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Abstract

The galaxy cluster XLSSC 122 is a rare system at z = 1.98, hosting surprisingly evolved member galaxies when
the Universe was only one-third of its present age. Leveraging deep JWST/NIRCam imaging, we perform a
weak-lensing analysis and reconstruct the cluster’s mass distribution, finding a mass peak that coincides with both
the X-ray peak and the position of the brightest cluster galaxy. Consistent with recent strong-lensing analyses, we
obtain a mass estimate of 1.60 ± 0.30 (stat.) ± 0.26 (LSS) × 1014M⊙ and an implied concentration of
c200c = 6.3 ± 0.4, where the uncertainty represents the propagation of the mass error through the adopted
concentration–mass relation and excludes intrinsic scatter. Placing our weak-lensing mass map in the context of
Chandra X-ray data, MeerKAT radio imaging, Atacama Large Millimeter/submillimeter Array + Atacama
Compact Array/Atacama Cosmology Telescope Sunyaev–Zel’dovich (SZ) mapping, and new JWST intracluster
light measurements, we identify consistent NE–SW elongation across datasets and a pronounced offset along the
same axis between the SZ and mass/X-ray peaks, pointing to significant merger activity. XLSSC 122 thus serves
as a JWST pilot study for high-z lensing, demonstrating the telescope’s unique ability to map cluster mass
distributions at z ∼ 2. The concordance of the multiwavelength analysis here, together with the high concentration
relative to ΛCDM expectations, motivates a uniform sample of analogous systems with joint lensing, X-ray, SZ,
and radio data to probe cluster assembly at cosmic noon.

Unified Astronomy Thesaurus concepts: High-redshift galaxy clusters (2007); Dark matter (353); Intracluster
medium (858); James Webb Space Telescope (2291); Weak gravitational lensing (1797)

1. Introduction

Galaxy clusters are the most massive gravitationally bound
objects in the Universe, representing the later stages of
evolution in the hierarchical model of structure formation. The
subject of this study, XLSSU J021744.1-034536 (hereafter
XLSSC 122), is a galaxy cluster discovered in the 25 deg2

XXL X-ray survey (M. Pierre et al. 2004) at z = 1.98
(J. P. Willis et al. 2020), corresponding to a lookback time of
10.5 billion years. At this early epoch, its dynamical state and
halo concentration offer powerful diagnostics for our under-
standing of the cluster’s assembly history. Crucially, for
massive halos at z ∼ 2, different halo concentration–mass
(c–M) relations describing c(M, z) diverge significantly. This
divergence has been explored in the literature and may be
attributed to systematic or numerical effects (e.g., H. L. Child
et al. 2018; B. Diemer & M. Joyce 2019). Once such effects
are controlled for, high-redshift clusters such as XLSSC 122
can provide stringent, empirical tests of early cluster assembly
and halo structure, either corroborating ΛCDM predictions or
highlighting tensions if robust discrepancies arise.

A critical step in assessing both a cluster’s dynamical state
and halo concentration is reconstructing its mass, of which

approximately 85% is dark matter. Gravitational lensing, or the
deflection of light by a gravitational potential, provides a
powerful observational probe for detecting and characterizing
dark matter. When a ray of light passes through a massive
gravitational potential, its trajectory is altered to an extent set
by the gradient of the potential. The resulting distortions of
background-galaxy images can then be used to reconstruct the
projected mass of a lensing cluster. In the central regions of a
cluster, where the surface mass density is high, significant light
deflection occurs, and strong lensing (SL) distorts background-
galaxy images into multiple images and extended arcs. At
lower surface mass densities, weak lensing (WL) manifests as
small, coherent distortions across large ensembles of back-
ground galaxies. Since gravitational lensing is insensitive to a
cluster’s hydrodynamical state, it is especially valuable for
studying dynamically unrelaxed clusters, which many at high
redshifts tend to be. However, because the WL signal-to-noise
ratio (S/N) depends on the effective background-galaxy
density and their lensing efficiency, measuring WL in high-z
clusters has been challenging, with marginal detections and
difficulty constraining morphology (M. Lombardi et al. 2005;
M. J. Jee et al. 2009; W. Mo et al. 2016; M. J. Jee et al. 2017;
T. Schrabback et al. 2018; K. Finner et al. 2020).
JWST’s unprecedented depth and resolution now mitigate

these limitations, as exemplified by XLSSC 122. Building on
the work of J. Kim et al. (2025), who performed a WL analysis
of this cluster with Hubble Space Telescope (HST) data, our
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deep JWST/NIRCam imaging increases the background-
galaxy density by a factor of ∼4 under similar selections.
JWST imaging also reveals previously undetected SL arcs
(K. Finner et al. 2025), tightening constraints on the cluster’s
inner mass profile and concentration. To test these SL
inferences and avoid extrapolation beyond the SL regime,
we perform a complementary WL mass reconstruction that
independently constrains the concentration and large-scale
mass profile, leveraging the denser background-galaxy
population.

Gravitational lensing is a powerful tool for probing a
cluster’s total mass distribution, but multiwavelength data are
essential for characterizing its dynamical state. J. van
Marrewijk et al. (2024) provide a recent thermal Sunyaev–
Zel’dovich (SZ) and X-ray–based overview of XLSSC 122,
including an assessment of its dynamical configuration and
possible merger state. Here, we extend this picture by
incorporating WL, radio, intracluster light (ICL), and cluster-
member analyses to complement the existing datasets.
Together, these observations map the dark matter, hot gas,
and stellar components, yielding a comprehensive, multi-
wavelength view of the assembly and evolution of this rare,
high-z cluster.

In Section 2, we describe the observations and data
reduction process. Section 3 details the WL analysis
techniques used in this work. In Section 4, we present the
results of this study, with Sections 5 and 6 reserved for the
discussion and conclusion, respectively. We assume a flat
ΛCDM cosmology with H0 = 70 km s−1 Mpc−1, Ωm = 0.3,
and ΩΛ = 0.7. At the cluster redshift of z = 1.98, the plate
scale is 8.38 kpc arcsec 1 . Masses are reported as M200c,
which is the mass within a radius R200c where the average
density is 200 times the critical density of the Universe at the
redshift of the cluster. Unless otherwise stated, all R.A. and
decl. values in this work are referenced in the ICRS coordinate
system.

2. Observations and Data Reduction

2.1. JWST Imaging

XLSSC 122 was observed using JWST/NIRCam on 2024
August 14 as part of Program GO 3950 (PI: K. Finner) using
four filters: F090W, F200W, F277W, and F356W. The
effective exposure times for the mosaics are approximately
4209 s for F200W and F356W, and 7559 s for F090W and
F277W. The cluster lies within module A of the NIRCam
detector, with a footprint of 5.73 arcmin2 in the F200W filter.
This filter was selected for our WL analysis based on the study
of IR systematics in K. Finner et al. (2023b) and on the first
WL analysis with JWST (K. Finner et al. 2023a). First, it
offers the best ratio of point-spread function (PSF) FWHM
(0 .066) to native pixel scale (0 .031); second, as the reddest of
the short-wavelength filters, it is the most sensitive to high-z
background galaxies (B. Lee et al. 2018). Filters redder than
F200W (e.g., F277W or F356W) are observed with the long-
wavelength channel of NIRCam, which has a lower spatial
resolution and therefore reduces the effective source density
for WL shape measurements.

The imaging data were reduced using the young-
jwstpipe pipeline (Z. P. Scofield 2025a), which augments
the default JWST Data Calibration Pipeline (H. Bushouse
et al. 2025) with additional calibration steps important for

robust lensing analyses. For a more detailed description of the
data reduction pipeline, see Z. P. Scofield et al. (2025). The
JWST mosaic images are archived and publicly available on
Zenodo.7 Additional visualizations and documentation are
provided on the project page.8

2.2. Cluster-member Selection

We adopt the cluster-member catalog of H. Joo et al. (in
preparation), which combines both spectroscopic and photo-
metric selections and is shown in Figure 1. Spectroscopic
member galaxies identified in J. P. Willis et al. (2020), along
with additional members determined using HST grism data,
are circled in green. The brightest cluster galaxy (BCG) is
marked with a yellow square. Additional cluster-member
candidates are selected based on photometric redshift (photo-z)
estimates and highlighted in magenta. This photometric
selection was performed by combining the four JWST/
NIRCam bands with HST imaging in F814W, F105W, and
F140W to derive photo-zs using EAzY-py (G. B. Brammer
et al. 2008). We required the entire 1σ photo-z interval to lie
within ±25% of the cluster redshift z = 1.98. This relatively
broad range is necessitated by the limited photometric
coverage, which inflates photo-z uncertainties. Broader multi-
band coverage would reduce these uncertainties and improve
the reliability of our member and background-galaxy selection,
as discussed in Section 5.1.

2.3. Multiwavelength Observations

Multiwavelength observations probe different physical
components of the cluster environment. X-ray emission traces
the thermodynamic structure of the hot intracluster medium,
SZ observations measure its integrated thermal pressure and
can indicate merging activity, and radio observations reveal
diffuse synchrotron emission from relativistic particles in
intracluster magnetic fields that often trace turbulence and
shocks from merger activity or active galactic nuclei (AGN).
Together with accurate mass reconstructions from SL and WL,
these observations enable a detailed investigation of the
dynamical state of XLSSC 122.
The X-ray data used in this work were obtained with

Chandra (0.5–7 keV) and previously presented by A. B. Mantz
et al. (2018). The radio emission map is taken from the
MeerKAT International GHz Tiered Extragalactic Exploration
survey (MIGHTEE; M. Jarvis et al. 2016; C. L. Hale et al.
2025), which performed 1.28 GHz L-band observations on the
XMM-LSS field. We use the Atacama Large Millimeter/
submillimeter Array (ALMA) + Atacama Compact Array
(ACA) SZ Compton-y map produced by a joint ALMA/ACA–
Atacama Cosmology Telescope (ACT) DR6 analysis (J. van
Marrewijk et al. 2024), which fits the signal simultaneously to
ALMA+ACA Band-3 visibilities (∼90–105 GHz) and ACT
DR6 (100/150) GHz maps (W. Coulton et al. 2024). This
yields a scale-coupled SZ reconstruction that leverages the
complementary spatial-frequency coverage of the interfero-
metric (ALMA/ACA) and wide-field (ACT) data.

7 DOI:10.25574/cdc.525
8 https://kylefinner.github.io/xlssc122
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3. WL Analysis

In WL analyses, dense samples of background-galaxy
shapes are used to reconstruct the two-dimensional conv-
ergence, κ (the dimensionless surface mass density), of the
lens; here, the galaxy cluster XLSSC 122. The convergence κ
produces isotropic focusing of background-galaxy images,
whereas the lensing shear γ quantifies anisotropic distortion.
Coherent shape distortions induced by the foreground potential
are described by the reduced shear:

g g ig
1

. 11 2 ( )
( )= + =

In the WL regime (κ ≪ 1), the measured galaxy ellipticity e
provides an approximately unbiased estimator of g after
averaging over intrinsic shape noise. The convergence map (or

mass map) is then obtained by inverting the shear field with
appropriate filtering and regularization (see Section 4.1).
For brevity, we refer the reader to Z. P. Scofield et al. (2025)

for a concise overview of the lensing formalism applied
in our work, and to M. Bartelmann & P. Schneider (2001),
P. Schneider et al. (2006) for comprehensive descriptions of
gravitational lensing.

3.1. Background Source Selection

Ideally, the WL source catalog should only include galaxies
behind the cluster, as foreground or cluster-member galaxies
are not lensed by the cluster potential and thus dilute the WL
signal. However, if we base our source selection on photo-z
estimates, there is a significant foreground contamination risk
from the large photo-z uncertainty discussed in Section 2.2.
Such selections are also susceptible to catastrophic redshift
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Figure 1. Color composite image of JWST/NIRCam module A for the XLSSC 122 field. Spectroscopically selected cluster members (green) and photometrically
selected members (magenta) are indicated, and the BCG is marked with a yellow square.
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outliers that, if present, can bias WL mass estimates (T. Schra-
bback et al. 2021). Therefore, we adopt a simple color
(mF090W,ISO – mF200W,ISO) versus magnitude (mF200W,AUTO)
relation to select background sources. The color–magnitude
diagram (CMD) is provided in the top panel of Figure 2. All
detected sources are shown in gray, spectroscopically confirmed
members of the cluster are marked in orange, quiescent
members identified by E. Noordeh et al. (2021) are shown
with red squares, and galaxies selected as background sources
are plotted in blue. To suppress contamination from cluster
members and foregrounds, we select background candidates
with −5 < color < 1 and 25 < mF200W,AUTO < 29.1. The bright-
end magnitude limit corresponds to the faintest of the spec-z
members, aside from a single outlier at mF200W,AUTO ≈ 25.3.
The faint magnitude limit is set by the F200W 5σ depth
(K. Finner et al. 2025). The lower color bound removes a small
number of artifacts with unphysical colors, while the upper color
bound ensures that all selected galaxies remain bluer than the
quiescent member population, thereby reducing contamination
from cluster members.

To assess residual contamination, we compare the F200W
magnitude-binned number density (per mF200W per arcmin2) in the
XLSSC 122 field with that in the JWST Advanced Deep
Extragalactic Survey GOODS–South (JADES–GS) field (E. Merlin
et al. 2024) in the bottom panel of Figure 2. Given that the JADES–
GS field lacks a massive cluster, it is used as a control field
to establish a baseline expectation for background-galaxy counts.
JADES–GS was chosen as it provides F090W and F200W
imaging with a 5σ limiting magnitude comparable to our data
(m5σ ≳ 29.1). To ensure a uniform comparison, we mask JADES–

GS subregions that do not reach this depth and measure the counts
using the same selection and binning as for the XLSSC 122 field.
We find that our source magnitude density shows no excess with
respect to the control field at the bright end, suggesting that cluster-
member contamination is minimal. This control field is also used to
derive an effective source redshift (zeff = 2.384) based on our
source-selection criteria, along with the corresponding lensing
efficiency (〈β〉 = 0.095) and its width (〈β2〉 = 0.024). The latter
accounts for the finite width of the source redshift distribution when
computing lensing quantities under the single source-plane
approximation (M. J. Jee et al. 2017).
Finally, to ensure that we are not losing potential lensing

constraints, we performed an additional WL analysis using
only sources fainter than our chosen magnitude limit
(mF200W,AUTO > 29.1). We found that 2064 of these 2789
sources (∼74%) fail the shape measurement stage, and those
remaining do not produce any measurable cluster lensing
signal.
Our final background-source catalog, after imposing shape

criteria and removing spurious sources manually (see
Section 3.3), contains a total of 4944 galaxies with 2463
in the cluster-centered module A, corresponding to a total
source density of 431 arcmin 2 and module A density of

433 arcmin 2. This source density is ∼4× higher than seen
in the HST imaging of XLSSC 122 using similar selection
criteria (J. Kim et al. 2025), highlighting the power of JWST
for high-z cluster lensing studies. We note that our background
source-selection strategy may result in foreground contamina-
tion, which is discussed further in Section 5.1.

3.2. PSF Modeling

Given that the magnitude of WL distortions is extremely
small, it is important to account for both telescope-induced
distortions and bias in galaxy shape measurements. The first
of these is captured by the PSF of the telescope, which must
be modeled and accounted for to ensure an accurate WL
measurement.
In this work, we model the PSF using an empirical principal

component analysis (PCA). PCA derives a set of orthogonal
basis functions from the observed stars in the field (M. J. Jee
et al. 2007), which are then used to reconstruct the PSF at any
position. In JWST imaging, it has been shown that given an
adequate number and distribution of stars in the field, the PSF
can be accurately modeled directly from the final mosaic
image (K. Finner et al. 2023a; S. Cha et al. 2024, 2025;
Z. P. Scofield et al. 2025). The XLSSC 122 F200W mosaic has
42 high-quality, well-distributed stars, which is far fewer than
in typical ground-based, wide-field data. However, because the
PSF shows little spatial variation across the field, a PCA model
with a low-order polynomial interpolation is sufficient. S. Cha
et al. (2024) and Z. P. Scofield et al. (2025) compare the PCA
approach with the simulation-based STPSF modeling frame-
work (M. D. Perrin et al. 2014), which generates PSFs from
optical path difference maps measured onboard JWST. We
revisit the comparison between these techniques in
Appendix A to validate these approaches for a new observa-
tion and contribute to the growing body of analyses
benchmarking JWST PSF modeling strategies.
We gauge the performance of the PSF model by computing

the residual complex ellipticity component (e1 and e2) and size
measurements between stars reconstructed with the model and
the corresponding observed stars. The complex ellipticity
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components:

e
a b

a b
e

a b

a b
cos 2 , sin 2 , 21 2( ) ( ) ( )=

+
=

+

along with the size measurement R, are measured using
quadrupole moments (see M. J. Jee et al. 2007; R. Mandelb-
aum et al. 2014). In Equation (2), a, b, and f are the
semimajor, semiminor, and position angle of the ellipse,
respectively, and (a − b)/(a + b) is the scalar ellipticity e. The
empirical PSF model yields mean residual ellipticities 〈e1〉 =
( − 1.0 ± 6.7) × 10−4 and 〈e2〉 = (0.4 ± 7.4) × 10−4, and a
mean residual size 〈R〉 = (0.06 ± 2.88) × 10−3 (uncertainties
are standard errors on the mean). For JWST imaging in
F200W, the typical PSF ellipticity amplitude is |e| ∼ 10−2.
Here, the mean residuals are consistent with zero, and any
residual PSF anisotropy is suppressed to the ≲ 10−4 level—
well below that which would significantly impact our WL
measurements.

3.3. Shape Measurement

We measure the shapes of selected background galaxies
using a forward-modeling technique in which a two-dimen-
sional Gaussian profile is fit to the observed surface brightness
distribution using the MPFIT (C. B. Markwardt 2009) mini-
mization algorithm. The semimajor and semiminor axes,
position angle, and amplitude are free parameters initialized
with the values from SExtractor (E. Bertin & S. Arno-
uts 1996), while the background value and centroid for each
source are fixed to their SExtractor values. Noise is
accounted for using an rms error map computed from the
weight map produced by the data reduction pipeline. We
require that valid sources have an ellipticity of e < 0.85,
ellipticity uncertainty δe < 0.3, and STATUS9 = 1. Sources
with an ellipticity of e ≳ 0.85 are usually spurious detections,
while large ellipticity uncertainties indicate unreliable mea-
surements. When performing shape measurements, we cut out
galaxy stamps from the mosaic image based on the
SExtractor major axis length. We require each source
cutout side length (semimajor axis A_IMAGE×4 + 25) to be
less than 100 pixels, as larger sources are typically in the
foreground. After shape fitting, we perform a final visual
inspection of selected sources to remove any remaining
spurious sources, such as the diffraction spikes of bright stars
or segmented portions of large galaxies that are likely in the
foreground.

The elliptical Gaussian fitting technique is subject to bias, as
mentioned in K. Finner et al. (2023a). We calibrate e1 and e2
using the SFIT technique, which was the best performing
method in the GREAT3 challenge (R. Mandelbaum et al. 2014)
and is described in M. J. Jee et al. (2013) and K. HyeongHan
et al. (2026, in preparation). We simulate galaxy images
matched to the XLSSC 122 observing conditions and source
population characteristics, measure their ellipticities, and derive
component-wise multiplicative biases m1 and m2. We find
m1 = − 0.24 and m2 = −0.22, and correct the shear estimators
via g g m1i

corr
i
meas

i( )/= + ; i.e., multiply the measured ellip-
ticity components e1 and e2 by f 1 0.76 1.32e1

( )/= and
f 1 0.78 1.28e2

( )/= , respectively.

The larger correction factors compared to K. Finner et al.
(2023a) likely stem from differences in both the background-
galaxy density and the source-selection strategy, with the
SMACSJ0723.3–7327 analysis utilizing a photo-z-selected
catalog with a background source density of 215 arcmin 2.
A higher source density increases blending and crowding
effects, which amplify multiplicative bias and necessitate a
stronger correction. The CMD source-selection strategy used
in this work also retains low-S/N galaxies with stronger noise
bias (A. Refregier et al. 2012) that would typically lack
reliable photo-zs and therefore be removed by a photo-z
selection. Together, these effects naturally lead to larger bias
corrections in our calibration.

4. Results

4.1. Mass Reconstruction

We performed the WL mass reconstruction using the free-
form MAximum-entropy ReconStruction (MARS) lens-model-
ing algorithm (S. Cha & M. J. Jee 2022, 2023; S. Cha et al.
2024), which optimizes the convergence on a 100 × 100 grid
by minimizing a reduced-shear χ2 objective function regular-
ized with a maximum-entropy (ME) prior:

f w rR . 3WL
2

ME ( )= +

Here, WL
2 represents the χ2 term for the WL shear, RME is the

ME regularization favoring the minimally assumptive conv-
ergence map consistent with the data, and the weights w and r
determine relative importance. The weights are fixed a priori
and chosen empirically to ensure stable convergence of the
minimization. To assess robustness, we generate 1000 boot-
strap resamples of the WL shape catalog and perform the
MARS minimization with each. The resulting S/N map is
shown in the left panel of Figure 3, with contours starting at
the 1σ level and increasing in 1σ steps. The mass map is
smoothed using a Gaussian kernel with σ ≈ 3″, reaching a
peak contour at 5σ. The unsmoothed S/N map has a peak
at ∼7.8σ.
As a cross-check, we generated a mass map using

FIATMAP (D. Wittman et al. 2006, 2023; R. Stancioli et al.
2024), which implements a classical shear–convergence
inversion. The resulting morphology and peak location are
consistent with the MARS reconstruction.

4.2. Mass Estimation

Estimating XLSSC 122’s mass with a spherical Navarro–
Frenk–White (NFW; J. F. Navarro et al. 1997) profile fit to the
WL shear signal is nontrivial. At z ≃ 2, the cluster is compact
in the JWST field, and the mass contours show a NE–SW
elongation consistent with multiwavelength probes (see
Figure 4), indicating the system is likely unrelaxed. In such
cases, a multi-NFW profile fit could be warranted, but since
the inner substructure is unresolved, we adopt a single NFW
profile centered on the BCG. The right panel of Figure 3 shows
the binned tangential shear (blue points) and cross shear (black
crosses):

g g gcos 2 sin 2 , 4t 1 2 ( )=

g g gsin 2 cos 2 , 51 2 ( )=×

where f is the polar angle of each source relative to the cluster
center. The unbinned tangential shear is used in the NFW fit.

9 STATUS is an MPFIT parameter indicating the stability of the fit; values
other than unity typically correspond to unstable or failed fits.
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We adopt a log-uniform prior for M200c ∈ [1012, 1016]M⊙ and
a uniform prior for c200c ∈ [1, 30] when fitting the
concentration as a free parameter.

It is common practice to exclude background sources within
an inner radius during the mass fit to avoid cluster-member
contamination, halo centroid uncertainty, and nonlinearity
(J. Kim et al. 2025; M. W. Sommer et al. 2025). The last of
these effects is especially important, as WL measurements are
formally valid only in subcritical regions, where the reduced
shear satisfies g ≈ γ. Nonlinear lensing distortions near and
inside the SL regime cause this approximation to break down,
complicating the interpretation of galaxy shapes.

To avoid the nonlinear SL regime, we derive the effective
Einstein radius (θE) for our WL source population using the SL
lens model from K. Finner et al. (2025). This radius is defined
as that of a circle with an equal area to that enclosed by the
critical curve for a given source redshift, Ac(zs):

d

A z1
, 6E

s

L

c ( ) ( )=

where dL is the angular diameter distance to the lens plane
(M. Redlich et al. 2012; M. Meneghetti et al. 2017). For the
critical curve corresponding to our effective source redshift
(zeff = 2.384), we compute an effective Einstein radius of

2 .4E = and require that all WL sources lie outside this
radius. Moreover, to keep the WL inference independent of the
SL modeling, we ensure that all identified multiple images are
excluded from the WL source catalog.

Limited inner profile constraints, possible foreground
contamination, and the use of a single effective lensing
efficiency (rather than per-source redshifts) reduce our ability
to constrain M200c and c200c with uninformative priors. When
both parameters are fit simultaneously, the posterior favors an
implausibly high concentration (c200c ≳ 20) and a corre-
spondingly lower mass (M200c ∼ 7 × 1013M⊙), reflecting the

well-known c–M degeneracy in lensing-based cluster mass
modeling. This mass, estimated simultaneously with the
concentration, is well below the existing WL, SL, and SZ
inferences for this system (J. van Marrewijk et al. 2024;
K. Finner et al. 2025; J. Kim et al. 2025).
We therefore adopt a fiducial analysis in which we fit only

M200c and test five c–M prescriptions (A. R. Duffy et al. 2008;
F. Prada et al. 2012; A. A. Dutton & A. V. Macciò 2014;
A. Klypin et al. 2016; B. Diemer & M. Joyce 2019), as shown in
the right panel of Figure 3. We rank the c–M prescriptions by the
Bayesian evidence Z, computed with PyMultiNest (F. Feroz
et al. 2009; J. Buchner et al. 2014; J. Buchner 2016) via nested
sampling. The evidence is the prior-weighted likelihood,

LZ p D M d , 7( ) ( ) ( ) ( )=

where p(D|M) is the probability of the data D given the model
(c–M prescription) M, θ denotes the model parameters, L( ) is
the likelihood, and π(θ) is the prior distribution. The Bayes
factor between models Mi and Mj is defined as

K
p D M

p D M

Z

Z
, 8ij

i

j

i

j

( )
( )

( )=

following standard Bayesian model selection theory (e.g.,
H. Jeffreys 1961; R. E. Kass & A. E. Raftery 1995;
R. Trotta 2008). With equal model priors p(Mi) = p(Mj), the
Bayes factor equals the posterior odds:

K
p M D

p M D
. 9ij

i

j

( )
( )

( )=

Thus, the Bayes factor Kij quantifies how strongly the data
favor one c–M prescription over another.
It is often useful to express the Bayes factor in logarithmic form:
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Figure 3. XLSSC 122 WL results. Left: mass contours produced with MARS. The contours start at the 1σ level and increase in steps of 1σ. The peak convergence is
∼7.8σ, and the peak convergence contour after smoothing with a Gaussian kernel (σ ≈ 3″) is at 5σ. The BCG is marked with a yellow cross, while the WL, radio, SZ,
and X-ray peak positions are denoted with a red square, green triangle, magenta diamond, and blue circle, respectively. The dotted box marks the region shown in
Figure 4. Right: binned tangential shear (blue dots) and cross shear (black crosses) are shown for visualization purposes. The curves and corresponding labels
correspond to NFW profiles fit to the unbinned data using five different c–M relations, with our best-fit model using the F. Prada et al. (2012) prescription.
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K Zexp ln . 11ij ij( ) ( )=

According to the Kass–Raftery scale (R. E. Kass &
A. E. Raftery 1995), Z Kln 1 3 3 20– ( – ) is “posi-
tive,” Z Kln 3 5 20 150– ( – ) is “strong,” and

Z Kln 5 150( ) is “very strong” evidence for
model Mi over Mj. The right panel of Figure 3 lists Zln
and the corresponding Bayes factor K for the F. Prada et al.
(2012) prescription (Mi) and alternative prescriptions (Mj).
Alternatives are disfavored by Zln 2.8 7.7– , with corresp-
onding Bayes factors K ≈ 16–2273, indicating positive (near-
strong) to very strong support for F. Prada et al. (2012) over the

other models. Adopting this relation, we infer a mass of
M200c = 1.6 ± 0.3 × 1014M⊙ and an implied concentration of
c = 6.3 ± 0.3. These values agree with the independent SL
constraints of K. Finner et al. (2025) at the 1σ level and are
discussed further in Section 5.2.

4.3. Multiwavelength Context

Figure 4 places the WL mass reconstruction in the context
of multiwavelength probes of XLSSC 122. In order, each
column (labeled 1–6) shows the WL S/N, X-ray, SZ, radio,
BCG+ICL, and cluster-member number density map. Each

WL
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Figure 4. Multiwavelength view of XLSSC 122 within the region marked by the dotted box in Figure 3. Each column displays the following datasets from left to
right: WL mass map, Chandra X-ray, MeerKAT radio, ACA+ALMA SZ, BCG+ICL, cluster-member number density. Each row shows the corresponding contours
for these datasets in the same order from top to bottom.
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row, labeled A–F from top to bottom, shows the corresponding
contours in the same order as the columns. This format allows
for direct comparisons between pairs of datasets, revealing the
relative alignment and spatial offsets among the various tracers
of the cluster.
Morphological Consistency between Datasets. We find that

the BCG, WL peak, X-ray peak, and radio peaks are all highly
consistent, as illustrated in the left panel of Figure 3. Their
separation is smaller than the radio beam FWHM (8 .9), the
rebinned Chandra map pixel scale ( 3 .94 pixel 1), and at
most comparable to the WL grid resolution ( 1 .7 pixel 1). In
addition, we observe a consistent NE–SW elongation and
position angle among these datasets, which is also apparent in
the BCG+ICL (column 5) and cluster-member number density
(column 6) maps in Figure 4.
WL–SZ Peak Offset. In contrast, the SZ distribution shows a

∼12″–14″ (∼100–117 kpc) offset from the WL mass peak (see
Figure 3 and panels A3 and C1 of Figure 4), with this range
defined by the coarser WL mass map. J. Kim et al. (2025)
report a ∼7″ offset between their WL mass peak and SZ
peak, with this separation being within their 1σ WL mass
centroid uncertainty. Using the SZ synthesized beam
(BMAJ × BMIN = 3 .36 2 .21× ; circularized to 2 .7), our
offset is ∼4.4 times the SZ beam FWHM. Even after applying
the 5″ taper from J. van Marrewijk et al. (2024), the offset
remains ∼2.4× larger than the effective beam size. These
factors argue against a stochastic or processing-related origin;
instead, the offset likely reflects cluster dynamics that displace
the thermal-pressure (SZ) peak from the mass (WL) peak. This
is discussed further in Section 5.4.
Diffuse Radio Emission. The radio emission (column 4) at

XLSSC 122’s position is a 2.5σ peak excess in the MIGHTEE
8.9 resolution radio data. Since this emission is not detected as
a point source at higher resolution (5.5), we propose that it
may be diffuse emission, such as a radio halo, originating from
the cluster. The detection of a radio halo at z ≈ 2 would have
significant implications for the evolution timescale of magnetic
fields in galaxy clusters. However, the low S/N, low
resolution, and lack of spectral index hinder our ability to
identify the nature of this low-significance feature.
ICL–Mass Alignment. In H. Joo et al. (2026, in preparation),

we compare the spatial distribution of the BCG+ICL
measured in the F356W image (Figure 4, column 5) with the
SL mass map (K. Finner et al. 2025). The two distributions
show a high degree of similarity in the central region but
diverge at projected radii of ∼100 kpc. We quantify the spatial
similarity between the ICL and SL mass distributions using
pyWOC (J. Yoo et al. 2022), where values range from 0 (fully
dissimilar) to 1 (identical). The similarity is highest near the
center (∼0.8) and declines to ∼0.68 at a radius of ∼100 kpc.
When compared with the WL mass distribution derived in this
work (panels A5 and E1), the similarity improves to ∼0.75 at
the same radius. The modified Hausdorff distance (M.-
P. Dubuisson & A. K. Jain 1994), which measures the typical
boundary-to-boundary separation by averaging nearest-neigh-
bor distances between contours, yields a similar trend: the
boundary separation between the SL–ICL contours is ∼58 kpc,
whereas the WL–ICL comparison shows a reduced offset of
∼18 kpc. This improvement is likely due to WL more
accurately probing the outer regions of the cluster, resulting
in the reconstruction of an elongated mass structure coinciding
with the ICL extension.

5. Discussion

5.1. Source Selection and Foreground Contamination

Tighter WL constraints on the cluster mass and concentra-
tion will ultimately require improved selection of background
sources. Our CMD selection effectively limits member
contamination, but for a z ≃ 2 cluster, the risk of foreground
contamination is substantial. Using photo-z statistics from the
JADES–GS field as a reference, we estimate that our CMD cut
could admit ∼53% foreground galaxies. Such contamination
dilutes the WL signal and biases the effective lensing
efficiency low as a result of down-weighting according to
the inferred foreground fraction. Nevertheless, the ∼7.8σ WL
S/N peak may suggest that contamination is less severe in the
XLSSC 122 field than this control field estimate implies, likely
in part due to our strict shape-fitting criteria. Robust photo-zs
for WL sources would both suppress foreground contamina-
tion and enable per-source lensing weights, potentially
strengthening constraints on the mass and concentration.
Additionally, these redshifts would aid in identifying multi-
ple-image systems for SL analyses.
The four available NIRCam filters for XLSSC 122 are

insufficient for reliable photo-zs at the depths reached,
particularly for high-z objects. For future high-z (z ∼ 2) cluster
lensing analyses, we advocate broad JWST coverage from
∼0.9–4.4μm: a blue anchor (F090W or HST F606W/F814W)
to suppress dusty low-z interlopers and stabilize photo-zs;
dense sampling at 1.0–1.2 μm (F115W + F150W) to bracket
the 4000 Å and Balmer breaks for member identification; and
red-side leverage to map ICL and constrain SED curvature.

5.2. Mass and Concentration Constraints

The preference for the F. Prada et al. (2012) c–M
prescription in our WL mass fit is consistent with its prediction
of higher concentrations for massive halos at z ∼ 2; however,
this preference does not require that the prescription yield the
physically correct mass and concentration for XLSSC 122. In
principle, M200c and c200c would be fit jointly with weakly
informative priors, but, as discussed in Section 4.2, the CMD-
based source selection and limited radial leverage keep c200c
poorly constrained.
The inner WL exclusion radius used in Section 4.2 (2 .4) is

smaller than the distance between the BCG and the closest
neighboring WL source, and therefore, there are no sources
removed by the θE cut. θE increases as a function of the source
redshift (M. Meneghetti et al. 2017), and it is possible that the
effective source redshift estimated from the JADES–GS
control field is biased low. This possibility is consistent with
the fact that the zeff inferred using the Hubble Ultra Deep Field
(M. Rafelski et al. 2015) in J. Kim et al. (2025) matches the
value (zeff = 2.384) derived from the JADES–GS field, despite
the latter field being ∼0.8 mag deeper and the present analysis
adopting a fainter source-selection limit. One potential cause
of such a bias is photo-z uncertainty in the JADES–GS control
field, which was identified as an issue for low-S/N sources in
the field (E. Merlin et al. 2024). A second contribution could
be the 53% inferred foreground contamination discussed in
Section 5.1, which downweights the effective source redshift.
Both of these issues can lead to an underestimation of θE, and
consequently, the inclusion of sources from the nonlinear
regime.
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In case zeff is biased low, we repeated our analysis assuming
zeff = 3.8, corresponding to 8 .8E = and matching the critical
curve shown in K. Finner et al. (2025). This assumption is
intentionally conservative, enforcing a more aggressive
exclusion of the nonlinear SL regime from the mass
estimation. Using θE = 8.8 as a WL exclusion radius in the
NFW fit reduces our ability to differentiate between c–M
prescriptions statistically, as our constraining power in the
inner region is significantly limited. However, even with this
limitation, the F. Prada et al. (2012) relation is weakly
preferred by Bayesian model selection (K ≈ 1.4–2.7) and
yields an implied concentration c200c = 5.5 ± 0.4.

While the data statistically favor higher concentrations, the
physical interpretation of this result requires caution. First, the
elevated concentrations implied under the F. Prada et al.
(2012) relation arise from their use of the maximum circular
velocity Vmax under the assumption of an NFW profile
(M. Meneghetti & E. Rasia 2013; B. Diemer & A. V. Kravt-
sov 2015). In unrelaxed systems, boosts in Vmax can artificially
inflate the resulting concentration when an NFW profile is
enforced. Second, the WL mass distribution and multi-
wavelength data indicate that XLSSC 122 is dynamically
active, suggesting that a single spherical NFW halo provides,
at best, a simplified description of its mass distribution.
Consequently, the preference for the F. Prada et al. (2012)
relation should not be interpreted physically but instead as an
indication that the WL signal favors a relatively steep inner
mass profile.

5.3. Large-scale Structure Covariance

In addition to uncertainties from intrinsic shape scatter and
measurement error, uncorrelated large-scale structure (LSS)
along the line of sight introduces covariance in the observed
shapes of background galaxies, which can increase uncertain-
ties in WL mass estimates.

To quantify the impact of LSS on our mass estimate, we
modeled the LSS contribution using Gaussian random fields
drawn from the theoretical convergence power spectrum, C .
This power spectrum was computed using pyccl (N. E. Chi-
sari et al. 2019) and an empirical source redshift distribution
derived from the same JADES–GS control field and photo-
metric selection discussed in Section 3.1. We generated 1000
realizations of the LSS convergence and reduced-shear fields
(g1, g2) on periodic flat-sky grids with resolution 8192 × 8192
and band-limited in angular scale. The LSS shear field spans
angular scales from 57.09 (corresponding to the full extent of
the simulated field) down to 1 .2, consistent with the median
nearest-neighbor separation of the source population and
above the Nyquist limit of the simulated shear grid. The LSS-
induced reduced-shear field was then sampled at the observed
galaxy positions, added to the measured shapes, and the best-
fit cluster mass was reestimated for each realization using the
F. Prada et al. (2012) c–M relation.

The scatter in recovered best-fit mass across the 1000
realizations provides an estimate of the additional uncertainty
due to uncorrelated LSS. When added in quadrature with the
statistical uncertainty, the LSS term increases the total WL
mass uncertainty by ∼31% relative to the statistical uncer-
tainty alone, resulting in a final WL mass estimate of
1.60 ± 0.30 (stat.) ± 0.26 (LSS) × 1014M⊙. Propagating
the LSS-broadened mass uncertainty through the adopted c–M
relation increases the implied concentration uncertainty by

∼0.1, yielding a final value of c200c = 6.3 ± 0.4. For context,
the increase in WL mass uncertainty here due to LSS is larger
than the 15%–20% increase reported in J. Kim et al. (2025).
This likely reflects differences in methodology, details of the
LSS power-spectrum construction, and angular-scale
treatment.

5.4. Merger Evidence and Cosmological Implications

XLSSC 122 is the highest redshift cluster to be analyzed
with WL, and the most distant to exhibit SL features. Our WL
analysis favors a high concentration and is consistent with
independent SL modeling. At lower redshifts, apparent cluster
overconcentration has been extensively investigated in surveys
such as the Local Cluster Substructure Survey (N. Okabe et al.
2010) and the Cluster Lensing And Supernova survey with
Hubble (M. Postman et al. 2012; K. Umetsu et al. 2014, 2016).
These studies demonstrated that projection effects, halo
triaxiality, and selection biases can induce systematically
elevated lensing-inferred concentrations. When these effects
are properly marginalized over, the resulting c–M inferences
were found to be consistent with ΛCDM expectations.
In the case of XLSSC 122, the SZ–X-ray peak offset and

pronounced plane-of-sky elongation of the WL mass map
argue against a purely line-of-sight projection being the
dominant cause of elevated concentration. However, given
the dynamically disturbed state of the system, triaxiality
remains a plausible contributor. Moreover, with a significantly
higher redshift than other clusters in the ACT DR5 SZ-selected
sample, XLSSC 122 may represent an extreme system
preferentially selected from the tail of the population, rather
than a representative cluster at cosmic noon.
Even if geometric or selection effects contribute to the

elevated lensing-inferred concentration, XLSSC 122 may
nonetheless be intrinsically concentrated, in which case a high
concentration at z ≃ 2 would point to early halo assembly for
this system. Potential contributors include (i) baryonic effects
in the core (e.g., BCG contraction) that steepen the inner total
mass profile and (ii) genuine early collapse (J. S. Bullock et al.
2001; R. H. Wechsler et al. 2002). K. Finner et al. (2025)
describe two scenarios: (a) accelerated assembly associated
with the cluster’s quiescent, “bulge-like” cluster-member
population (E. Noordeh et al. 2021), and (b) modified early-
time expansion histories (e.g., early dark energy) that could
shift structure growth earlier. Discriminating between these
contributors at the population level will require numerous
z ≳ 1.5 clusters with WL, SL (if features exist), X-ray, and SZ
analyses. Robust photo-zs (or ideally, spec-zs) will be critical
in separating projection and selection effects from population
trends.
The WL and cross-band morphology support ongoing or

recent merger activity in XLSSC 122. The mass, X-ray, ICL,
radio, and member galaxy density maps shown in Figure 4
share a common elongation, consistent with merging activity
along a shared axis. Additionally, we find a significant offset
between the SZ peak and both the mass and X-ray peaks. SZ–
X-ray peak dissociations are naturally produced in cluster
mergers as they trace different thermodynamic quantities of
the ICM. The X-ray surface brightness scales with the gas
density squared and is dominated by dense subcluster cores,
while the thermal SZ signal scales with the integrated electron
pressure (neTe) and is enhanced in regions where the ICM is
shock-heated or compressed. A merger-driven pressure boost
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would offer a natural explanation as to why this exceptionally
high-z cluster was detected by ACT in DR5, where it stood out
relative to the typical redshift distribution of SZ-selected
clusters. Indeed, J. van Marrewijk et al. (2024) note that the
detection could be explained by a subhalo core passage,
consistent with a dynamically disturbed state.

Offsets between SZ or X-ray peaks and the BCG are often
used to identify merging clusters (A. Zenteno et al. 2020).
Moreover, multiwavelength component dissociations and their
configuration can be used to further characterize merger states
and cluster assembly at cosmic noon (e.g., S. Andreon et al.
2023; S. Felix et al. 2024). We observe a significant offset
between the BCG and the SZ peak (∼100 kpc) in XLSSC 122,
but no meaningful offset between the BCG and the X-ray peak.
To explore the physical origins of this configuration, we
investigate multiwavelength component offsets in 200 clusters
at z ≈ 1.5–2 with masses comparable to XLSSC 122
(M200c = [0.4, 2] × 1014M⊙) in the cosmological zoom-in
simulation TNG-CLUSTER (D. Nelson et al. 2024). We identify
two primary mechanisms capable of generating significant
BCG–SZ peak offsets without a corresponding BCG–X-ray
peak offset: merger activity and AGN feedback. In AGN-
driven cases, however, the BCG–SZ peak offsets are
substantially smaller (typically ∼50 kpc) than the separation
observed in XLSSC 122. Moreover, J. van Marrewijk et al.
(2024) reject the presence of an AGN-like point source at the
location of the BCG in the ALMA+ACA data at a 4.1σ level.
We therefore conclude that the SZ peak offset in XLSSC 122
is most likely merger-driven.

Determining whether XLSSC 122 is in a pre- or postmerger
state is more challenging, as both can produce the observed
∼100 kpc BCG–SZ peak separation. However, in TNG-CLUS-
TER mergers, premerger dissociated SZ peaks often coincide
with bright member galaxies of infalling groups, whereas the
SZ peak in XLSSC 122 is notably isolated from cluster
members. Postmerger systems in the TNG-CLUSTER sample
more commonly exhibit isolated SZ peaks, a configuration that
aligns with what we observe in XLSSC 122. The argument for
a postmerger state is further supported by the extended ICL
signal in XLSSC 122, which is asymmetric and aligns with the
NE–SW axis seen in the WL and X-ray maps. This ICL
morphology is naturally produced in merging clusters (S. Cha
et al. 2025; H. Joo et al. 2025). We show three representative
examples from TNG-CLUSTER illustrating each mechanism
capable of driving BCG–SZ offsets without corresponding
BCG–X-ray offsets in Appendix B.

Finally, in Section 4.3, we report a tentative 2.5σ diffuse
radio excess at the cluster position. Diffuse radio emission
from cluster centers can be classified as AGN activity, relics
(from merger-induced shocks), or radio halos (including mini
halos). If the diffuse radio excess in XLSSC 122 were
confirmed as a radio halo, this would imply that turbulence is
present in the ICM and the intracluster magnetic fields are
already established at this epoch. Recent detections of radio
halos (and candidates) at z > 1 have been demonstrated by
radio telescopes such as MeerKAT and LOFAR (G. Di
Gennaro et al. 2025; J. HLavacek-Larrondo et al. 2025;
S. P. Sikhosana et al. 2025). However, given the low
significance of the radio feature, we refrain from classification
and note that additional, multifrequency radio observations are
required to confirm or refute a halo interpretation.

6. Conclusion

We present a WL mass reconstruction of the z = 1.98
galaxy cluster XLSSC 122 based on deep JWST/NIRCam
imaging. The WL, X-ray, and ICL maps share a common
elongation, while the SZ peak is significantly displaced from
the mass/X-ray peaks along the shared axis. Collectively,
these features point to ongoing merger activity. Within the
simplifying assumption of a single-halo NFW description for
this dynamically disturbed system, WL mass fits with and
without c–M prescriptions consistently favor a high concen-
tration. Bayesian model selection reveals that the F. Prada
et al. (2012) c–M relation is preferred over the other
prescriptions tested. This preference is robust for physically
motivated inner-radius cuts, but weakens under intentionally
conservative cuts used as stress tests. Adopting the F. Prada
et al. (2012) c–M prescription yields a mass of
1.60 ± 0.30 (stat.) ± 0.26 (LSS) × 1014M⊙ and an implied
concentration of c200c = 6.3 ± 0.4, with both of these values in
1σ agreement with independent SL constraints.
Single-object inferences remain sensitive to projection,

baryonic effects in the core, dynamical state, and foreground
contamination. However, if supported by an ensemble of high-
z clusters, high concentrations at this epoch could imply early
halo assembly and provide a stringent test of halo-structure
prescriptions within ΛCDM. Broader JWST photometric
coverage enabling per-source redshifts, together with high-
resolution SZ and X-ray thermodynamic mapping, will
sharpen mass and concentration constraints, clarify merger
states, and assess the prevalence of such high-concentration
systems. XLSSC 122 serves as a JWST pilot for high-z lensing
and motivates a uniform sample of analogous clusters with
joint WL+SL, X-ray, SZ, and radio data, enabling robust
measurements of cluster assembly at cosmic noon.
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Appendix A
PSF Model Comparison

To create STPSF simulated PSFs to compare with the
empirical PCA PSFs, we use the stpsf-mosaic
pipeline (Z. P. Scofield 2025b), which generates PSFs at
selected positions while accounting for detector orientations
and exposure times.

The residual ellipticity and size measurements for both
modeling techniques are shown in Figure A1. The top panel
presents the residual ellipticities of the STPSF model (red
points) and the PCA model (blue points), computed by
subtracting the model-predicted ellipticities (measured using
quadrupole moments) from the observed star ellipticities
(black points) derived using the same method. The STPSF
residuals have mean values and standard errors of 〈e1〉 =
(− 3.2 ± 6.0) × 10−4 and 〈e2〉 = (5.6 ± 7.7) × 10−4. For the
PCA model, the corresponding values are 〈e1〉 =
(− 1.0 ± 6.7) × 10−4 and 〈e2〉 = (0.4 ± 7.4) × 10−4. The
PCA model yields residuals that are slightly more centered
around zero with comparable standard errors, indicating a
minor but consistent improvement in agreement with the
observed star shapes.

The bottom panel of Figure A1 shows the residual PSF sizes
〈R〉 as a histogram, using the same color scheme as in the top
panel. The STPSFmodel yields a median and standard error of
〈R〉 = (0.03 ± 3.80) × 10−3, while the PCA model gives
〈R〉 = (0.06 ± 2.88) × 10−3. This comparison is less
informative than the ellipticity residuals, as the STPSF model
PSFs are smoothed with an empirically chosen Gaussian
kernel to reproduce observed star sizes, which are system-
atically larger than the simulated PSFs. Together, the residual
ellipticity and size measurements indicate that both models
effectively reproduce the observed PSF characteristics, with
the PCA model performing marginally better, likely due to its
data-driven construction. Nevertheless, the close agreement
between the two models demonstrates the effectiveness of the
STPSF approach and supports its use in star-sparse fields,
especially for cluster-scale WL analyses.
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Figure A1. Residual ellipticity and size measurements for the PCA and
STPSF models. Top: complex ellipticity components of stars measured in the
XLSSC 122 field (black circles), and residual STPSF model (red triangles)
and PCA model (blue squares) ellipticities computed as the difference between
observed and predicted values. The outer circle represents an ellipticity of |
e| = 0.02, while the inner dotted circle corresponds to |e| = 0.01. Bottom:
STPSF (red) and PCA (blue) model residual sizes computed as the difference
between observed star sizes and model sizes.
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Appendix B
SZ–DM Offset in Cosmological Simulations

Figure B1 shows representative examples from the TNG-
CLUSTER simulation highlighting physical mechanisms cap-
able of producing offsets between the BCG and the SZ peak
without corresponding BCG–X-ray offsets. The left and
middle panels show merger-driven configurations, while the
right panel shows a system in which AGN feedback is the
primary driver of the SZ peak displacement.

In the premerger example (left), the SZ peak (red cross) is
coincident with an infalling subcluster and offset from the
BCG (black cross) by ∼270 kpc. Offsets of this magnitude,
coupled with a clear association between the SZ peak and an

infalling subcluster, are commonly observed in premerger
TNG-CLUSTER systems. In contrast, XLSSC 122 exhibits an
isolated SZ peak ∼100 kpc from the BCG.
The postmerger configuration shown in the middle panel

exhibits an SZ peak that is spatially isolated from dense
substructure and displaced by ∼69 kpc from the BCG. This
morphology is typical of postmerger TNG-CLUSTER systems
and resembles the configuration observed in XLSSC 122.
The right panel illustrates a system in which AGN activity

produces an SZ peak displacement of ∼43 kpc from the BCG.
As discussed in Section 5.4, AGN activity in XLSSC 122 is
statistically disfavored (4.1σ), and AGN-driven configurations
in TNG-CLUSTER typically produce BCG–SZ offsets no larger
than ∼50 kpc.

M200c = 9.8 × 1013 M

100 kpc

M200c = 1.2 × 1014 M

100 kpc

M200c = 5.8 × 1013 M

100 kpc

Figure B1. Projected dark-matter surface-mass-density (ΣDM) maps for three representative TNG-CLUSTER systems illustrating mechanisms producing BCG–SZ
offsets. Dashed contours indicate SZ distributions, black crosses mark ΣDM peaks (consistent with the BCGs), and red crosses denote SZ peaks. All systems are at
z = 1.496. Left: premerger system with an infalling subhalo. Middle: postmerger system. Right: system in which AGN feedback drives the SZ peak displacement.
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