusters with a large offset between the
optical and SZ-defined centres. In merging systems, the gravitational
potential may well not have a well-defined centre. Even if this centre
is well-defined, then there might not be a bright, massive galaxy that
has moved close enough to that centre yet. To determine which of
our miscentred clusters are due to ongoing mergers, we compare
our fiducial cross-match with a pre-existing catalogue of merging
clusters in the HSC catalogue. This merger catalogue was created
by looking for clusters with multiple peaks in their projected galaxy
distributions (Okabe et al. 2019).
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Table 1. A summary of the causes of miscentring identified in our analysis
along with the number of miscentred clusters corresponding to each cause. We
indicate the section of the text where each cause is described. The ‘multiple
possible causes’ category indicates clusters that may be affected by multiple
different causes of miscentring, and the ‘no apparent cause’ category indicates
clusters without any apparent cause of miscentring.

Cause of miscentring Number of clusters

Merger (Section 4.1) 14
Star mask (Section 4.2.1)

Observational artefact (Section 4.2.2)
Deblending (Section 4.2.3)

Misidentified central galaxy (Section 4.2.4)
False match (Section 4.3.1)

False ACT signal (Section 4.3.2)

Multiple possible causes (Section 4.3.3)
No apparent cause (Section 4.3.4)

—_
—_

BN WD NN

Table 2. Merging statistics for the fiducial cross-match, based on a catalogue
of optically identified merging clusters in the HSC catalogue (Okabe et al.
2019).

Merging Not merging  Total Merging fraction

Well-centred 68 72 140 49 per cent
Miscentred 23 23 46 50 per cent
Total 91 95 186 49 per cent

Table 2 shows the results of the comparison, which indicates
that 50 per cent of the miscentred clusters are undergoing mergers.
We emphasize, however, that not all clusters identified as merging
by Okabe et al. (2019) are miscentred solely due to an ongoing
merger. For example, a cluster identified as a merger by Okabe
et al. (2019) could also be miscentred due to a star mask over
the true central galaxy (see Section 4.2.1). Therefore, the number
of merging, miscentred clusters as listed in Table 2 exceeds the
number of merging, miscentred clusters we identify in our sample
(see Table 1).

The fraction of miscentred clusters which are merging is similar to
that for well-centred clusters, indicating that mergers are not strongly
correlated with miscentring. Furthermore, a non-negligible fraction
of miscentred clusters are not mergers. It is possible that the merger
catalogue in Okabe et al. (2019) is incomplete (i.e. missing some
merger systems) or that there are other, not necessarily astrophysical
processes that also contribute to miscentring. Investigating the former
is outside the scope of this paper, as it would require an independent
probe of cluster mergers; however, we explore the latter possibility
in detail in Section 4.2.

In Fig. 6, we show an example of a cluster that we determine
to be miscentred due an ongoing merger. In agreement with Okabe
et al. (2019), we identify this cluster as a merger because there
appears to be three potential peaks in this cluster’s galaxy dis-
tribution. Additionally, the ACT centre is located between these
peaks, further suggesting that this system consists of merging
clusters.

In Appendix B, we compare the properties of merging and non-
merging clusters within the cross-match.

4.2 Systematic effects in HSC data

Within the category of systematic HSC effects, we identify four
causes of miscentring: masks due to bright stars, observational
artefacts, galaxy deblending issues, and CAMIRA misidentification
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Figure 7. HSC cluster HSCJ0901194-030156 at z = 0.19, an example of a
miscentred cluster that can be attributed to the obscuring effects of a bright
star with G gaja ~ 14.7; this star is named Gaia DR3 578 211316549315 584
(Gaia Collaboration 2022). The cluster has an offset of 0.65 Mpc. The cross-
hairs (near the ACT centre) indicate the alternative central galaxy that is
obscured by the star’s circular mask, represented by the nearby larger circle.
The offset using this alternative central galaxy is only 0.08 Mpc.

of the cluster’s central galaxy. In total, 17 miscentred clusters fall
into this category.

4.2.1 Star masks

Like all optical imaging surveys, HSC is affected by bright stars,
whose extended point spread function can affect the detection and
photometry of galaxies in their vicinity. For this reason, the galaxy
sample on which the CAMIRA cluster catalogue is based has been
trimmed of objects falling too close to bright stars (Coupon et al.
2018). However, if the resulting star mask overlaps the footprint of
a cluster, the determination of its centre is likely to be biased or
completely incorrect.

We find 11 clusters that are most likely miscentred due to the star
mask within the HSC data. In these cases, we identify a potential
alternative central galaxy at the same photometric redshift as the
cluster, with high luminosity and an extended envelope. These
alternative central galaxies were not identified by CAMIRA since
they are either fully or partially covered by an HSC star mask;
instead, CAMIRA has chosen a different central galaxy, one that
is not representative of the cluster centre.

We determine if a star mask is obscuring an alternative central
galaxy by calculating the extent of its star mask. Coupon et al.
(2018) describe the procedure for building the HSC star masks:
a major component for each mask is a circular mask with radius
depending on the star’s G-band magnitude in the Gaia catalogue
(Gaia Collaboration 2023):

708.9 x BXP(—GGaia/S.“-l), GGaia <9

694.7 x exp(—GGaia/4.04), GGaia = 9. @

rlarcsec] = {

In Fig. 7, we show an example of such a cluster, with an apparent
offset of 0.65Mpc. The large elliptical galaxy with an extended
envelope near the ACT centre has a spectroscopic redshift of 0.19
(Ahn et al. 2012), the same as the cluster’s photometric redshift,
yet it is excluded from the cluster’s member list. Furthermore, the
offset between the ACT centre and the alternative central galaxy
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Figure 8. Left: HSC cluster HSCJ021002-024411 at z ~ 0.66, an example of a miscentred cluster that can be attributed to HSC image deblending issues. It has
offset 0.40 Mpc. The cross-hairs indicate a potential alternative galaxy. Right: A close-up view of the same cluster near the ACT centre. Many of the overlapping
galaxies near the ACT centre are not identified as individual sources in the HSC object catalogue, suggesting that they are not properly deblended. It is unclear
if the marked object is a single galaxy, two galaxies in the process of merging, or two physically distinct galaxies; further, it is unclear whether one of these

galaxies could be the true central galaxy of the cluster.

is only 0.08 Mpc. The exclusion of this galaxy from the CAMIRA
member galaxy list is a result of the mask around the bright star with
radius 18 arcsec. Because of this excluded galaxy, we believe that the
CAMIRA-determined centre is likely incorrect, causing this cluster
to be labelled as miscentred.

4.2.2 Observational artefacts

Similar to the star mask case, observational artefacts can contaminate
images of HSC clusters, preventing CAMIRA from detecting the
true central galaxy of a cluster. We find two such cases where
an observational artefact either impacts the imaging of the en-
tire cluster or passes through a likely central galaxy, resulting
in that central galaxy not being identified by CAMIRA. Both
of these cases appear to be the result of improper stacking of
single-exposure images, resulting in bright streaks on the co-added
image.

4.2.3 Deblending issues

In the crowded environments of galaxy clusters, the images of
galaxies often overlap and need to be deblended to measure the
brightness of each galaxy separately. The deblending algorithm,
described in Bosch et al. (2018), occasionally fails, giving incorrect
photometry of the individual galaxies. We found two such cases
among our sample of miscentred clusters.

These deblending failures are identifiable by the fact that not every
visible galaxy or component of a blend was identified in the HSC
object catalogue. If deblending fails, then the true central galaxy
may have an incorrect reported brightness or not be detected at all,
among other potential issues. In either case, CAMIRA would select
another galaxy as the centre, leading the cluster to be labelled as
miscentred. We find two such miscentred clusters, one of which is
shown in Fig. 8.

4.2.4 Central galaxy misidentification

For two miscentred clusters, we determine that the potentially true
central galaxy was detected by CAMIRA and labelled as a member
of the cluster — however, CAMIRA still chose a different galaxy
as the centre. In particular, we see a large, elliptical galaxy in the
cluster that is not chosen as the centre despite being both brighter
and closer to the ACT centre than the CAMIRA-chosen centre. For
both clusters, if the alternative central galaxy were selected instead,
then the cluster’s offset would fall below the well-centred cutoff of
330 kpc (Section 3.2).

4.3 Other causes

We identify two causes of miscentring that do not fall in the category
of either mergers or systematic HSC effects: false matches between
ACT and HSC clusters, and false ACT signals. We also identify
two other subcategories: clusters that could be miscentred due to
multiple potential factors, and clusters that lack any apparent cause
of miscentring. In total, 15 miscentred clusters fall into the category
of other causes.

4.3.1 False match

We suspect that two of the miscentred clusters arise from a false
match between HSC and ACT clusters; i.e. when the corresponding
ACT cluster is more likely to correspond to a different optical cluster
that is not detected by CAMIRA. In both cases, the HSC cluster in
the fiducial cross-match has a low richness (< 17). As discussed in
Section 2.2, low-richness clusters tend to have weak SZ signals and
are often undetected by ACT, making the match less convincing, and
strengthening our conclusion that these clusters are miscentred due
to false matches.

One example cluster is shown in Fig. 9. The ACT centre is ~
21 arcsec away from an overdensity of galaxies at z ~ 0.6, which we
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0.16 Mpc

Figure 9. Left: HSC cluster HSCJ114409+044133 at z &~ 0.41, an example of a miscentred cluster that can be attributed to a false match between this cluster
and an ACT cluster. It has offset 0.38 Mpc. We suspect that a galaxy overdensity near the ACT signal is an optical cluster missed by CAMIRA; its possible
centre is indicated with the cross-hairs. If this cluster were the true source of the detected SZ signal, then its offset would only be 0.14 Mpc. Right: A close-up
view of HSC cluster HSCJ114409+4-044133 near the centre of the potential second cluster.

suspect is an optical cluster unidentified by CAMIRA. If this is the
true optical cluster corresponding to the ACT centre, then the offset
would only be ~ 0.14 Mpc, which would change the cluster from
miscentred to well-centred.

4.3.2 False ACT signal

Based on fig. 6 in Hilton et al. (2021), one should expect around 2000
false ACT signals —i.e. a signal not originating from a real cluster —
within the full ACT DRS map. These false signals are due to noise
fluctuations in the CMB maps. It would be reasonable to assume that
our cross-match contains at least a few spurious matches between a
false ACT signal and an HSC cluster. Additionally, since matches
between false signals and HSC clusters are essentially random, it
is reasonable to expect occasional matches with large offsets that
nevertheless fall within our matching radius of 1 Mpc h~!. Assuming
these signals are randomly distributed, then we expect ~ 70 false
signals in the HSC footprint and estimate that ~ 13 of them would
be cross-matched with an HSC cluster given that our matching circles
cover ~20 per cent of the ACT-HSC overlap region. As mentioned
in Section 2.1.2, Hilton et al. (2021) finds that more than 95 per cent
of ACT cluster candidates within the HSC footprint are optically
confirmed. However, given our calculation, it is feasible that at least
a few of the real optical clusters (especially low-richness ones) were
matched to false ACT signals.

In our sample, we find three miscentred clusters that appear to
correspond to false signals in the ACT catalogue. For each cluster,
we did not observe any apparent galaxy overdensity near the ACT
centre. We confirmed this by looking at the SZ signal’s contours (as
explained in fig. 10 in Hilton et al. 2021), which had little to no
overlap with the HSC cluster galaxy distribution. One such cluster
is shown in Fig. 10. Because the ACT signal in the figure does not
appear to correspond to any real cluster, we conclude that it is a false
signal.
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Figure 10. HSC cluster HSCJ135746+002431 at z ~ 0.67, an example of
a miscentred cluster that can be attributed to this cluster being matched with
a false ACT signal. There is no apparent galaxy overdensity near the ACT
centre. The cluster has offset 1.1047 Mpc.

4.3.3 Multiple possible causes

We identify six miscentred clusters that each appear to show
symptoms of several causes of miscentring, no one of which was
clearly the sole reason for the miscentring. Fig. 11 shows one such
cluster. It is unclear if the nearby, foreground galaxy is obscuring
any cluster galaxies that would otherwise be detected by CAMIRA.
For example, the true central galaxy might be obscured yet close to
the ACT centre, which would mean that this cluster is actually well-
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Figure 11. HSC cluster HSCJ120827+025640 at z =~ 0.79, an example of a
cluster with multiple possible causes of miscentring: the obscuring foreground
galaxy (NGC 4123), a merger, and/or a false ACT signal. It has offset 1.02
Mpec.

centred. It is also possible that the cluster is undergoing a merger
but the foreground galaxy is obscuring one half of the merging
cluster — thus, we only see the ACT signal located between the
two halves of the merger. On the other hand, it may be true that the
foreground galaxy does not obscure any cluster galaxies. In this case,
the ACT signal might be a false signal that aligned with this HSC

Optical cluster miscentring from SZ signals 581

cluster by chance. The cluster has a relatively low richness of ~ 20,
meaning that it is unlikely to have a detectable ACT signal (although
the obscuration of the bright galaxy could be causing CAMIRA to
underestimate the richness).

4.3.4 No apparent cause of miscentring

We identify four clusters that lack any apparent cause of miscentring.
In contrast with the false signal clusters, these clusters each have an
ACT signal near a galaxy overdensity. Therefore, in each case, we
believe that the offset is astrophysically real despite there being
no evidence for an ongoing merger. In fact, when we refit the
offset distribution with a ‘cleaned’ cluster sample (Section 4.4), the
subsequent model yields a higher well-centred cutoff — as a result,
the model labels three out of four of the ‘no apparent cause’ clusters
as well-centred instead of miscentred.

4.4 Cleaned offset distribution

We create a ‘cleaned’ cluster sample by taking the fiducial sample and
excluding all miscentred clusters that have a clear, non-astrophysical
cause of miscentring; i.e. the clusters that are miscentred due to a
systematic HSC effect (Section 4.2), a false match (Section 4.3.1),
or a false ACT signal (Section 4.3.2). The resulting cleaned sample
has 164 clusters. Fig. 12 shows the offset distribution of this cleaned
sample, together with the best-fitting model (equation 1). Here, we
find feen = 0.91 and o, = 0.39 Mpc.

This cleaned sample is separated into well-centred and miscentred
populations using the same method described in Section 3.2; i.e. the
cutoff is chosen such that f.., = 0.91 of the clusters are below the
cutoff, and these clusters are labelled as well-centred. The cleaned
sample’s well-centred cutoff is 370kpc, slightly larger than the
fiducial sample’s well-centred cutoff of 330 kpc. We find nine clusters

—— Full model (f_cen=0.91)

3.5] -

Normalized number of clusters

0.0

0.0 0.2 0.4

Bl Offset distribution

Well-centered component (0;=0.15, fixed)
Miscentered component (0,=0.392)

0.6 0.8 1.0

Physical offset (Mpc)

Figure 12. Offset distribution for the cleaned cross-match. The figure shows the offset histogram, the best-fitting model using equation (1), and the two

components of the model, namely the well-centred and miscentred clusters.
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Figure 13. A comparison of the lensing signals for well-centred and miscentred clusters in the redshift range 0.3 < z < 0.7. Here, we use the CAMIRA central
galaxy as the cluster centre. AX(R) is the cluster’s lensing signal as a function of radius, and AX (R) is the lensing signal in the 45-degree rotated component.
The error bars represent the intrinsic shape noise. Note that A¥ is multiplied by R to reduce the dynamic range in these plots. For the miscentred population,
AX(R) is suppressed at small scales, as expected for miscentred clusters. AX(R) at the lowest radius is not shown for the miscentred clusters because it is
negative with a large error bar. The difference in AX(R) between the well-centred and miscentred clusters is highly statistically significant, with a p-value of

6.6 x 1076,

within the cleaned sample that are miscentred in the fiducial sample
but are well-centred in the cleaned sample; i.e. they each have an
offset between 330 and 370 kpc. Six of these clusters were previously
identified as being miscentred due to an ongoing merger, whereas
the other three are ‘no apparent cause’ clusters. (There are four ‘no
apparent cause’ clusters in total; the fourth, HSCJ231255-001521,
has offset 535 kpc.) The fact that only one out of fifteen miscentred
clusters in the cleaned sample is labelled as ‘no apparent cause’
affirms that our offset model accurately separates our clusters into
well-centred and miscentred populations.

5 LENSING MEASUREMENTS

To understand the physical nature of the clusters we have identified
as miscentred, we compare the weak gravitational lensing signals
measured for the two sets of clusters using the Year 3 shape catalogue
of the HSC survey (Li et al. 2022). We follow the methodology
outlined in Sunayama et al. (2024) to measure the cluster lensing
signal, with two main differences. First, we select source galaxies
with a redshift above z; max + 0.2, where z; max is the maximum
redshift of the lenses (i.e. the clusters). We only consider clusters in
the redshift range 0.3 < z < 0.7 as we do not have a large enough
sample of clusters or sources to make this measurement at higher
redshifts. Within this range, there are 24 miscentred clusters and 72
well-centred clusters. Secondly, we do not include boost and random
corrections to the lensing signal. The former corrects for a dilution of
the lensing signal due to source galaxies that are physically associated
with the lens cluster, and the latter accounts for possible residual
systematics in the shape measurement due to imperfect corrections
of optical distortion across the field of view of the camera. Given the
small sample size of our clusters, the measurement of the corrections
is very noisy. Moreover, this paper focuses only on a comparison of
lensing signals to identify potential suppression in the signal due to
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miscentring. Since there is no reason to expect that the corrections
will be different for the populations of clusters that we compare
(e.g. well-centred versus miscentred), and we are not presenting the
measurement of an absolute value of the signal, the corrections are
unnecessary for the purposes of this work. For the same reason, we
only use the shape-noise covariance matrix, which does not have any
covariances between different angular bins.

In Fig. 13, we compare the lensing signals for the well-centred
and miscentred clusters (as identified in Section 3.2) in the redshift
range 0.3 <z < 0.7, using the CAMIRA central galaxy as the
cluster centre. AX(R) is the cluster’s lensing signal as a function
of radius, and AX, (R) is the lensing signal in the 45-degree rotated
component. The error bars represent the intrinsic shape noise. For
the range of scales that we are interested in, and given the small
sample size of our clusters, the shape noise is the dominant source
of errors. A non-zero AX, would suggest that there are systematic
effects in the lensing signal that must be corrected, but for both the
well-centred and miscentred clusters, our measurement of AX, is
consistent with zero. The lensing signals of the two samples, shown in
the left panel of Fig. 13, are consistent on large scales (> 24! Mpc).
However, the miscentred clusters show a suppressed signal below
~ 1h~" Mpc relative to the well-centred sample. This is what we
would expect if the centroids of those clusters are systematically
wrong; i.e. if the clusters are indeed miscentred. In fact, the difference
in AX(R) between the well-centred and miscentred samples is
statistically significant — performing a x? test, we find x2 = 36.6
with 10 degrees of freedom, giving a p-value of 6.6 x 107%. While
one could, in principle, explore how this p-value varies as a function
of the well-centred cutoff (which we defined in Section 3.2), our
results confirm that our selection of the two cluster populations is at
least approximately accurate.

‘We further estimate the impact of miscentring on the lensing signal
by comparing the measured lensing signal for both well-centred and
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Figure 14. The measured lensing signal RAX(R) for both well-centred (left) and miscentred (right) clusters using the CAMIRA central galaxy (BCG) as the
cluster centre compared to using the ACT SZ centre. These plots use clusters in the redshift range 0.3 < z < 0.7. For the well-centred population, AX(R) is
consistent regardless of whether the SZ or BCG centre was used in the measurement. For the miscentred population, AX(R) is significantly suppressed at small
scales when using the BCG centre instead of the SZ centre. AX(R) at the lowest radius is not shown for the miscentred clusters because it is negative with a
large error bar. The difference in AX(R) between the two choices of centres is statistically significant for the miscentred population (p = 0.0276) but is not

statistically significant for the well-centred population.

miscentred clusters using the CAMIRA central galaxy as the cluster
centre, relative to using the ACT SZ centre. These results are shown
in Fig. 14 for the well-centred (left panel) and miscentred clusters
(right panel) in the redshift range 0.3 < z < 0.7. For the well-centred
population, whether we use BCG or SZ centres to measure AX(R),
we get relatively consistent results. For the SZ centres, however, we
see some suppression relative to the BCG centre measurements at the
smallest scales measured. Although this suppression is statistically
insignificant (we find x2 = 0.98 with 10 degrees of freedom,
giving a p-value of 0.999843), we believe it could stem from the
~0.15 Mpc positional uncertainty on the SZ centre, as discussed in
Section 3.1.

For the miscentred population, we see that the BCG and SZ centre
lensing signals are inconsistent with each other. The lensing signals
measured using the BCG centre are suppressed at small scales relative
to those measured with the SZ centres. The difference in AX(R)
between the two signals is statistically significant — we find x2 =
20.18 with 10 degrees of freedom, giving a p-value of 0.027595. This
suggests the SZ centres are more likely to represent the true cluster
centre than the BCG centres are. This verifies our intuition that,
for miscentred clusters, one or more mechanisms cause CAMIRA
to place the centre far away from the true BCG, or clusters in the
process of merging have BCGs far from the merged cluster centre;
in either case, the signal is suppressed. This makes the SZ centre
(i.e. the bottom of the gas potential well) more reliable for making
lensing measurements.

6 DISCUSSION AND CONCLUSIONS

Utilizing the CAMIRA and ACT cluster catalogues — based on deep
optical imaging and the SZ effect in CMB maps, respectively —
we constructed a new cross-matched sample of 186 clusters that is

larger and deeper than those in many previous miscentring studies.
After modelling the distribution of centring offsets in this fiducial
sample, we found a miscentred fraction of ~ 25 percent, a value
generally consistent with previous studies. We examined the image
of each miscentred cluster in our fiducial sample and identified
one of several reasons to explain the miscentring. While some of
the miscentred clusters are undergoing mergers, a number of them
are miscentred due to non-astrophysical effects: a large fraction of
the miscentred clusters can be ascribed to limitations of the HSC
data and/or the CAMIRA algorithm, including bright star masks,
observational artefacts, and deblending issues. We also found a few
clusters that are miscentred due to a false match between HSC and
ACT clusters or due to an ACT signal that does not correspond to a
real cluster.

In order to further verify our classification of well-centred and
miscentred clusters, we computed their weak lensing signals. Com-
pared to well-centred clusters, the miscentred clusters’ lensing signal
is significantly suppressed, especially at small radii. However, when
we computed the miscentred lensing signal with their SZ centres
instead of their BCG centres, there was a much clearer signal at
small radii. Both of these trends verify our intuition that the BCG
centres of miscentred clusters are significantly offset from their true
gravitational centres.

We created a cleaned sample of 164 clusters that omits all clusters
with clear, non-astrophysical causes of miscentring. The threshold
beyond which we define a cluster to be miscentred grows from 330 to
370 kpc, and the inferred miscentred fraction is considerably smaller,
~ 10 percent. All but one of the clusters for which we were unable
to identify a cause for miscentring (Section 4.3.4) fall below the
new threshold, affirming the ability of our cleaned offset model
to accurately separate clusters into well-centred and miscentred
populations.
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Additional work is needed to further investigate how both as-
trophysical processes and systematic effects in cluster-finding algo-
rithms may contribute to miscentring. Bright, radio-emitting galaxies
are not exclusively BCGs (Lin & Mohr 2007), so it is plausible that
radio sources can cause SZ centres to be less accurate. Indeed, such
compact sources are known to contaminate ACT cluster data (Dicker
et al. 2021), but whether compact sources can induce significant
miscentring of the SZ signal needs further investigation. Meanwhile,
from a numerical perspective, one could use cluster hydrodynamical
simulations (e.g. Gupta et al. 2017; Yan et al. 2020; Seppi et al.
2023) that compute both a cluster’s optical and gas signals. Such an
analysis would allow us to study miscentring without observational
effects: for example, one could investigate the fraction of merging
clusters that have well-defined centres with a fully-formed central
galaxy at the bottom of the cluster potential well.

We suggest that future iterations of optical cluster-finding algo-
rithms explicitly account for non-astrophysical causes of miscen-
tring. For example, one could assign a ‘miscentring probability’ to a
cluster based on its proximity to a bright star or observational artefact.
One could also develop cluster-finding algorithms that examine
optical, X-ray, and/or SZ data simultaneously; such algorithms
may reduce the number of false matches between different data
sets. Such improvements to optical cluster-finding algorithms may
reduce the number of clusters with incorrectly identified optical
centres.

By constraining the fraction of clusters that are miscentred due
to mergers, one can better understand the history of BCG and
cluster formation. Furthermore, one can more precisely correct for
miscentring-related biases in cluster lensing analyses for cosmology
(McClintock et al. 2019; Zhang et al. 2019). Another implication of
our study is that miscentring is an inevitable systematic in cluster
lensing studies — due to ongoing mergers, a non-trivial fraction
of clusters will lack any well-defined centre. This factor may help
motivate cosmological studies that fall outside of conventional cluster
cosmology; e.g. studies that derive cosmological parameters from the
properties of the most massive galaxies (Xhakaj et al. 2024).

It is worth noting a few miscentring studies which find different
miscentred fractions from ours. For example, Willis et al. (2021) find
a larger miscentred fraction of ~ 55 per cent; this may be due to the
fact that their model finds o) = 60 kpc, which is considerably smaller
than our adopted o; = 150 kpc. Meanwhile, Kelly et al. (2024) find
a smaller miscentred fraction of ~ 10 — 20 per cent. Furthermore,
Seppi et al. (2023) uses a different classification system altogether,
categorizing clusters as dynamically relaxed or disturbed instead
of well-centred or miscentred, respectively; they find a disturbed
fraction of 69 per cent. Therefore, it is worthwhile to perform
additional miscentring studies in order to place stronger constraints
on fen. Although previous studies have used a two-component
model, future studies could explore more complex models; in reality,
the division of well-centred and miscentred populations may not be
cleanly bimodal.

With future data releases from HSC and ACT, even larger cross-
matched samples can be built to study miscentring. Outside of these
two surveys, one might also use upcoming data from the Vera C.
Rubin Observatory (Ivezié et al. 2019), which will be deeper and
cover a much larger footprint on the sky; and eROSITA (Liu et al.
2022), which is mapping the entire sky in X-rays.
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APPENDIX B: PROPERTIES OF MERGING
VERSUS NON-MERGING CLUSTERS

Fig. B1 compares the distributions of A and M, between merging and
non-merging clusters within the fiducial cross-match. Similar to the
well-centred versus miscentred comparison in Fig. 5, the merging
and non-merging distributions for both properties are inconsistent
with being drawn from the same underlying distribution. Fig. B1

Optical cluster miscentring from SZ signals 591

also suggests that merging clusters have higher A and M, than non-
merging ones. The same effect is seen in the richness distribution
for all HSC clusters, rather than just the sample in the fiducial cross-
match. This is likely a selection effect since clusters with fewer
galaxies are less likely to have multiple discernible peaks in their
galaxy distribution and thus are less likely to be identified as mergers
by Okabe et al. (2019).
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Figure B1. The normalized distributions of richness and stellar mass for both merging and non-merging clusters within the fiducial cross-match, along with
the corresponding K-S test p-values. In this plot, merging and non-merging clusters are categorized based on the merger catalogue of Okabe et al. (2019). The
p-values for both A and M are statistically significant, indicating that merging clusters tend to have higher richnesses and stellar masses than non-merging

clusters.

This paper has been typeset from a TeX/IATEX file prepared by the author.

© 2024 The Author(s).

Published by Oxford University Press on behalf of Royal Astronomical Society. This is an Open Access article distributed under the terms of the Creative Commons Attribution License
(https://creativecommons.org/licenses/by/4.0/), which permits unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited.

MNRAS 536, 572-591 (2025)

GZ0Z 1890100 | U0 Jasn AlsiaAiun puelsiaiemip Aq 268506.2/2.G/1/9ES/a01e/SeluW/Wwod dno dlwapeoe//:sdiy Wolj papeojumoc]


https://creativecommons.org/licenses/by/4.0/

	1 INTRODUCTION
	2 DATA
	3 CENTRING OFFSET MODEL
	4 CAUSES OF MISCENTRING
	5 LENSING MEASUREMENTS
	6 DISCUSSION AND CONCLUSIONS
	ACKNOWLEDGEMENTS
	DATA AVAILABILITY
	REFERENCES
	APPENDIX A: LIST OF CLUSTERS IN FIDUCIAL CROSS-MATCH
	APPENDIX B: PROPERTIES OF MERGING VERSUS NON-MERGING CLUSTERS

