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A B S T R A C T 

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) Surv e y S19A Data Release and the 
Sun yaev–Zeldo vich 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 o v er an area of 469 deg 

2 . 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. 
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 I N T RO D U C T I O N  

s the most massive gravitationally self-bound objects in the Uni-
erse, galaxy clusters are remarkably useful probes of both galaxy
volution and cosmology.The formation and evolution of brightest
luster galaxies (BCGs), the most luminous and massive galaxies
n the Universe, are likely influenced by merger processes and
ther astrophysical phenomena within their host clusters (Hoessel
 Schneider 1985 ; Postman & Lauer 1995 ; Lauer et al. 2014 ; Huang
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c
 

d
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t al. 2018 ; Dalal et al. 2021 ). Moreo v er, clusters are strong probes
f the growth of structure in the Universe, and they can be used
o constrain cosmological parameters through abundance studies
Bahcall & Fan 1998 ; Allen, Evrard & Mantz 2011 ; Weinberg et al.
013 ; Mantz et al. 2015 ; Garrel et al. 2022 ; Clerc & Finoguenov
023 ). Measuring the galaxy weak lensing signal around a cluster
e.g. Rozo et al. 2010 ; Abbott et al. 2020 ; Sunayama et al. 2024 ) adds
nformation about the halo mass to the abundance measurements,
llowing one to simultaneously place strong constraints on both
luster masses and cosmology. 

Methods for observing or identifying clusters are varied; here, we

escribe three. Each of these methods relies on a different observa- 
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ional probe to determine the bottom of the cluster’s gravitational 
otential well; in other words, its gravitational ‘centre’. The first 
ethod we describe relies on the Sun yaev–Zeldo vich (SZ) effect 

Sun yaev & Zeldo vich 1972 ): electrons in a cluster’s hot intracluster
edium (ICM) can scatter photons from the cosmic microwave back- 

round (CMB) to higher energies via inverse-Compton scattering. As 
 result, in CMB maps taken at frequencies below 220 GHz, clusters
ppear as ‘cold’ or darkened spots. Such a signal traces the cluster’s
as – more precisely, the SZ signal at a specific position on the sky
s proportional to the integrated gas pressure along the line of sight
ithin the cluster. The cluster’s SZ centre is then defined as the

entroid of the SZ signal. Since the cluster’s gas should generally 
race the mass distribution, the SZ centre should coincide with the 
ottom of the cluster’s potential well, especially when the cluster is
ully virialized (Kravtsov & Borgani 2012 ). 

A second method for identifying clusters relies on optical data. 
ptical surv e ys identify clusters by looking for closely concentrated 

ollections of galaxies on the sky located at similar redshifts (e.g. 
im et al. 2002 ; Gladders & Yee 2005 ; Yang et al. 2007 ; Oguri
014 ; Rykoff et al. 2014 ), as measured either photometrically or
ith a spectroscopic surv e y. Some cluster-finding algorithms define 
 cluster’s optical centre as the location of the ‘central galaxy;’ i.e. a
right, massive galaxy located near the peak of the cluster’s galaxy 
istribution. This is because the central galaxy often coincides with 
he bottom of its cluster’s gravitational potential well as a result of
ynamical friction (Chandrasekhar 1943 ): when a relatively massive 
alaxy mo v es within a cluster, it experiences a gravitational drag
orce from the surrounding matter, causing it to spiral in towards the
ravitational centre (Ostriker & Tremaine 1975 ; Hausman & Ostriker 
978 ; Binney & Tremaine 2008 ). 
Ho we ver, there are situations where the central galaxy does not

oincide with the gravitational centre. For example, consider two 
lusters in the process of merging. If they are close enough to
ach other, an optical cluster-finding algorithm may identify the 
ystem as one cluster even if it has not yet reached gravitational
quilibrium; a typical relaxation time for a cluster merger is a few
illion years (Faltenbacher, Gottloeber & Mathews 2006 ; Machado 
t al. 2015 ). Consequently, there may not yet be a bright, massive
alaxy sufficiently close to the gas profile centre of the merged 
luster. Alternatively, if the merging cluster is not yet fully virialized, 
here would not even be a well-defined bottom of the potential well.
n both cases, one would be unable to accurately identify the cluster
entre using a central galaxy. 

Lastly, X-ray cluster surv e ys (e.g. Ebeling et al. 1998 ; Pacaud et al.
007 ; Liu et al. 2022 ), similar to SZ cluster surv e ys, can trace the hot
as 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 
0–40 per cent of the time, the central galaxy is not a good indicator
f the bottom of a cluster’s potential well (Sehgal et al. 2013 ; Lauer
t al. 2014 ; Rykoff et al. 2016 ; Oguri et al. 2018 ; Hollowood et al.
019 ; Zhang et al. 2019 ; Bleem et al. 2020 ; Yan et al. 2020 ). This
umber is referred to as the miscentred fraction . 1 In such studies,
ncluding this one, it is assumed that the cluster centre derived from
 gas profile (i.e. from SZ or X-ray data) is a good indicator of the
ottom of the potential well, while a cluster’s optical centre may be
isplaced from the bottom of the potential well. 
 We will also use the term well-centered fraction , which refers to the fraction 
f clusters for which the central galaxy is a good indicator of the gravitational 
entre. 

e  

P  

t  

p  

r  
Miscentring is a major systematic effect in cluster lensing analyses 
hich constrain cosmological parameters with the cluster mass 

unction (McClintock et al. 2019 ). Such studies take the lensing
ignals of optical clusters, model their azimuthally averaged mass 
rofiles, and combine this with an inference of cluster abundance as a
unction of some optically based variable, e.g. richness. Richness is a
easure of the number of galaxies in a cluster abo v e some luminosity

r mass threshold; we denote it in this paper as λ. (Note that the
AMIRA catalogue, discussed in Section 2.1.1 , denotes richness 
ith N mem 

.) Miscentring of clusters impacts this measurement in 
everal ways: first, the azimuthally averaged cluster lensing signal is 
uppressed because one is not centring the lensing signal on the true
entre of the cluster’s mass profile. Furthermore, miscentring leads to 
he underestimation of the number of clusters abo v e a certain richness
hreshold (Zhang et al. 2019 ). Therefore, cluster lensing analyses 
xplicitly account for the miscentred fraction in order to obtain 
stimates of cosmological parameters (e.g. Rozo et al. 2010 ; Abbott
t al. 2020 ; Sunayama et al. 2024 ; Kelly et al. 2024 ). Additionally,
CG 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
amples. F or e xample, Dalal et al. ( 2021 ) showed that BCGs with
arge displacements from the cluster centre tend to be less dominant
han BCGs that are not. Finally, miscentring studies can point us
owards interesting astrophysics within clusters (e.g. mergers) that 
ontribute to miscentring (and may also influence BCG evolution). 

In this paper, we aim to e v aluate potential causes of the mis-
entring effect. As discussed previously, there may be astrophysical 
rocesses like mergers that cause central galaxies to be offset from
he gas profile centre. We also explore non-astrophysical causes 
f miscentring, which include systematic effects in optical cluster 
ata. Broadly speaking, our work illuminates potential directions 
or impro v ement in optical cluster-finding algorithms. In the context
f BCG studies and cluster cosmology, we hope that identifying 
auses of miscentring will allow for more ef fecti ve quantification
nd mitigation of this systematic effect. 

This paper is structured as follows: in Section 2 , we describe our
ross-match between an optical cluster catalogue, drawn from the 
maging data of the Hyper Suprime-Cam (HSC) surv e y, and an SZ
luster catalogue from the Atacama Cosmology Telescope (ACT) 
urv e y. The result is a matched sample that is larger and deeper than
hose used in many previous miscentring studies. In Section 3 , we
odel the distribution of centring offsets within the fiducial sample 

nd infer the fraction of clusters that are miscentred. In Section 4 ,
e examine the optical image of each miscentred cluster and 

dentify one of several potential causes of the miscentring. We then
emo v e clusters with non-astrophysical causes of miscentring from 

ur analysis and characterize the distribution of offsets among the 
emaining clusters. We summarize the results, potential implications, 
nd avenues for future work in Section 6 . Throughout our analysis,
e assume a � CDM cosmology with H 0 = 70 km s −1 Mpc −1 or
 = 0 . 7, �m, 0 = 0 . 3, and ��, 0 = 0 . 7. 

 DATA  

.1 Cluster catalogues used 

n this study, we cross-match an optical cluster catalogue (Oguri 
t al. 2018 ) from the Hyper Suprime-Cam (HSC) Subaru Strategic
rogram (Aihara et al. 2018 ) with an SZ cluster catalogue from

he Atacama Cosmology Telescope (ACT) (Hilton et al. 2021 ). In
articular, we use the optical catalogue from the HSC S19A data
elease (Aihara et al. 2022 ) along with the SZ catalogue from Data
MNRAS 536, 572–591 (2025) 



574 J. Ding et al. 

M

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 λ > 15 and 4195 ACT clusters. The 
o v erlap in area between these two catalogues is 469 deg 2 . 
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ratio at Hilton et al. ( 2021 )’s reference 2.4 arcmin filter scale. 
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elease 5 of ACT (DR5; Naess et al. 2020 ); both catalogues are
escribed in detail below. Fig. 1 shows the distribution on the sky of
he clusters considered in the cross-match. 

.1.1 HSC catalogue 

he Hyper Suprime-Cam is a wide-field optical imaging camera
nstalled on the Subaru 8.2-m telescope (Miyazaki et al. 2018 ). The
SC surv e y (Aihara et al. 2018 ) has three layers – wide, deep, and
ltradeep. In the completed surv e y, the HSC Wide layer, which we
se in this work, has observed a sky area of ∼ 1200 deg 2 with five
road-band filters ( grizy ; Kawanomoto et al. 2018 ). The HSC surv e y
s unprecedented in that its depth ( i lim 

∼ 26 at 5 σ for point sources)
s sufficient to construct a large sample of optically observed clusters
p to z ∼ 1 . 4 (Oguri et al. 2018 ). In this work, we use the HSC S19A
ide-field, star-masked catalogue (the star masks used in the HSC

urv e y are discussed in Section 4.2 .) The S19A data release of the
SC surv e y consists of data taken between March 2014 and April
019, co v ering an area of ∼ 589 de g 2 . 
The cluster catalogue itself is created via the CAMIRA (Cluster-

nding Algorithm based on Multiband Identification of Red-
equence gAlaxies) algorithm (Oguri 2014 ; Oguri et al. 2018 ). In
hort, CAMIRA searches for o v erdensities of red-sequence galaxies
hat are similar in both photometric redshift and position on the sky.
AMIRA identifies the cluster’s centre as the position of a massive
alaxy near the peak of the cluster’s galaxy distribution; this is often,
ut not al w ays, the brightest cluster galaxy (BCG), or the most
uminous galaxy in the cluster. Additionally, CAMIRA uses stellar
opulation synthesis models to compute a cluster’s photometric
edshift from the cluster’s high-confidence member galaxies. The
19A CAMIRA catalogue consists of clusters in the redshift range
 . 1 ≤ z ≤ 1 . 38. 
We emphasize that BCGs and central galaxies (as described in

ection 1 ) are not al w ays interchangeable terms. The definition of
CG varies between studies: for example, Lauer et al. ( 2014 ) and
alal et al. ( 2021 ) use the literal definition of BCG (namely, the
rightest galaxy in the cluster), while Oguri ( 2014 ) defines a BCG
s the most luminous galaxy among galaxies close to the peak of
he cluster’s galaxy distribution. Hence, Oguri ( 2014 ) uses BCG and
entral galaxy interchangeably. For the sake of clarity, we follow
alal et al. ( 2021 ) and a v oid using the term ‘BCG’ when referring

o the central galaxy. 
One should also note that the task of identifying an optical cluster
including its member galaxies and centre – is not straightforward.
NRAS 536, 572–591 (2025) 
n trying to identify a candidate central galaxy as a cluster’s centre,
ne must have a general understanding of which galaxies belong
o the cluster. Ho we ver, in deciding which galaxies belong to a
luster, one must consider how close these galaxies are to the cluster
entre. Therefore, identifying the optical centre is an inherently
terative process. In practice, CAMIRA uses a likelihood function to
etermine the most likely central galaxy for a given cluster candidate
nd then assigns a membership probability to each galaxy assigned
o the cluster. This probability is based in part on its distance from the
entral galaxy, where the central galaxy has a membership probability
f 1. 

.1.2 ACT catalogue 

he SZ catalogue presented here comes from ACT Data Release
; the catalogue is constructed from ACT observations obtained
rom 2008 to 2018 (Naess et al. 2020 ). The catalogue co v ers 13 211
eg 2 of the sky, with an o v erlap of 469 deg 2 with the HSC S19A
ide surv e y. To search for clusters, Hilton et al. ( 2021 ) apply a
ultifrequency matched filter simultaneously to two sky maps from
aess et al. ( 2020 ) – one each at 90 and 150 GHz. The filter has
 spatial component, which searches for cluster-sized objects, and a
pectral component, which weights the signal according to the known
pectral dependence of the SZ effect. Afterwards, Naess et al. ( 2020 )
ompile a list of the SNR peaks; these are the cluster candidates
Hilton et al. 2023a ). To create the final cluster catalogue, Hilton
t al. ( 2021 ) match their candidates with optical imaging surv e ys,
ncluding the Sloan Digital Sky Survey (SDSS) (Ahumada et al.
020 ), the Dark Energy Surv e y (DES) (Abbott et al. 2018 ), and
SC, in addition to estimating photometric redshifts by applying the
Cluster algorithm (Hilton et al. 2023b ) to photometric data from

he Dark Energy Camera Le gac y Surv e y (DECaLS; De y et al. 2019 ),
he Kilo Degree Survey (KiDS, Wright et al. 2019 ), and SDSS. 

In this work, we perform an independent cross-match between the
nal list of ACT candidates and the HSC catalogue (see Section 2.2 ).
his is because the ACT cluster data set (Hilton et al. 2021 ) does not

nclude HSC cluster data for each ACT cluster with an HSC match;
nstead, some of these clusters are listed with optical data based on
ther surv e ys. We did not, ho we ver, cross-check the initial list of
CT cluster candidates with the HSC catalogue. For SNR 2 . 4 � 5 . 0, 2 

ore than 95 per cent of ACT cluster candidates within the HSC
ootprint are optically confirmed (see fig. 15 in Hilton et al. 2021 .)
herefore, an independent cross-match of the SNR peaks list with

he HSC catalogueis unlikely to identify many new ACT candidates
s clusters. 

Unlike with optical data, SZ maps enable the identification of
assive clusters at any redshift, as the strength of the SZ effect

oes not depend on the cluster’s distance to the observ er. F or this
eason, having a deep optical cluster catalogue – in this case, the HSC
atalogue, which e xtends be yond z ∼ 1 – allows us to construct
 uniquely large cross-matched sample. One does not expect all
CT clusters in the HSC footprint to have a match in the HSC
atalogue, because some ACT clusters may be at higher redshifts
han those probed by HSC. (As mentioned in the previous paragraph,
 5 per cent of ACT cluster candidates lack an optical counterpart.)
n the other hand, one does not expect all HSC clusters to have
 match in the ACT catalogue: less massive HSC clusters are less
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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 × 10 −15 .). 
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ikely to have high-pressure gas that gives rise to a measurable SZ
ignal. 

.2 Fiducial cross-match 

n creating the cross-matched sample for this study, we identify the 
earest HSC cluster for each ACT cluster. We do so via the ASTROPY
ackage 3 (Robitaille et al. 2013 ; Price-Whelan et al. 2018 ; Astropy
ollaboration 2022 ). For a given cross-match between an ACT and 
SC cluster, we calculate the (projected) physical offset by using the 
AMIRA photometric redshift for the HSC cluster. We then impose 
 maximum possible physical offset of 1 Mpc h −1 (i.e. a matching
adius) 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
istance or more are almost certainly distinct. 
We only consider HSC clusters whose listed richness λ is greater 

han 15. At very low richnesses, the HSC catalogue is both less
omplete and more contaminated with false clusters due to projection 
ffects. Furthermore, as discussed in Section 2.1.2 , the ACT cata- 
ogue is unlikely to contain lo w-mass/lo w-richness clusters, so cross-
atches between an ACT signal and a low-richness HSC cluster 
ould be suspect. 
After imposing the matching radius, we remo v e cross-matches 

hat include ACT clusters with an associated warning in the ACT
atalogue. There are six such cases: one ACT cluster has a warning
ue to a potentially unreliable redshift; three clusters are associated 
ith systems that may be two clusters at different redshifts projected 
nto each other; and the last two clusters were only confirmed via
scanning mode’, i.e. by running CAMIRA on an SZ position and 
dentifying an optical cluster there that was not originally in the HSC
atalogue. We remo v e these latter two clusters because their optical
entres are dependent on ACT data. 

Lastly, there is one case in which two ACT clusters are matched
o the same HSC cluster. Here, we accept the lower redshift ACT
luster as the true match. The resulting sample contains 186 clusters
ith redshifts between 0.1 and 1.4 within an area of 469 deg 2 ; this

s the largest existing cross-matched sample that uses HSC data. 
hroughout this paper, we refer to this sample as the fiducial cross-
atch or the fiducial sample. 
 Specifically, we use the method match to catalog sky from the 
kyCoord class. 

 

f
o  

t

In addition to the fiducial sample, we create a cross-match 
here the matching radius is a function of ACT SNR. We do

his using the nemo algorithm (Hilton et al. 2023a ), which also
ncludes a conserv ati ve estimate for positional uncertainties in the
ptical catalogues by adding in quadrature an additional 0.5 Mpc 
rojected distance to the cross-matching radius. This nemo -based 
ample e xcludes fiv e clusters contained in the fiducial sample, but
s otherwise identical. These five excluded clusters are all highly 
iscentred; thus, one should suspect that systematic effects in the 

ross-matching and/or the CAMIRA algorithm may be rele v ant to
hese five cases. Indeed, in our analysis described in Section 4 , we
nd that three of the excluded clusters are miscentred due to a star
ask, one is miscentred due to an observational artefact, and one is
iscentred due to a false ACT signal. 

.2.1 F iducial cr oss-match pr operties 

n Fig. 2 , we plot the distributions of richness λ and stellar mass M s 

or both the fiducial cross-match and the full catalogue. We use the
alues listed in the HSC catalogue. In brief, HSC defines richness as
he sum of the membership probabilities of all galaxies in a cluster,
nd stellar mass is defined as the weighted sum of the individual
alaxy masses, each of which are calculated using a stellar population 
ynthesis model (Oguri 2014 ). In our richness distributions, the 
umber of clusters generally decreases with richness, consistent with 
imilar studies that use different optical and SZ catalogues (e.g. 
randis et al. 2021 ). 
For both properties, we perform a two-sided Kolmogorov–

mirnov (K–S) test, which estimates the probability that two samples 
ome from the same underlying continuous distribution; in the con- 
ext of this work, we test if our cross-matched sample is representative
f the underlying catalogues. As shown in Fig. 2 , the p- value for each
roperty is statistically significant, suggesting that the fiducial cross- 
atch and the full catalogue have different underlying distributions. 

n particular, one sees that cross-match clusters are generally richer 
nd have higher stellar mass. These trends are expected because, as
ig. 3 shows, richer/more massive clusters generally have stronger 
Z signals; thus, lo wer richness/lo wer mass HSC clusters are less

ikely to have a match in the ACT catalogue. 
Fig. 3 shows the completeness of the cross-matched sample as a

unction of HSC richness. This completeness is defined as the fraction 
f HSC clusters within a given richness bin that have a counterpart in
he 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 
λ � 100. 
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e.g. Grandis et al. 2021 ), the completeness increases with richness,
eaching 1 for the five clusters with λ � 100. 

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

 C E N T R I N G  OFFSET  M O D E L  

.1 Offset distribution and model 

e aim to construct a model of the distribution of centring offsets
 within our fiducial cross-match. Here, r is the projected physical
eparation at the redshift of the cluster. In doing so, our goal is to
nfer the fraction of clusters that have an offset due to measurement
NRAS 536, 572–591 (2025) 

igure 4. Offset distribution for the fiducial cross-match, including the histogra
omponents of the model. 
ncertainty and the fraction that are miscentred due to other effects,
uch as mergers of clusters. 

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

( r) = f cen 
r 

σ 2 
1 

exp 

(
− r 2 

2 σ 2 
1 

)
+ ( 1 − f cen ) 

r 

σ 2 
2 

exp 

(
− r 2 

2 σ 2 
2 

)
(1) 

The first component models the well-centred cluster population,
hile the second component models the miscentred population;

ach individual component is modeled with a Rayleigh distribution,
hich assumes that the horizontal and vertical displacements on

he sky are each normally distributed. Here, r is the offset in Mpc,
 cen is the fraction of clusters that are well-centred, and σ1 and σ2 

re the characteristic offsets for the well-centred and miscentred
opulations, respectively. 
We expect the positional error to be dominated by the SZ positional

ncertainty: while optical astrometric errors on individual galaxies
re less than 1 arcsec, the SZ positional uncertainty is on the order
f � 10 arcsec due to the resolution of the CMB maps. Given a
ypical value of SNR 2 . 4 = 5 for the fiducial sample, we expect a
ositional error of ∼ 17 arcsec (see Hilton et al. 2021 , who run the
emo algorithm on simulated ACT data and model the distribution
f SZ positional uncertainty as a function of SNR 2 . 4 ). This angle
orresponds to a projected offset of ∼ 0 . 15 Mpc o v er most of the
edshift range of the catalogue. We thus fix σ1 = 0 . 15 Mpc, and fit
or f cen and σ2 simultaneously with a maximum-likelihood method. 

Fig. 4 shows the measured and best-fitting offset distribution of
he fiducial cross-match. The best-fitting parameters are f cen = 0 . 75
nd σ2 = 0 . 39 Mpc . This f cen is consistent with previous miscentring
tudies, while σ2 is consistent with Oguri et al. ( 2018 ), which reports
2 = 0 . 26 ± 0 . 04 h 

−1 Mpc, approximately σ2 ∼ 0 . 37 Mpc for h =
 . 7. 
m of measured offsets, the best-fit model using equation ( 1 ), and the two 
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Figure 5. The normalized distributions of richness and stellar mass for both well-centred and miscentred clusters within the fiducial cross-match, along with 
the corresponding K–S test p -values. The p -values for λ and M s 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 × 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. 
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.2 Well-centred versus miscentred populations 

ased on our best-fitting model, f cen = 0 . 754 of the clusters in the
ducial cross-match are well-centred; these clusters have offsets of 
 < 330 kpc. Thus, we denote this value, 330 kpc, as the well-centred
utoff . The remainder of the clusters are labelled as miscentred. 
e acknowledge that this definition of the well-centred cutoff is 
omewhat arbitrary. In Section 5 , we show that the difference in
ensing signals between the well-centred and miscentred populations 
s statistically significant, thus validating our choice of the well- 
entred cutoff. 

Following Fig. 2 , Fig. 5 compares the distributions of λ and M s 

etween the well-centred and miscentred clusters. Here, the p -values 
f the K–S test for λ and M s are statistically significant, suggesting
hat well-centred and miscentred clusters are not drawn from the same
nderlying distribution. Miscentred clusters generally have lower λ
nd M s than do well-centred clusters. This may partially be explained
y the fact that the inferred richness and mass of miscentred clusters
re biased low by miscentring. 

 CAUSES  O F  MI SCENTRI NG  

n this section, we discuss potential causes of miscentring in the
ducial sample. Using the HSC S19A wide-field data release (Aihara 
t al. 2022 ), we individually examine the optical images of all 46
iscentred clusters in the fiducial sample. The cluster images shown 

n this paper (e.g. Fig. 6 ) are composites of images taken in the g, r ,
nd i filters. 

We find that causes of miscentring broadly fall into three 
ategories: cluster mergers, systematic effects in the HSC data, 
nd other causes such as potential false matches and false ACT
ignals. We also discuss miscentred clusters that seemingly lack 
ny cause of miscentring. Table 1 summarizes the eight causes of
iscentring discussed in our analysis, while Table A1 has the full

ist of clusters in our cross-match, including miscentring causes as 
ele v ant. 

.1 Merging clusters 

s discussed in Section 1 , cluster mergers are a potential astro-
hysical explanation for clusters with a large offset between the 
ptical and SZ-defined centres. In merging systems, the gravitational 
otential may well not have a well-defined centre. Even if this centre
s well-defined, then there might not be a bright, massive galaxy that
as mo v ed close enough to that centre yet. To determine which of
ur miscentred clusters are due to ongoing mergers, we compare 
ur fiducial cross-match with a pre-existing catalogue of merging 
lusters in the HSC catalogue. This merger catalogue was created 
y looking for clusters with multiple peaks in their projected galaxy
istributions (Okabe et al. 2019 ). 
MNRAS 536, 572–591 (2025) 
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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 ) 11 
Observational artefact (Section 4.2.2 ) 2 
Deblending (Section 4.2.3 ) 2 
Misidentified central galaxy (Section 4.2.4 ) 2 
False match (Section 4.3.1 ) 2 
False ACT signal (Section 4.3.2 ) 3 
Multiple possible causes (Section 4.3.3 ) 6 
No apparent cause (Section 4.3.4 ) 4 

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 
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Table 2 shows the results of the comparison, which indicates
hat 50 per cent of the miscentred clusters are undergoing mergers.

e emphasize, ho we ver, that not all clusters identified as merging
y Okabe et al. ( 2019 ) are miscentred solely due to an ongoing
erger. F or e xample, a cluster identified as a merger by Okabe

t al. ( 2019 ) could also be miscentred due to a star mask o v er
he true central galaxy (see Section 4.2.1 ). Therefore, the number
f merging, miscentred clusters as listed in Table 2 exceeds the
umber of merging, miscentred clusters we identify in our sample
see Table 1 ). 

The fraction of miscentred clusters which are merging is similar to
hat for well-centred clusters, indicating that mergers are not strongly
orrelated with miscentring. Furthermore, a non-negligible fraction
f miscentred clusters are not mergers. It is possible that the merger
atalogue in Okabe et al. ( 2019 ) is incomplete (i.e. missing some
erger systems) or that there are other, not necessarily astrophysical

rocesses that also contribute to miscentring. Investigating the former
s outside the scope of this paper, as it would require an independent
robe of cluster mergers; ho we v er, we e xplore the latter possibility
n detail in Section 4.2 . 

In Fig. 6 , we show an example of a cluster that we determine
o be miscentred due an ongoing merger. In agreement with Okabe
t al. ( 2019 ), we identify this cluster as a merger because there
ppears to be three potential peaks in this cluster’s galaxy dis-
ribution. Additionally, the ACT centre is located between these
eaks, further suggesting that this system consists of merging
lusters. 

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

.2 Systematic effects in HSC data 

ithin the category of systematic HSC effects, we identify four
auses of miscentring: masks due to bright stars, observational
rtefacts, galaxy deblending issues, and CAMIRA misidentification
NRAS 536, 572–591 (2025) 
f the cluster’s central galaxy. In total, 17 miscentred clusters fall
nto this category. 

.2.1 Star masks 

ike all optical imaging surv e ys, HSC is affected by bright stars,
hose extended point spread function can affect the detection and
hotometry of galaxies in their vicinity. For this reason, the galaxy
ample on which the CAMIRA cluster catalogue is based has been
rimmed of objects falling too close to bright stars (Coupon et al.
018 ). Ho we ver, if the resulting star mask overlaps the footprint of
 cluster, the determination of its centre is likely to be biased or
ompletely incorrect. 

We find 11 clusters that are most likely miscentred due to the star
ask within the HSC data. In these cases, we identify a potential

lternative central galaxy at the same photometric redshift as the
luster, with high luminosity and an extended envelope. These
lternative central galaxies were not identified by CAMIRA since
hey are either fully or partially co v ered by an HSC star mask;
nstead, CAMIRA has chosen a different central galaxy, one that
s not representative of the cluster centre. 

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

[ arcsec ] = 

{
708 . 9 × exp ( −G Gaia / 8 . 41) , G Gaia < 9 
694 . 7 × exp ( −G Gaia / 4 . 04) , G Gaia ≥ 9 . 

(2) 

In Fig. 7 , we show an example of such a cluster, with an apparent
ffset of 0.65 Mpc. The large elliptical galaxy with an extended
nvelope near the ACT centre has a spectroscopic redshift of 0.19
Ahn et al. 2012 ), the same as the cluster’s photometric redshift,
et it is excluded from the cluster’s member list. Furthermore, the
ffset 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 o v erlapping 
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 g alaxy, two g alaxies 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. 
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s only 0.08 Mpc. The exclusion of this galaxy from the CAMIRA
ember galaxy list is a result of the mask around the bright star with

adius 18 arcsec. Because of this excluded galaxy, we believe that the
AMIRA-determined centre is likely incorrect, causing this cluster 

o be labelled as miscentred. 

.2.2 Observational artefacts 

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

.2.3 Deblending issues 

n the crowded environments of galaxy clusters, the images of 
alaxies often o v erlap and need to be deblended to measure the
rightness of each galaxy separately. The deblending algorithm, 
escribed in Bosch et al. ( 2018 ), occasionally fails, giving incorrect
hotometry of the individual galaxies. We found two such cases 
mong our sample of miscentred clusters. 

These deblending failures are identifiable by the fact that not every 
isible galaxy or component of a blend was identified in the HSC
bject catalogue. If deblending fails, then the true central galaxy 
ay have an incorrect reported brightness or not be detected at all,

mong other potential issues. In either case, CAMIRA would select 
nother galaxy as the centre, leading the cluster to be labelled as
iscentred. We find two such miscentred clusters, one of which is

hown in Fig. 8 . 
.2.4 Central galaxy misidentification 

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

.3 Other causes 

e identify two causes of miscentring that do not fall in the category
f either mergers or systematic HSC effects: false matches between 
CT and HSC clusters, and false ACT signals. We also identify

wo other subcategories: clusters that could be miscentred due to 
ultiple potential factors, and clusters that lack any apparent cause 

f miscentring. In total, 15 miscentred clusters fall into the category
f other causes. 

.3.1 False match 

e suspect that two of the miscentred clusters arise from a false
atch between HSC and ACT clusters; i.e. when the corresponding 
CT cluster is more likely to correspond to a different optical cluster

hat is not detected by CAMIRA. In both cases, the HSC cluster in
he fiducial cross-match has a low richness ( < 17). As discussed in
ection 2.2 , low-richness clusters tend to have weak SZ signals and
re often undetected by ACT, making the match less convincing, and
trengthening our conclusion that these clusters are miscentred due 
o false matches. 

One example cluster is shown in Fig. 9 . The ACT centre is ∼
1 arcsec away from an overdensity of galaxies at z ∼ 0 . 6, which we
MNRAS 536, 572–591 (2025) 
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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 o v erdensity 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 + 044133 near the centre of the potential second cluster. 
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uspect is an optical cluster unidentified by CAMIRA. If this is the
rue optical cluster corresponding to the ACT centre, then the offset
ould only be ∼ 0 . 14 Mpc, which would change the cluster from
iscentred to well-centred. 

.3.2 False ACT signal 

ased on fig. 6 in Hilton et al. ( 2021 ), one should expect around 2000
alse ACT signals – i.e. a signal not originating from a real cluster –
ithin the full ACT DR5 map. These false signals are due to noise
uctuations in the CMB maps. It would be reasonable to assume that
ur cross-match contains at least a few spurious matches between a
alse ACT signal and an HSC cluster. Additionally, since matches
etween false signals and HSC clusters are essentially random, it
s reasonable to expect occasional matches with large offsets that
evertheless fall within our matching radius of 1 Mpc h −1 . Assuming
hese signals are randomly distributed, then we expect ∼ 70 false
ignals in the HSC footprint and estimate that ∼ 13 of them would
e cross-matched with an HSC cluster given that our matching circles
o v er ∼20 per cent of the ACT-HSC o v erlap re gion. As mentioned
n Section 2.1.2 , Hilton et al. ( 2021 ) finds that more than 95 per cent
f ACT cluster candidates within the HSC footprint are optically
onfirmed. Ho we ver, gi ven our calculation, it is feasible that at least
 few of the real optical clusters (especially low-richness ones) were
atched to false ACT signals. 
In our sample, we find three miscentred clusters that appear to

orrespond to false signals in the ACT catalogue. For each cluster,
e did not observ e an y apparent galaxy o v erdensity near the ACT

entre. We confirmed this by looking at the SZ signal’s contours (as
xplained in fig. 10 in Hilton et al. 2021 ), which had little to no
 v erlap with the HSC cluster galaxy distribution. One such cluster
s shown in Fig. 10 . Because the ACT signal in the figure does not
ppear to correspond to any real cluster, we conclude that it is a false
ignal. 
NRAS 536, 572–591 (2025) 
.3.3 Multiple possible causes 

e identify six miscentred clusters that each appear to show
ymptoms of several causes of miscentring, no one of which was
learly the sole reason for the miscentring. Fig. 11 shows one such
luster. It is unclear if the nearby, foreground galaxy is obscuring
ny cluster galaxies that would otherwise be detected by CAMIRA.
 or e xample, the true central galaxy might be obscured yet close to

he 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 
Mpc. 
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entred. It is also possible that the cluster is undergoing a merger
ut the foreground galaxy is obscuring one half of the merging 
luster – thus, we only see the ACT signal located between the 
wo halves of the merger. On the other hand, it may be true that the
oreground galaxy does not obscure any cluster galaxies. In this case, 
he ACT signal might be a false signal that aligned with this HSC
igure 12. Offset distribution for the cleaned cross-match. The figure shows th
omponents of the model, namely the well-centred and miscentred clusters. 
luster by chance. The cluster has a relati vely lo w richness of ∼ 20,
eaning that it is unlikely to have a detectable ACT signal (although

he obscuration of the bright galaxy could be causing CAMIRA to
nderestimate the richness). 

.3.4 No apparent cause of miscentring 

e identify four clusters that lack any apparent cause of miscentring.
n contrast with the false signal clusters, these clusters each have an
CT signal near a galaxy o v erdensity. Therefore, in each case, we
elieve that the offset is astrophysically real despite there being 
o evidence for an ongoing merger. In fact, when we refit the
ffset distribution with a ‘cleaned’ cluster sample (Section 4.4 ), the
ubsequent model yields a higher well-centred cutoff – as a result, 
he model labels three out of four of the ‘no apparent cause’ clusters
s well-centred instead of miscentred. 

.4 Cleaned offset distribution 

e create a ‘cleaned’ cluster sample by taking the fiducial sample and 
xcluding all miscentred clusters that have a clear, non-astrophysical 
ause of miscentring; i.e. the clusters that are miscentred due to a
ystematic HSC effect (Section 4.2 ), a false match (Section 4.3.1 ),
r a false ACT signal (Section 4.3.2 ). The resulting cleaned sample
as 164 clusters. Fig. 12 shows the offset distribution of this cleaned
ample, together with the best-fitting model (equation 1 ). Here, we
nd f cen = 0 . 91 and σ2 = 0 . 39 Mpc. 
This cleaned sample is separated into well-centred and miscentred 

opulations using the same method described in Section 3.2 ; i.e. the
utoff is chosen such that f cen = 0 . 91 of the clusters are below the
utoff, and these clusters are labelled as well-centred. The cleaned 
ample’s well-centred cutoff is 370 kpc, slightly larger than the 
ducial sample’s well-centred cutoff of 330 kpc. We find nine clusters
MNRAS 536, 572–591 (2025) 

e offset histogram, the best-fitting model using equation ( 1 ), and the two 
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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. ��( R) is the cluster’s lensing signal as a function of radius, and �� ×( R) is the lensing signal in the 45-degree rotated component. 
The error bars represent the intrinsic shape noise. Note that �� is multiplied by R to reduce the dynamic range in these plots. For the miscentred population, 
��( R) is suppressed at small scales, as expected for miscentred clusters. ��( R) at the lowest radius is not shown for the miscentred clusters because it is 
ne gativ e with a large error bar. The difference in ��( R) between the well-centred and miscentred clusters is highly statistically significant, with a p -value of 
6 . 6 × 10 −6 . 
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ithin the cleaned sample that are miscentred in the fiducial sample
ut are well-centred in the cleaned sample; i.e. they each have an
ffset between 330 and 370 kpc. Six of these clusters were previously
dentified as being miscentred due to an ongoing merger, whereas
he other three are ‘no apparent cause’ clusters. (There are four ‘no
pparent cause’ clusters in total; the fourth, HSCJ231255-001521,
as offset 535 kpc.) The fact that only one out of fifteen miscentred
lusters in the cleaned sample is labelled as ‘no apparent cause’
ffirms that our offset model accurately separates our clusters into
ell-centred and miscentred populations. 

 L ENSING  MEA SUREMENTS  

o understand the physical nature of the clusters we have identified
s miscentred, we compare the weak gravitational lensing signals
easured for the two sets of clusters using the Year 3 shape catalogue

f the HSC surv e y (Li et al. 2022 ). We follow the methodology
utlined in Sunayama et al. ( 2024 ) to measure the cluster lensing
ignal, with two main differences. First, we select source galaxies
ith a redshift abo v e z l, max + 0 . 2, where z l, max is the maximum

edshift of the lenses (i.e. the clusters). We only consider clusters in
he redshift range 0 . 3 < z < 0 . 7 as we do not have a large enough
ample of clusters or sources to make this measurement at higher
edshifts. Within this range, there are 24 miscentred clusters and 72
ell-centred clusters. Secondly, we do not include boost and random

orrections to the lensing signal. The former corrects for a dilution of
he lensing signal due to source galaxies that are physically associated
ith the lens cluster, and the latter accounts for possible residual

ystematics in the shape measurement due to imperfect corrections
f optical distortion across the field of view of the camera. Given the
mall sample size of our clusters, the measurement of the corrections
s v ery noisy. Moreo v er, this paper focuses only on a comparison of
ensing signals to identify potential suppression in the signal due to
NRAS 536, 572–591 (2025) 
iscentring. Since there is no reason to expect that the corrections
ill be different for the populations of clusters that we compare

e.g. well-centred versus miscentred), and we are not presenting the
easurement of an absolute value of the signal, the corrections are

nnecessary for the purposes of this work. For the same reason, we
nly use the shape-noise covariance matrix, which does not have any
ovariances between different angular bins. 

In Fig. 13 , we compare the lensing signals for the well-centred
nd miscentred clusters (as identified in Section 3.2 ) in the redshift
ange 0 . 3 < z < 0 . 7, using the CAMIRA central galaxy as the
luster centre. ��( R) is the cluster’s lensing signal as a function
f radius, and �� ×( R) is the lensing signal in the 45-degree rotated
omponent. The error bars represent the intrinsic shape noise. For
he range of scales that we are interested in, and given the small
ample size of our clusters, the shape noise is the dominant source
f errors. A non-zero �� × would suggest that there are systematic
ffects in the lensing signal that must be corrected, but for both the
ell-centred and miscentred clusters, our measurement of �� × is

onsistent with zero. The lensing signals of the two samples, shown in
he left panel of Fig. 13 , are consistent on large scales ( > 2 h 

−1 Mpc).
o we ver, the miscentred clusters show a suppressed signal below
1 h 

−1 Mpc relative to the well-centred sample. This is what we
ould expect if the centroids of those clusters are systematically
rong; i.e. if the clusters are indeed miscentred. In fact, the difference

n ��( R) between the well-centred and miscentred samples is
tatistically significant – performing a χ2 test, we find χ2 = 36 . 6
ith 10 degrees of freedom, giving a p -value of 6 . 6 × 10 −6 . While
ne could, in principle, explore ho w this p -v alue v aries as a function
f the well-centred cutoff (which we defined in Section 3.2 ), our
esults confirm that our selection of the two cluster populations is at
east approximately accurate. 

We further estimate the impact of miscentring on the lensing signal
y comparing the measured lensing signal for both well-centred and



Optical cluster miscentring from SZ signals 583 

Figure 14. The measured lensing signal R ��( 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, ��( R) is 
consistent regardless of whether the SZ or BCG centre was used in the measurement. For the miscentred population, ��( R) is significantly suppressed at small 
scales when using the BCG centre instead of the SZ centre. ��( R) at the lowest radius is not shown for the miscentred clusters because it is ne gativ e with a 
large error bar. The difference in ��( 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. 
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iscentred clusters using the CAMIRA central galaxy as the cluster 
entre, relative to using the ACT SZ centre. These results are shown
n 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
opulation, whether we use BCG or SZ centres to measure ��( R),
e get relatively consistent results. For the SZ centres, ho we ver, we

ee some suppression relative to the BCG centre measurements at the 
mallest scales measured. Although this suppression is statistically 
nsignificant (we find χ2 = 0 . 98 with 10 degrees of freedom,
i ving a p -v alue of 0.999843), we belie ve it could stem from the
0.15 Mpc positional uncertainty on the SZ centre, as discussed in 
ection 3.1 . 
For the miscentred population, we see that the BCG and SZ centre

ensing signals are inconsistent with each other. The lensing signals 
easured using the BCG centre are suppressed at small scales relative 

o those measured with the SZ centres. The difference in ��( R)
etween the two signals is statistically significant – we find χ2 = 

0 . 18 with 10 degrees of freedom, giving a p -value of 0.027595. This
uggests the SZ centres are more likely to represent the true cluster
entre than the BCG centres are. This verifies our intuition that, 
or miscentred clusters, one or more mechanisms cause CAMIRA 

o place the centre far away from the true BCG, or clusters in the
rocess of merging have BCGs far from the merged cluster centre; 
n either case, the signal is suppressed. This makes the SZ centre
i.e. the bottom of the gas potential well) more reliable for making
ensing measurements. 

 DISCUSSION  A N D  C O N C L U S I O N S  

tilizing the CAMIRA and ACT cluster catalogues – based on deep 
ptical imaging and the SZ effect in CMB maps, respectively –
e constructed a new cross-matched sample of 186 clusters that is
arger and deeper than those in many previous miscentring studies. 
fter modelling the distribution of centring offsets in this fiducial 

ample, we found a miscentred fraction of ∼ 25 per cent, a value
enerally consistent with previous studies. We examined the image 
f each miscentred cluster in our fiducial sample and identified 
ne of several reasons to explain the miscentring. While some of
he miscentred clusters are undergoing mergers, a number of them 

re miscentred due to non-astrophysical effects: a large fraction of 
he miscentred clusters can be ascribed to limitations of the HSC
ata and/or the CAMIRA algorithm, including bright star masks, 
bservational artefacts, and deblending issues. We also found a few 

lusters that are miscentred due to a false match between HSC and
CT clusters or due to an ACT signal that does not correspond to a

eal cluster. 
In order to further verify our classification of well-centred and 
iscentred clusters, we computed their weak lensing signals. Com- 

ared to well-centred clusters, the miscentred clusters’ lensing signal 
s significantly suppressed, especially at small radii. Ho we ver, when
e computed the miscentred lensing signal with their SZ centres 

nstead of their BCG centres, there was a much clearer signal at
mall radii. Both of these trends verify our intuition that the BCG
entres of miscentred clusters are significantly offset from their true 
ravitational centres. 
We created a cleaned sample of 164 clusters that omits all clusters

ith clear, non-astrophysical causes of miscentring. The threshold 
eyond which we define a cluster to be miscentred grows from 330 to
70 kpc, and the inferred miscentred fraction is considerably smaller, 

10 per cent. All but one of the clusters for which we were unable
o identify a cause for miscentring (Section 4.3.4 ) fall below the
e w threshold, af firming the ability of our cleaned of fset model
o accurately separate clusters into well-centred and miscentred 
opulations. 
MNRAS 536, 572–591 (2025) 
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Additional work is needed to further investigate how both as-
rophysical processes and systematic effects in cluster-finding algo-
ithms may contribute to miscentring. Bright, radio-emitting galaxies
re not e xclusiv ely BCGs (Lin & Mohr 2007 ), so it is plausible that
adio sources can cause SZ centres to be less accurate. Indeed, such
ompact sources are known to contaminate ACT cluster data (Dicker
t al. 2021 ), but whether compact sources can induce significant
iscentring of the SZ signal needs further investigation. Meanwhile,

rom a numerical perspective, one could use cluster hydrodynamical
imulations (e.g. Gupta et al. 2017 ; Yan et al. 2020 ; Seppi et al.
023 ) that compute both a cluster’s optical and gas signals. Such an
nalysis would allow us to study miscentring without observational
ffects: for example, one could investigate the fraction of merging
lusters that have well-defined centres with a fully-formed central
alaxy at the bottom of the cluster potential well. 

We suggest that future iterations of optical cluster-finding algo-
ithms explicitly account for non-astrophysical causes of miscen-
ring. F or e xample, one could assign a ‘miscentring probability’ to a
luster based on its proximity to a bright star or observational artefact.
ne could also develop cluster-finding algorithms that examine
ptical, X-ray, and/or SZ data simultaneously; such algorithms
ay reduce the number of false matches between different data

ets. Such impro v ements to optical cluster-finding algorithms may
educe the number of clusters with incorrectly identified optical
entres. 

By constraining the fraction of clusters that are miscentred due
o mergers, one can better understand the history of BCG and
luster formation. Furthermore, one can more precisely correct for
iscentring-related biases in cluster lensing analyses for cosmology

McClintock et al. 2019 ; Zhang et al. 2019 ). Another implication of
ur study is that miscentring is an inevitable systematic in cluster
ensing studies – due to ongoing mergers, a non-trivial fraction
f clusters will lack any well-defined centre. This factor may help
oti v ate cosmological studies that fall outside of conventional cluster

osmology; e.g. studies that derive cosmological parameters from the
roperties of the most massive galaxies (Xhakaj et al. 2024 ). 
It is worth noting a few miscentring studies which find different
iscentred fractions from ours. For example, Willis et al. ( 2021 ) find
 larger miscentred fraction of ∼ 55 per cent; this may be due to the
act that their model finds σ1 = 60 kpc, which is considerably smaller
han our adopted σ1 = 150 kpc. Meanwhile, Kelly et al. ( 2024 ) find
 smaller miscentred fraction of ∼ 10 − 20 per cent. Furthermore,
eppi et al. ( 2023 ) uses a different classification system altogether,
ategorizing clusters as dynamically relaxed or disturbed instead
f well-centred or miscentred, respectiv ely; the y find a disturbed
raction of 69 per cent. Therefore, it is worthwhile to perform
dditional miscentring studies in order to place stronger constraints
n f cen . Although previous studies have used a two-component
odel, future studies could explore more complex models; in reality,

he division of well-centred and miscentred populations may not be
leanly bimodal. 

With future data releases from HSC and ACT, even larger cross-
atched samples can be built to study miscentring. Outside of these

wo surv e ys, one might also use upcoming data from the Vera C.
ubin Observatory (Ivezi ́c et al. 2019 ), which will be deeper and
o v er a much larger footprint on the sky; and eROSITA (Liu et al.
022 ), which is mapping the entire sky in X-rays. 
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PPEN D IX  B:  PROPERTIES  O F  M E R G I N G  

ERSU S  N O N - M E R G I N G  CLUSTERS  

ig. B1 compares the distributions of λ and M s between merging and 
on-merging clusters within the fiducial cross-match. Similar to the 
ell-centred versus miscentred comparison in Fig. 5 , the merging 

nd non-merging distributions for both properties are inconsistent 
ith being drawn from the same underlying distribution. Fig. B1 
igure B1. The normalized distributions of richness and stellar mass for both me
he corresponding K–S test p -values. In this plot, merging and non-merging cluster
 -values for both λ and M s are statistically significant, indicating that merging cl
lusters. 
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or all HSC clusters, rather than just the sample in the fiducial cross-
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rging and non-merging clusters within the fiducial cross-match, along with 
s are categorized based on the merger catalogue of Okabe et al. ( 2019 ). The 
usters tend to have higher richnesses and stellar masses than non-merging 
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