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ABSTRACT

In the first paper of this series, we derived mass constraints on the total mass and the baryonic components of the galaxy
cluster Abell S1063. The main focus was to recover stellar masses and kinematics for cluster members, the brightest cluster
galaxy (BCG) and the intra-cluster light (ICL). In this second paper, we introduce a multi-probe mass modelling approach
that incorporates constraints on both the total mass and the individual baryonic components. We obtain comprehensive
mass models of Abell S1063, in which the dark matter distribution is disentangled from the baryonic mass at both cluster
and galaxy scales. The best-fitting mass model achieves an RMS of 0.50 arcsec on the positions of strongly lensed multiple
images. The kinematic profiles of the BCG & ICL, as well as the X-ray surface brightness of the intra-cluster gas, are
accurately reproduced within observational uncertainties. However, a 35 km s ' scatter is required for the cluster member
line-of-sight dispersions. This method yields the most complex parametric mass model with consistency among almost
all available mass constraints. We find a 1o agreement between the inferred stellar-to-subhalo mass relation and that
predicted by large-scale cosmological simulations. The ICL stellar mass derived from our model is consistent with estimates
from stellar population modelling. We present the first multi-probe mass modelling method capable of disentangling the
dark matter from the baryonic mass distributions in massive galaxy clusters. Its results, such as the stellar-to-subhalo
mass relation or the distribution of each mass component, can be directly compared to hydrodynamical cosmological
simulations such as illustrisTNG.

Key words: gravitational lensing: strong — galaxies: kinematics and dynamics - galaxies: stellar content - galaxies: clus-
ters: general - galaxies: clusters: individual: Abell S1063 - X-rays: galaxies: clusters.
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2 B. Beauchesne et al.

1 INTRODUCTION

In this series of two papers, we aim to develop a comprehensive
mass modelling method in which each main cluster mass compo-
nent is modelled, i.e. where dark matter (DM) is fully separated
from baryons. Such a method would generate some of the most
sophisticated parametric mass models to date, representing the
first approach to achieve consistency across nearly all available
mass probes. This new method extends the framework developed
by B. Beauchesne et al. (hereafter, B24 2024), which combines
constraints from strong lensing together with the X-ray emission
from the intra-cluster gas in a self-consistent framework. Thanks
to this combined dataset, the intra-cluster gas or intra-cluster
medium (ICM), i.e. the main contributor to the baryonic mass
budget, can be disentangled from the total mass. Hence, this se-
ries of papers now focuses on the remaining baryonic component,
i.e. the stellar mass, which is contained in cluster galaxies and
the intra-cluster stars. The latter are responsible for emitting the
intra-cluster light (ICL). As in the cluster centre, the brightest
cluster galaxy (BCG) is difficult to distinguish from the ICL, we
thus consider them as a single component, denoted BCG & ICL.

To test such new method, we are using Abell S1063 (Hereafter
AS1063) as a test case. Thanks to an observational dataset of
increasing quality over the years, AS1063 has been used as a test
case for methodological improvements. It is one of the morpho-
logically simplest clusters with such data. M. Bonamigo et al.
(2018) added a fixed mass component representing the X-ray gas
based on M. Bonamigo et al. (2017) method. P. Bergamini et al.
(2019) and G. Granata et al. (2022) focus on improving the cluster
member modelling by calibrating their scaling laws with galaxy
kinematics and morphology. The earlier used a scaling based on
the Faber & Jackson law (S. M. Faber & R. E. Jackson 1976) while
the latter made use of the more accurate fundamental plane of
elliptical galaxies (J. B. Hyde & M. Bernardi 2009). M. Limousin,
B. Beauchesne & E. Jullo (2022) revisited P. Bergamini et al.
(2019) model and tested the addition of a free-form perturbative
B-spline component (B. Beauchesne et al. 2021). B24 incorpo-
rated elements from G. Granata et al. (2022) and M. Bonamigo
et al. (2018) to develop the framework that we intend to extend in
this work. That framework allows us to disentangle the DM from
the main baryonic component (i.e. intra-cluster gas). It reduces
biased on the resulting DM distribution, in particular when the
gas distribution does not follow the DM. However, the B24 frame-
work does not account for the baryonic mass in the form of stellar
mass. This baryonic contribution is usually small, except locally
when a cluster member or the BCG is present. The DM distribu-
tion in and around the BCG is of particular interest as cold dark
matter (CDM) model and its alternative such as Fuzzy DM(FDM;
W. Hu, R. Barkana & A. Gruzinov 2000) or self-interacting DM
(D. N. Spergel & P. J. Steinhardt 2000, SIDM;) disagree on the
expected DM profile slope. CDM prefers a cuspy profile, while
the other two favour a cored distribution. Strong lensing mod-
els of galaxy clusters tend to favour cored distributions for the
total mass profile (M. Limousin et al. 2022), disentangling the
DM distribution up to the BCG would allow us to assess if it
is due to the DM profile or an interplay between baryons and
DM.

AS1063 has been modelled several other times in the past,
with different observational datasets and methods. As part of the
Cluster Lensing and Supernova Survey (CLASH; M. Postman et
al. 2012), the Hubble Frontier Fields (HFF;J. M. Lotz et al. (2017),
the Beyond Ultra-deep Frontier Fields And Legacy Observations
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(BUFFALOQ; C. L. Steinhardt et al. (2020) and JWST GLIMPSE
programme (H. Atek et al. 2025), AS1063 has been modelled for
each new observational data set. A. Monna et al. (2014) produced
a parametric mass model from the CLASH data with GLEE (S.
H. Suyu & A. Halkola 2010; S. H. Suyu et al. 2012). In prepa-
ration for the upcoming HFF observations, both T. L. Johnson
et al. (2014); J. Richard et al. (2014) modelled the cluster with
LENSTOOL (E. Jullo et al. 2007) using different mass parametriza-
tions. G. B. Caminha et al. (2016) made a model with LENSTOOL
based on the HFF data and new spectroscopic measurements
from VLT/MUSE and VLT/VIMOS as part of the CLASH-VLT
programme (A. Mercurio et al. 2021). Those data sets were also
used by J. M. Diego et al. (2016) to make a free-form model
with WSLAP (J. M. Diego et al. 2005, 2007). More recently, with
the GLIMPSE data, parametric and free-form models have been
presented by H. Atek et al. (2025) and J. M. Diego et al. (2026),
respectively.

In B. Beauchesne et al. (2025) (hereafter B25a), we detail the
mass constraints required to set up our comprehensive mass
modelling of AS1063. In Section 3, we present the existing set
of constraints from strong lensing and X-rays taken from B24. In
Sections 4 and 5, we focus on the supplementary mass probes,
i.e. cluster members and the BCG & ICL. That set of observations
is the same for both components, although we apply different
treatments adapted to their properties. We recover the cluster
member light distribution by fitting all galaxies in the cluster field
to reduce bias from the crowded environment. Thanks to this
light model, we are able to subtract the galaxy light model to fit
the BCG & ICL with a multi-Gaussian expansion (MGE). For both
components, we fit their spectral energy density (SED) and their
stellar kinematics to obtain stellar mass estimates as well as a total
mass probe. We recall a part of the mass constraints presented in
B25a, in Fig. 1.

In this second paper, we present the mass modelling method-
ology and detail how we use the supplementary mass constraints
from B25a. In Section 2, we detail the mass model parametriza-
tion of each component, where we use the light distribution from
cluster members and the BCG & ICL as a tracer of their stellar
mass distribution. In Section 3, we define the likelihoods for each
mass probe: X-ray surface brightness, strong lensing systems,
cluster member kinematics, and the BCG & ICL component. We
conclude this section by describing the tailored optimization pro-
cess required by the complex mass model needed to accommo-
date all these constraints. We then present the mass model results
in Section 4 and discuss the reliability of the mass estimates from
the new component in Section 5.

We recall the convention used in B25a, where we adopt a flat
ACDM cosmology with Q4 = 0.7, 2, = 0.3 and Hy = 70 km
s~!Mpc~!. Magnitudes are quoted in the AB system. The uncer-
tainties quoted in that article are the median-centred credible in-
tervals (CI) based on the posterior distribution of the considered
random variable. These intervals are presented as no CI where n

is an integer such that CI contains 100 x erf ( %) per cent of the

posterior. If we use o to denote a standard deviation, we explicitly
notify it in the text.

2 MASS MODELLING HYPOTHESES

In our model, we aim to disentangle the DM from the baryonic
components at galaxy and cluster scales. In the following, we
define how we model the main cluster components (DM, BCG &
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Figure 1. The BUFFALO colour composite image of AS1063 with the following HST filters: F435W (blue), F606W (green) and F814W (red). The X-ray
surface brightness from the CHANDRA X-RAY OBSERVATORY is shown by the green dashed contours. The set of multiple images used in this work is
highlighted by the cyan circles. The white contours present the BCG & ICL light distribution as fitted in B25a. Cluster members for which we measure

the velocity dispersion, o, in B25a are highlighted by red circles.

ICL, intra-cluster medium, and cluster members) so that their
respective baryonic fractions can be assigned their own mass
components.

2.1 Intra cluster medium

To model the ICM, we follow the same method as in B24, as it
already fits our requirement of separating the baryonic mass from
the DM. The gas distribution is modelled by a sum of dPIE poten-
tials in a free-form way. All potentials are free to move within the
cluster field, and we only fix their cut radii at 1.25 Mpc, as in B24.

Indeed, it is ill-constrained when more than one potential is used.
This cut radius limit corresponds to the radius at which the ob-
served number counts are approximately equal to the background
value.

The number of potentials is determined following the
goodness-of-fit procedure of B24, whereby potentials are added
iteratively until the best-fitting model adequately reproduces the
observed X-ray emission according to the B24 criterion. This
criterion is an adaptation of the usual goodness-of-fit assess-
ment with x2 1 for the X-ray likelihood defined in Section 3.1.
Hence, as in B24, we use three dPIEs to model the hot gas in
AS1063.

MNRAS 550, 1-25 (2026)
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2.2 Cluster members

The cluster member distribution is one of the less significant
mass components of the cluster, although due to the mass con-
centration of the galaxy, it locally influences the position of mul-
tiple images. Hence, they are an important part of a cluster lens
mass model, as some systems cannot be reproduced without
them. However, due to their large number and the scarcity of
lensing constraints, several simplifying assumptions about their
parameters are made. These simplifications are usually based on
a ‘light traces matter’ principle.

In this work, we deviate from the standard modelling of cluster
members used in the LENSTOOL software (J. P. Kneib et al. 1993;
E. Jullo et al. 2007) which is based on the Faber & Jackson law
(S. M. Faber & R. E. Jackson 1976). It scales the dPIE parameters
(Yeores Teut and op) of each cluster member based on its luminosity
L and a reference galaxy (1% ., 74> o and L*). During the param-
eter inference, only the dPIE parameters of the reference galaxy
are optimized. The scaling relations are the following:

L\ 2 L\ 2 L\ V4
Teut = riut (E) 5 Teore = r:;kore <E) ;00 = Ug <E) (1)

the other parameters of the dPIE are usually fixed from the light
profile: centre, position angle and ellipticity. Some works prefer
circular cluster members rather than the ellipticity of the light
distribution. Hence, the DM and baryons of each galaxy are mod-
elled by a single profile.

In this work, we aimed at separating the DM from the baryons
in each galaxy using individual mass profiles to be consistent with
the cluster-scale model. Since the baryonic distribution of ellipti-
cal galaxies is dominated by stars, it can serve as a stellar tracer for
kinematic modelling, providing more local mass constraints than
lensing. Hence, separating baryons and DM in cluster members
not only gives more information to extract from the model, but
it also allows the model to use more observational datasets. To
make such a framework work, we need relations that link the
baryons and DM profiles. So instead of using a relation based
on observations such as the Faber & Jackson law or fundamental
plane of an elliptical galaxy, we use the Stellar-to-subhalo mass
relation (SSHMR). It has the advantages to be easily comparable
to simulation results.

In this new framework, we still use dPIE potentials for their
computational efficiency rather than combining a Sérsic and a
power-law profile as it is commonly done in galaxy-scale lensing
analyses (e.g. A. J. Shajib et al. 2021). However, a dPIE profile can
approximate a Sérsic light profile relatively well for a Sérsic index
between 1 and 4 (A. A. Dutton et al. 2011). Each galaxy compo-
nent (baryons and DM) is modelled with a separate dPIE profile,
subject to several simplifying assumptions to limit the number
of free parameters. Hence, we use the same centre coordinates,
ellipticity and position angle for both dPIEs. These parameters
are assumed to follow the light distribution. Such approximations
are poor for disk galaxies, although the majority of the included
cluster members are elliptical galaxies or galaxies in transition
to elliptical. We fix these parameters to the best-fitting values of
the cluster member light profile with a dPIE presented in B25a
(Section 4.1). The core and cut radii of the baryonic dPIE (¥core b
and reyp), are fixed to the values of the light profile as well.
Only the central velocity dispersion oy 5 remains free, which we
rescale to match the stellar mass from B25a (Section 4.3). Hence,
the baryonic component is fixed in the overall model and is de-
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termined only from measurements independent of the lensing
analysis.

For the DM component, radii, rcore.pm and reye pm, and velocity
dispersion, oy pm, are scaled by a spatial and concentration scale,
a. and B, with respect to their baryonic counterpart, (¥core b Feut.bs
and oy ), such that:

Tcore,DM = ®cFeore,b (2)
Teut,DM = ®clcut,b 3
0o0.0M = Bc0o.1 4

The spatial scale, «., is assumed to be the same for all cluster
members, and is optimized with our set of heterogeneous con-
straints. This parameter is expected to exhibit a radial, cluster-
centric variation, as it reflects the tidal stripping of DM halos
experienced by galaxies falling into the cluster potential well (A.
Niemiec et al. 2022). We leave the exploration of such variations
for future work.

B is different for each cluster member, and is recovered through
the modelling of the SSHMR in the model under the form of a
double power-law as in A. Niemiec et al. (2022) and B. P. Moster,
T. Naab & S. D. M. White (2013), such that:

Mot = 2N M.\’ M*in 5
tot = (M1> +(M1> X (5)

where N, M1, §, and y are optimized, and define the cluster mem-
ber distribution model with «.. We could switch roles between o,
and B.. In that case, we would optimize 8. and set o, with the
SsHMR. However, S, is more likely to be ill constrained by strong
lensing as it mostly affects cluster members inner profiles. It is
still not perfect as y and «, are not well constrained. We impose
an upper bound on them, as a large value of y and «, leads to
unrealistic mass for the faintest cluster member, which is not
constrained. We lack velocity dispersions for these cluster mem-
bers, and these unrealistic masses are highly concentrated, which
severely reduces the ability to penalize them through strong lens-
ing. More generally, o, does not seem to be well bounded by the
data, and as it increases, it changes the mass balance between the
other components, which makes it hard to match the measured
velocity dispersion of the BCG within the two-step optimization
process presented in Section 3.5, for example. We based the upper
bound on empirical limits obtained from preliminary models.

In our modelling, the SSHMR is the usual scaling relation used
for cluster members modelling with LENSTOOL. However, instead
of using an observational law, we use a parametrization oriented
towards comparison with cosmological simulations. The SSHMR
of our model can be directly compared with simulation results,
such as those presented in A. Niemiec et al. (2022). We recover .
from the SSHMR by writing the total mass of the combined dPIE
models, My, such that:

LM,
Lo

Mo = (acﬂcz + M*) (6)
where L is the total luminosity of the dPIE fitted to the light
distribution, and M, is the stellar mass associated with the object.

In contrast to B24, we do not inject the cluster member line-
of-sight velocity dispersion (LOSVD) in their associated dPIE pa-
rameters. We would rather use them as a new set of constraints,
as presented in Section 3.3. In doing so, the measurement un-
certainties on the LOSVD are more directly accounted for, and
their weight naturally balanced against that of other mass probes,
such as strong lensing, within the inference process. In B24, these

920z 1snbny Gz uo Jasn abalT 10 Ausieniun Agq 26082/ 8/628P81S/2/0GS/3]01./SBIUW/WO0 dNO"OIWSPEI. WOI) POPEOJUMO(]



quantities are accounted for with the prior on the galaxy scaling
law.

As in B25a (Section 4.3), we obtain stellar mass estimates from
different SED models used to define three different parametriza-
tions of cluster members. Hence, we gain insights into the influ-
ence of SED systematic biases on this type of modelling, particu-
larly on the SSHMR discussed in Section 5.5.

2.3 BCG & ICL

To model the BCG & ICL component, we assume a stellar compo-
nent to represent its baryonic distribution and a DM component
for the BCG. The motivation behind the BCG DM component is
to allow for different mass slopes at scales that differ from those
of the main DM halo.

We model the BCG & ICL stellar component using an MGE
parametrization. We begin with the MGE model of its light dis-
tribution in the F160W filter, measured in B25a (Section 5.1).
Contours of the MGE model are presented in Fig. 1. We adopt
identical parameters for light and mass distributions, except that
the Gaussian normalizations now represent the stellar mass-to-
light ratio YECC of the BCG & ICL component. We designate the
estimate of T2°C by LENSTOOL as YPSC, in contrast to Y BCC. F160W

e
that we refer to as TPGF,. We could impose a prior on TP
based on TPGE, as estimated in B25a (Section 5.3). However, we
prefer a uniform prior since SED fits can misestimate this ratio
when the assumed initial mass function (IMF) is inappropriate
for the object. In particular, stellar mass estimates from kinematic
modelling of early-type galaxies present significant differences
compared to SED estimates (for a review on this topic see R.
J. Smith 2020). To further accommodate such discrepancies, we
define three MGE parametrizations which allow for different de-
grees of variation of Y2C with the cluster-centric radius. The
first parametrization assumes constant TfCG, renormalizing the
entire light distribution with a single coefficient Y% '. We refer
to this parametrization as ‘BCG-ML 1’. The second uses two co-
efficients: Tﬁcﬁ' 2 for Gaussians with standard deviations smaller
than the BCG half-light radius (R, = 17 kpc; L. Tortorelli et al.
(2018), and 1 ? for wider Gaussians. This effectively separates
the BCG from the ICL contributions. We refer to this parametriza-
tion as ‘BCG-ML 2’. To accommodate wider variations of YTEC,
we make three groups of Gaussians through a K-means clus-
tering method as implemented in SCIKIT-LEARN (F. Pedregosa
et al. 2011), each represented by one coefficient, Y25 * where
ie{1,2,3}). T3 represents the same group of Gaussians as

*, 1t 1
BCG, 2 BCG, 3 BCG, 3
T*, 1t1 ° T T*, 1t3

while Y775~ and allow for more variation of
TECC within the ICL. We refer to this last parametrization as
‘BCG-ML 3.

Since LENSTOOL lacks native MGE potential implementation,
we incorporate them as fixed external maps of lensing quantities
(computed in B25a, Section 5.1) scaled by normalization factors.
When we split the MGE parametrization into groups, we apply
the same procedure to each group to compute the lensing quan-
tities as if they were separate MGE potentials. We include the
map of the lensing quantities by interpolating them with degree
3 B-spline surfaces, allowing us to use the spline implementa-
tion of LENSTOOL (B. Beauchesne et al. 2021). In contrast to
B. Beauchesne et al. (2021), we do not impose boundary con-
ditions, and there is a different B-spline surface for each quan-
tity: lensing potential, deflection angle, convergence and shear.
We simply use the implementation to compute the value of the

Separation of DM and baryons in clusters -1I 5

B-spline surface. This approach generalizes to any light distri-
bution parametrization, accommodating complex cases such as
SMACS J0723.3—7323 (G. Mahler et al. 2023). We chose an MGE
parametrization specifically to enable stellar kinematic analy-
sis through Jeans Anisotropic Modelling (JAM), which requires
MGE-parametrized mass and light profiles.

To model the DM component of the BCG, we use a dPIE profile.
Regarding its parameters, we fix its centre to the BCG centroid
and leave the other parameters free to vary. We allow the posi-
tion angle and ellipticity to vary, as their values may differ from
those of the light distribution. We also allow for possible offsets
between the DM and light distributions, as parametrized by the
smooth cluster-scale DM halo that we define in the following
section. We note that this DM component was required in addi-
tion to the cluster-scale DM to obtain a sufficiently high velocity
dispersion near the BCG and match the observation.

2.4 Dark matter

For the DM cluster-scale smooth component, we use a modelling
approach similar to other LENSTOOL models to represent the bulk
of the cluster mass. This component is often referred to as the
cluster DM component by neglecting baryons contained in the
ICM and the ICL. In our case, since we are modelling the baryons
with other profiles, it only accounts for the DM mass.

We follow the approach of B24 by using two dPIEs haloes,
one representing the main cluster DM halo, and a second one
representing the North-East (NE) halo. Regarding the model pa-
rameters, we use the same assumptions as B24 for the NE halo
position and radii, but we leave its position angle and ellipticity
free to vary. We allow all of these parameters to vary for the main
clump, and we constrain its central position to a square of 10
arcsec centred around the BCG position. Similarly to B24, we fix
the cut radius to 3 Mpc.

These two additional dPIEs complete the cluster mass model.
Overall, the model includes 588 different profiles. Cluster mem-
bers dominate this count, with each galaxy contributing two pro-
files (one for baryons, one for DM). Despite the large profile
count, most free parameters characterize cluster-scale compo-
nents, such as the main DM halo and ICM, which make fewer
assumptions than the cluster member population.

3 LIKELIHOODS

Thanks to our comprehensive model presented in Section 2, we
can define likelihoods for our set of heterogeneous constraints:
lensing, cluster members, o., X-ray surface brightness, and BCG
& ICL, Vims. We recall the set of constraints in Fig. 1, with X-ray
surface brightness contours, multiple image systems and cluster
members with measured kinematics. Each of these likelihoods
constrains different parts of the model, as shown in Fig. 2, where
each model component is associated with a different set of likeli-
hoods. We have strong lensing (Lgy), X-rays (Lx-ray), cluster mem-
ber kinematics (Lcp-kin) and the BCG & ICL kinematics (Lgcg-kin)
likelihoods. Only the first one, Lg;,, constrains the entire mass
distribution, as it is sensitive to the cluster’s total mass. At the
exception of Lpcc-kin, Which also depends on the total mass in
the cluster core, the last two, L£x_ray and Lcp-kin, only constrain
one model component each. We define each of these likelihoods
in the following sections. In Section 3.5, we detail our parameter
inference procedure.

MNRAS 550, 1-25 (2026)
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Dark Matter Intra-cluster Cluster Members Intra-cluster
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Constrained by
—ray X )
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X LBcG-kin X LcM—kin

Figure 2. Overview of each model component. Each one of them is associated with a set of analytical profiles and the likelihood that they are affecting.

3.1 X-ray surface brightness

To allow our model to account for the ICM X-ray emission as a
constraint, we use the mass distribution of the dPIEs associated
with the gas to predict the cluster X-ray surface brightness. We
use the same transformation as in B24 to convert the gas mass
distribution to its associated electron density, and then its surface
brightness. We refer the reader to B24 and the references within
for a detailed procedure description.

To define the likelihood and to take into account the limitations
of our modelling choices, we incorporate an intrinsic error on
the X-ray photon count, ox, and we use a likelihood based on
the Negative Binomial distribution (NB(r = p?/02, p = mwi/(pi +
o)) with y; the expected photon count in a bin). The full likeli-
hood is then defined as follows:

u? u? N
r (ki + %) mi \ew [ ox \
[fX—ray = 1_[ 2 2 2 (7)
i kT (%) i +ox i+ ox
X

where p; is the expected photon counts from the model in each
pixel of the map, k; is the observed number of photon counts in a
bin, and I" represents the well-known gamma function.

In contrast to B24, we do not use a constant value of oy for
the whole field of AS1063. We use an intrinsic error proportional
to the expected value of the surface brightness model, such that
ox = au;, where a is the error parameter to optimize. It is better
suited to the motivation behind adding this error. The inclusion
of o was motivated in B24 by the inability of the model to fully
reproduce gas mass variations on scales below that of the cluster.
The gas sloshing pattern identified in B24 is an example of such
variations. Hence, we expect such phenomena to have an ampli-
tude correlated to the gas density as reflected by the expression
of ox. If a constant error is still needed, it would likely indicate a
misestimation of the background sky.

3.2 Multiple images positions

For the strong lensing constraints, we also follow the same defini-
tion as in B24, particularly in choosing the source position of each
multiply-imaged system. Indeed, we do not rely on a weighted
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barycentre of the positions of each image in the source plane
but rather use it as a starting point that we optimize to find the
best-available source position for a given system. We assume that
the uncertainties on the positions of multiply-imaged systems are
well represented by independent Gaussian distributions, which
gives the following likelihood definition:

Neys

1
Ls, = l_[ N =
j l_[i .l O'ijf\/ 2
with Ny, the total number of multiply-imaged systems, Nin, j, the
number of images in the j** system, and o; j, the observational
error on the i images of the j* system. XJ.Z is the yx? statistics
associated with the j** system and reads as follows:

exp (—x7/2) ®)

Nim,j 0:0}_)5 _ 9:}’;3‘1

Xij e R o2 : )

‘ 2

X =

A positional uncertainty of 0.55 arcsec is adopted to account for
both the observational uncertainties in image position identifica-
tion and the systematic limitations of the model. This value is de-
termined by a maximum-likelihood estimate, calibrated such that
the best-fitting model achieves a reduced x? of approximately 1.

3.3 Cluster member kinematics

Thanks to our detailed cluster members modelling, we can access
both their light and mass distributions in terms of dPIEs. We use
a similar approach to B24 to model the LOSVD of the cluster
members at the half-light radius, o,, from the light and mass
distributions. The main difference is that we do not try to obtain
oy from o,, but o, as a function of dPIEs parameters.

Following P. Bergamini et al. (2019); B. Beauchesne et al.
(2024), the LOSVD, o105, is expressed as follows:

2G [
I(R) Jr
where I and v are the surface density and density of the luminos-

ity distribution, respectively. M3p is the total mass enclosed in a
sphere of radius r. It leaves us with two terms, F and Bapis0, Which

UEOS(R) = v(r)Msp(r)F(r) p2Baniso—2qp (10)
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are linked to the anisotropy of stars’ orbits. For simplicity, we
assume that these orbits are isotropic, which gives the following
formulas (M. Cappellari 2008):

F(r)=+/r* — R?and Baniso = 0 (11)

To match the actual measurements of o,, and their extraction
apertures, oy os is averaged in circular apertures of radius R'. We
obtain the following expression:

®
o2 (R) = % /0 025 (R)I(R)RAR (12)
where L(R’) is the luminosity enclosed in a circle of ra-
dius R'. In our case, we have three dPIEs, one for the light
(00,1a Tcore,1» rcut,l)’ one for the baryons (UO,b» Tcore,bs Teutp) and one
for DM (00 oM, Fcore.DM; Feut,pM ) Masses. We assume that the mass
and light of the considered cluster members are the only compo-
nents that significantly affect the LOSVD. Thus, we obtain the
following expressions for the different terms presented in the
previous equations:

2
leof 1(rc0re,l + rcut.l) 1
v(r)= Zof ZGr 1 5 . (13)
T (1 (2)) 1+ ()
core,l Teut,1
2Uz]"cut,l 1 1
M= G 7 - (14)
(et = Feore) \/r2 + rgore,l \/7'2 + chut,l
202 Feii s
o= 3 (g -
ie{b.DM} (Feut,i — Teore,i)

r r
(rcut,i arctan ( ) — Feore,i Arctan ( >> (16)
Teut,i Teore,i

202,
L(r)= — 0y (17)
G (rcut,l - rcore,l)

(\/ r? + rgoreJ + Feut] — \/ r? + 'fuu - rcore,l) (18)

In our case, we extract the LOSVD in a radius equal to the half-
light radius of the considered cluster member, which in the case
of the dPIE is (A. Eliasdoéttir et al. 2007):

37/, 10 2
Re = 4 Teored T 3 core,1Fcut,l + ¥y ) (19)

We have now settled everything to compute o, = 0p(R.), and
define the likelihood associated with cluster member kinemat-
ics, Lom_kin- We assume that each o, measurement is well rep-
resented by a Gaussian distribution, which gives the following
definition:

Ngal
& _ (Ue.i - Ue,model,i)z

1
Lemkin = l_[ 5. o exp ( 52 ) (20)

J

where Ng, is the number of cluster members with a measured
LOSVD, and 4, , is the observational error on that measurement.
Oei and Oe model,i are the values of the measured and model-
predicted LOSVD, respectively.

As our model parameterization includes several hypotheses to
simplify the model, we cannot reproduce each LOSVD within its
error bars. Similarly to the lensing constraints, we add an intrinsic
error, such that the associated reduced y? is approximately 1 for
the mode of the posterior. We estimate the systematic error to be
35kms™! based on a preliminary maximum-likelihood estimate.

Separation of DM and baryons in clusters —1I 7

3.4 BCG & ICL kinematics

To model the kinematics of the BCG & ICL, we rely on JAM
to obtain a 2D model and the JAMPY package (M. Cappellari
2008). We already have an axisymmetric MGE representation of
the light distribution as measured in B25a (Section 4.1). Thus,
we need to define a similar representation for the mass so we
can compute the JAM kinematic model. To be computationally
efficient, we base the mass model on the 1D mass profile of the
galaxy cluster. We compute the average mass density in spherical
shells, which we fit with a 1D MGE representation. We include all
profiles that define cluster-scale distributions, such as the smooth
DM, the gas and the BCG & ICL components, in the mass density.
In preliminary tests, we find that adding some cluster members
is necessary to account for all the mass required by the stellar
kinematics. Hence, we include each cluster member within the
kinematics extraction area. This selection is correct under the
assumption of a single mass plane, although in reality, we may
include cluster members that would not be in the spherical shells
used to estimate the 1D mass profile. We build the 2D MGE mass
by assuming the same position angle as the light distribution.
This is required by the JAM method. To estimate an elliptic-
ity as close as possible to the underlying mass distribution, we
uniformly sample points in the combined area of all extraction
regions of the kinematics. We compute the second moment of
the mass distribution in the x and y axes of the LENSTOOL refer-
ence frame and estimate the ellipticity with the same formulae as
SEXTRACTOR!. In preliminary tests, we tried to use the 2D mass
density and obtain the 2D MGE representation directly. However,
the requirement of having the same position angle led to a poor
fit of the mass by the 2D MGE.

Given a representation of light and mass as MGEs, we need to
specify the remaining parameters of the JAM method to properly
define the kinematic model. These parameters are the inclination
with respect to the LOS, and the anisotropy of the stars’ orbits. We
marginalize over the inclination by uniformly sampling it within
the range that yields a viable kinematic model. We define the
minimal inclination, 6, with the following equation from the
JAM code parameter restriction:

Cosz(gmin) + qmin Sinz (Gmin) (21)

dobs,min =

where gobsmin 1S the minimal axis ratio among the Gaussians of
both MGE representations (i.e. light and mass), and g, is the
minimal axis ratio of the deprojected Gaussians in 3D. As in the
JAM code, we fix gmin to 0.05. fymax = 90 degree represents the
edge-on case. In the JAM code, there are multiple choices for the
anisotropy of the stars’ orbits: cylindrical alignment of the veloc-
ity ellipsoid (M. Cappellari 2008), spherical alignment (M. Cap-
pellari 2020) and custom functions such as a logistic (D. A. Simon,
M. Cappellari & J. Hartke 2024) or a constant function. In the pre-
liminary test, we found no significant difference between the two
alignment types when integrating the kinematic model across the
observational bins. We try to use a logistic function, as in D. A.
Simon et al. (2024), to constrain the anisotropy using the data.
We used a gradient descent method to optimize the anisotropy
in a constant-mass model, but the parameters remained poorly
constrained and stayed near the starting points. Hence, we use
the cylindrical alignment, as it is less computationally costly than
the spherical one. Once the JAM 2D model is defined in the area

Thttps://sextractor.readthedocs.io/en/latest/Position.html
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Biased Posterior
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Figure 3. Diagram of the inference workflow in two steps. A biased posterior distribution is obtained on the combined likelihood excluding the BCG &
ICL kinematics. In the second step, we resample the biased posterior through importance sampling to obtain the final posterior estimate.

where Vi is measured, we integrate it over the elliptical annuli
used for extraction using a trapezoidal method.

In the observation bins, we then define the BCG & ICL kine-
matics likelihood Lpcg_kin as @ Gaussian likelihood on the Vi
measurements such that:

Nbin model) 2
1 (I/rms i Vrms i )
Locorin =] | exp [ — * 22)
BeGkin avrms,i\/ﬂ p( 28‘2/

J rms, i

where Ny, is the number of extraction bins where Vi ; has been
measured with the observational error T Vrﬁ‘s’ﬂel is the model
predicted LOS velocity moment.

3.5 Optimization process

In the case of our modelling, the computational cost of the com-
bined likelihood is too high to use regular sampling methods for
the posterior, such as Markov Chain Monte Carlo or Nested sam-
pling. However, this cost begins to be too expensive only when
we consider the kinematic model of the BCG & ICL. Indeed, this
likelihood constrains only a subset of the model parameters, yet
its inclusion increases the computational cost of each likelihood
evaluation, leading to a significant slowdown.

The BCG & ICL kinematics are particularly interesting as they
complete the strong lensing constraints in the cluster core. Hence,
we do not want to exclude them. We converge on the optimiza-
tion process presented in Fig. 3, which uses an approximation to
obtain the posterior of the total likelihood. We start the inference
scheme by running a regular sampling method to obtain the pos-
terior of the incomplete likelihood Leyin X Lst X Lx—ray. In Our
case, we rely on the nested sampling Monte Carlo algorithm, ML-
FRIENDS (J. Buchner et al. 2014; J. Buchner 2019) implemented
in the PYTHON package ULTRANEST? (J. Buchner 2021). We then
consider this posterior as a biased distribution in the context
of importance sampling. We aim to obtain an approximation to
the posterior defined by our total likelihood, which serves as the
target distribution for the importance sampling. In that case, we
can determine the importance weight, w, as follows:

Lcm-kin X L£5LX Lx—ray X LBcGkin P(F)
w X =4 23
Lcm-kin X L1 X LX —ray P(9) (23)
X LBeG—kin (24)

where P(0) represents the priors of the whole model parameters.
As we can see, the importance weights vastly simplify in our case,
such that they are only proportional to Lpcg—_kin- We then use

2https://johannesbuchner.github.io/UltraNest/
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the systematic resampling algorithm presented in J. D. Hol, T.
B. Schon & F. K. Gustafsson (2006) to obtain our approximated
posterior.

We note that such a procedure works only if the biased and
target posteriors are not too different, such that the resampling
keeps as many samples as possible from the biased posterior. We
address this issue in our case in Section 4.2.4, where we present
the resulting posterior on the kinematic model of the BCG & ICL.

Due to the complexity of the current model, particularly the
number of dPIE potentials, we have to speed up the first inference
step further. Due to limitations in multi-threading/processing in
the Bayesian inference code presented above, the first step would
take approximately a month on 60 CPU cores spread across sev-
eral computing nodes. Hence, we use a particle swarm optimizer
(M. R. Bonyadi & Z. Michalewicz 2017) to obtain a maximum like-
lihood estimate and a sample of models. From this set of points,
we model the likelihood using a multivariate normal distribution,
fixing the mean to the best fit and scaling the log-likelihood so
that the true and surrogate likelihoods have the same value at
the best-fitting point. We sample from the surrogate likelihood
posterior and estimate a 1D posterior for each parameter using
a Gaussian kernel density estimator (KDE). We ensure that the
cumulative distribution function (cdf) of the Gaussian KDE en-
compasses the whole prior by constraining the cdf to be 0 and
1 at the lower and higher bounds of the prior. We use these 1D
Gaussian KDE estimations as priors for the ULTRANEST run.

Thanks to this process, we can perform the first step of the
inference in 4 to 5d, including the particle swarm optimizer,
the estimation of the approximated prior and the nested sam-
pling run with the true likelihood. In particular, this approach
can bias the estimation of the Bayesian evidence (i.e. marginal
likelihood) of the nested sampling run. However, it is not usable
in our case as we miss Lpcg_kin from its computation. We rely
on nested sampling for its robustness in finding the mode of the
posterior distribution and not the marginal likelihood estimate.
To ensure that this process does not bias the posterior, we provide
in Appendix A the density plots of the approximated posterior
from the surrogate, the posterior from the nested sampling run
and the approximated posterior obtained via the final importance
sampling step.

A possible issue with the importance sampling step is the un-
dersampling of the true posterior. Such a case happens when a
small number of samples have a non-negligible weight. In par-
ticular, the inclination relative to the plane of the sky influences
the resulting mass models. In the case of large ellipticities (i.e.
A/B Z 2.0 with A and B the major and minor axis sizes), different
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Table 1. Widely applicable information criterion (WAIC) for the different BCG & ICL parametrizations and estimation of the cluster member stellar
masses with their associated root mean squared error (RMS) on the multiple image positions. We highlight in bold the two models favoured by the WAIC.

BCG SED cluster WAIC RMS
model member mean =+ std (arcsec)
BCG-ML 1 LEPHARE —33538.94 4 0.65 0.50”
BCG-ML 1 Delayed —33548.34 + 1.47 0.54”
BCG-ML 1 Dbl. power-law —33536.99 &+ 1.05 0.50"
BCG-ML 2 lePhare —33523.48 + 0.94 0.53”
BCG-ML 2 Delayed —33526.09 +1.16 0.53"
BCG-ML 2 Dbl. power-law —33536.19 £ 1.35 0.53”
BCG-ML 3 LEPHARE —33552.96 + 1.75 0.53”
BCG-ML 3 Delayed —33554.16 £ 1.87 0.54”
BCG-ML 3 Dbl. power-law —33544.20 + 1.48 0.53"

inclinations can have a Vi difference of more than 20 km/s.
Such differences are enough for a set of parameters from the
mass model to be located outside of the final posterior. A solu-
tion to avoid undersampling is to increase the sampling of the
inclination relative to the mass models. Hence, we are sampling
3 different inclinations for each mass model.

4 RESULTS

4.1 Model discrimination

As we defined three parametrizations for the BCG & ICL mass
components (Section 2.3) and three estimates of cluster member
stellar masses (B25a, Section 4.3), we produce 9 models com-
bining each possibility. To distinguish between them, we rely on
the Widely Applicable Information Criterion (WAIC; S. Watan-
abe 2010), which uses the posterior distribution to compute the
criterion value. It is quite similar to the Bayesian Information
Criterion (BIC G. Schwarz 1978) or Akaike Information Criterion
(AIC H. Akaike 1998), and is a readaptation of such criteria in a
Bayesian inference context. It replaces the maximum-likelihood
estimate with its average over the posterior distribution, and
switches to an effective number of parameters instead. The num-
ber of effective parameters is also estimated from the parameters
posterior distribution.

Table 1 presents the WAIC estimate performed for each model
through the implementation in the ARvVIZ library (R. Kumar et al.
2019). We estimate the mean and standard deviation of the WAIC
by randomly selecting 1000 models from the posterior, and re-
peating the operation 1000 times. Focusing on the BCG & ICL
parametrization, ‘BCG-ML 2’ models are the best-performing
models when averaging over the cluster member SED estimates.
They are followed by the ‘BCG-ML 1’ models and then the ‘BCG-
ML 3’ models. Except for the model with a double power-law SFH
and ‘BCG-ML 2’ parametrization, there is an improvement at a
fixed specific SED model from a model with a ‘BCG-ML 3’ to a
‘BCG-ML 1’ and from ‘BCG-ML 1’ to ‘BCG-ML 2’ parametriza-
tion. Hence, according to the WAIC and our set of constraints, the
best parametrization of the BCG & ICL component is to assume
different stellar-mass-to-light ratios for the BCG and the ICL.
Providing further freedom to the varying Y2°¢ does not improve
the models, and the last coefficient, Y2 *, is not constrained.

Regarding cluster member stellar masses, there is no clear pref-
erence for one SED model that would perform better for each
BCG & ICL parametrization. The SED model from LEPHARE is
the best, on average, among all BCG & ICL parametrization.

Although models with LEPHARE do not outperform the other
models with the same BCG & ICL parametrization. For ‘BCG-
ML 2’ parametrization, it is equally favoured by the WAIC as the
model with a delayed SFH, while for ‘BCG-ML 1’ and ‘BCG-ML
3’ parametrizations, it is the double power-law SFH model that
has the best WAIC. In contrast to the BCG & ICL parametriza-
tion, which can provide a significant increase in the WAIC for
most SED models, these cluster member parametrizations have a
smaller effect on the overall models and constraints reproduction.
Another way to distinguish between these SED models would be
to test their prediction of TECC after selecting the best BCG & ICL
parametrization. This aspect is discussed in Section 5.1, together
with the biases on T2¢C. Focusing on models with a ‘BCG-ML
2’ parametrization, the Delayed SFH and LEPHARE SED models
are the two best models according to the WAIC. The uncertainties
on their WAICs are too large to allow us to discriminate between
them. To simplify the discussion and focus on a single model, we
present the mass distribution results on the LEPHARE SFH model
in the following sections, as it has the best-fitting models among
all. We provide the posteriors and 1o CI for all models with a
‘BCG-ML 2’ parametrizations in Appendix A.

As shown in Table 1, the root mean squared error (RMS) on the
multiple image positions is similar among all models. We observe
the same behaviour for X-ray and the cluster-member likelihood
values, which are of similar order across all models. The most
impactful likelihood in the WAIC results is the BCG & ICL ones,
which account for most of the combined likelihood difference
between each model. As this likelihood particularly constrains
the BCG & ICL component, it explains why we can discriminate
between its parametrizations but not the cluster member one.

4.2 Reproduction of the constraints

In this section, we present how the selected mass model (i.e.
LEPHARE SFH and ‘BCG-ML 2’) reproduces the constraints on
each dataset. We start with lensing and X-rays in Sections 4.2.1
and 4.2.2, respectively. We finish with the two new datasets, i.e.
the BCG & ICL and cluster member stellar kinematics, in Sec-
tions 4.2.4 and 4.2.3, respectively.

4.2.1 Lensing

We quantify the reproduction of the lensing constraints with the
root mean square (RMS) error on the position of the multiply-
imaged constraint between the observation and model predic-
tion. Our best model, which uses the ‘BCG-ML 2’ parametriza-
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tion and the SED model with a LEPHARE SFH, has achieved a
RMS of 0.53 arcsec. This is close to the RMS achieved by the
other tested models. In comparison, our worst model according
to the WAIC (i.e. ‘BCG-ML 3’ parametrization and SED model
with a delayed SFH) has a RMS of 0.54 arcsec. Hence, lensing
constraints are not the dominant dataset to distinguish between
the models presented here, as they all perform equivalently. As
we use the same set of images as B24, it is the closest comparison
we can make with pre-existing models. In that case, the B24
model without a B-spline perturbation achieves an RMS of 0.60
arcsec, which highlights that we improve the reproduction of the
lensing constraints with our new treatment of the BCG & ICL and
cluster members. Our present model has a higher RMS than the
B24 model with a B-spline perturbation, although both are close,
with RMS values of 0.44 arcsec. We did not try to include such
a component here as the B-spline perturbation as defined in B.
Beauchesne et al. (2021) are only defined on projected quantities
in the plane of the sky, although the BCG & ICL stellar kinematics
require the definition of a deprojection in 3D space.

Interestingly, AS1063 has a multiply imaged system with a
central image close to the BCG (I. Balestra et al. 2013), which
is more sensitive to the BCG & ICL baryons than other systems.
On that specific model, the system RMS is of 0.40 arcsec, slightly
lower than the overall RMS and the central image has an error of
0.22 arcsec. In comparison, B24 model had a RMS of 0.50 arcsec
for that system and 0.51 arcsec for the central image. This system
is a good argument in favour of our modelling approach.

4.2.2 X-rays

The mass model of the intra-cluster gas is almost identical to the
model obtained in B24. The two parametrizations of the likeli-
hood intrinsic error lead to similar likelihood values according
to their variations. Mock distribution of 10° likelihoods based on
the best-fitting model yields a standard deviation of 87, which
is way larger than the likelihood difference between this work
and B24, with a Lx_r,y of —33208 and —33189, respectively. The
log-likelihood distribution among the pixels is also close, though
with the new error parametrization, it is slightly wider, with a few
pixels with worse and better likelihoods. Hence, we can estimate
that the addition of the other likelihoods has not affected the
estimate of the gas distribution as presented in B24.

4.2.3 Cluster member kinematics

Fig. 4 presents the model-predicted velocity dispersion o, as a
function of the observational measurements. To appreciate the
variation due to the SED model, we provide the results for each
model with the ‘BCG-ML 2’ parametrization and their combined
results. Each mass model presents similar results in terms of
scatter and uncertainties, though some galaxies show significant
differences depending on the SED model. This result is reflected
by the reduced x? of the best-fitting model of each mass mod-
elling that varies from 0.92 to 1.03 between these three models
with an assumed scatter of 35 km/s.

According to the bottom right panel of Fig. 4, the difference
between the o, estimates relying on different SED models is larger
than the statistical uncertainty of the mass models. It is unclear
how much the discrepancies are due to the cluster member stellar
mass or the interplay between the different components of the
mass model. Our results highlight the importance of the selected
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SED models, as the mass-model uncertainty is too low to blend
them. These discrepancies in o, estimates appear to correlate
with increasing values, as points with o, > 200 kms™" present
larger error bars. To assess such a correlation, we analyse this
dataset with a Spearman correlation (C. Spearman 1904) based
on o, and 8¢ sys/0e, With 8. sys being half of the width of the 1o CI.
We report a slight anti-correlation of —0.12 with a large p-value
of 0.42, suggesting no correlation. The same test as with o, and
8esys gives a correlation coefficient of 0.86, with p-values inferior
to 10713, Hence, the amplitude of the systematic error appears
to correlate with the accessible mass range of a cluster member
within our parametrization.

4.2.4 BCG & ICL kinematics

Fig. 5 presents the kinematic model of the BCG & ICL compo-
nent through its Vims. As shown by the cyan distribution, mass
models are already in good agreement with the observed stellar
kinematics even when not fitted to those data. This agreement is
a necessary condition to validate the importance sampling proce-
dure, but it also increases confidence in the mass model param-
eterization. Indeed, as the inner mass model is driven by prior
assumptions on the mass profile, it could have deviated from the
true mass without direct constraints. Thanks to the importance
sampling procedure, we can significantly reduce the width of the
kinematic posterior, particularly in the BCG and its vicinity, as
highlighted by the dashed black line representing the BCG half-
light radius.

When looking more closely at the reduced x2 of each model
in the resampled posterior, we obtain a value of 3.607033 for
its 1o CI with a minimum of 3.24, while the best-fitting model
among all data sets reaches a reduced yx? of 4.02. More precisely,
the median distance to the data points from the model is below
2 standard deviations for every point, except the fifth and sixth
ones, which are at 3.36 and 3.38, respectively. As these two points
deviate from the trend adopted by the other data points, their
uncertainties are likely not accounting for systematic biases. If we
exclude them, we obtain 2.72%04 for the reduced x? 1o CI with
a minimum at 2.02. If our kinematic model posterior agrees with
the observed data, it does not include a model that agrees with the
measurement uncertainties. It may highlight a limitation of our
kinematic modelling or an undersampling of the posterior due to
our two-step optimization procedure.

4.3 Mass distribution and profiles

Fig. 6 presents the normalized surface mass density or conver-
gence of the mass model. Each cluster-scale mass component is
highlighted by dashed contours. Thanks to our highly detailed
mass modelling, we can disentangle each mass component. Sim-
ilarly to B24, we observe a discrepancy between the intra-cluster
gas and DM. The gas distribution presents a smaller ellipticity and
an asymmetry toward the NE halo. It highlights the importance of
considering the gas, even in slowly perturbed clusters. Regarding
the BCG & ICL baryons, their contribution is negligible compared
to the gas and DM, except in the vicinity of the BCG. However,
within a few kpc of the cluster centre, the ellipticity of the BCG &
ICL highest surface mass density contour closely matches that
of the DM. Moving inward, the two innermost contours of the
BCG & ICL show progressively lower ellipticities, indicating a
systematic deviation from the DM ellipticity toward the BCG one.
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Figure 4. Model predicted o¢ as a function of the observed one, for each SED model. The uncertainties for the observed o, are the measurement standard
deviations. For the model predicted o, the uncertainties show the 1o CI from the mass model posterior. The top left, top right, and bottom left panels
present the results from the mass model with LEPHARE, the double power-law SFH and the delayed SFH SED models, respectively. The bottom-right

panel combines the predictions from the three mass models.

Overall, the mass distribution is similar to that of B24 and
other lensing studies on AS1063 (G. B. Caminha et al. 2016; P.
Bergamini et al. 2019; G. Granata et al. 2022; M. Limousin et al.
2022), which are mostly unimodal with an asymmetry toward
the NE halo. As found in B24, it is likely the remnant of a small
cluster/group of galaxies infalling in AS1063. Such an event in-
duces gas sloshing, as confirmed by a specific pattern in the gas
properties.

Fig. 7 presents the surface mass density profile of each mass
component with the total mass in the left panel, and the com-
ponent profiles relative to the total mass in the right panel. We
present the DM distribution through the cluster-scale DM com-
ponent in the left panel and the overall DM, including the cluster
member DM, in the right panel. The cluster member distribution
includes both DM and baryons. Thanks to our detailed modelling,
we have access to the baryonic fraction and the contribution to
each baryonic component. We can see that they reach a maxi-
mum of &~ 40 per cent within the BCG, where the baryons are
dominated by the BCG & ICL stellar masses. Beyond a radius
of 20 kpc, the ICM becomes the dominant baryonic component,
having reached the contribution of the BCG & ICL at that radius,
each accounting for 8 per cent of the overall mass. The bulk of the
baryonic mass in the form of ICM gas represents &~ 10 per cent of
the total mass up to the end of the strong lensing region at ~ 250

kpc. The cluster member baryons contribute only locally to the
overall baryonic content. Although their total mass can represent
as much as the gas distribution when the density of the galaxy
is large enough. In particular, there are three cluster members
around the BCG which contribute up to 8per cent of the overall
mass locally.

Our mass profile also shows lower statistical uncertainties than
the B24 results. Within the strong lensing area (R < 250 kpc),
our total mass profile presents a 1o CI of 1.4570->% percent of
error among the considered radial bins. It represents a 21per
cent reduction compared to the same measurement from the B24
model, which hasa 1o CIof 1.827}:%¢. Similar error reductions are
observed within the BCG and its close surroundings for R < 30
kpc. We obtain 3.0870% and 4.0673%] for our model and B24s
one, respectively. In addition to the significant error reduction
of the median, the width of the 1o CI has been divided by a
factor ~ 4, highlighting the benefit of the BCG stellar kinematics
constraints. Thanks to these reduced uncertainties, we obtain
an error of 2.15733¢ and 4.6870-% per cent for R < 250 kpc and
R < 30 kpc, respectively, for the DM-only profiles.

To complete the picture of the mass profiles, we present the
mass density of each cluster component with the total mass den-
sity in the left panel of Fig. 8. Their relative fraction with respect
to the total mass is shown in the right panel of Fig. 8. We add a fit
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Figure 5. Stellar kinematic data and model of the BCG & ICL com-
ponent as a function of the elliptical radius in kpc. The cyan distribu-
tion represents the biased posterior before the importance sampling step,
while the magenta one is the approximated posterior after the resampling
procedure. The scattered points represent the observational data points.
The elliptical radius is defined with the same ellipticity as used for the
fit of the Vims. The shaded area represents the 30 uncertainties of each
posterior, while the plain lines highlight the median. The errors of the
data points represent the standard deviation of the Viy fit. The dashed
black vertical lines show the BCG half-light radius as measured by L.
Tortorelli et al. (2018) of 17 kpc.

by a generalized Navarro-Frenck-White profile (gNFW; H. Zhao
1996) of the total mass density as a qualitative comparison to the
model mass slope. In contrast to the projected profile presented
in Fig. 7, there is a clear domination of the baryonic mass of the
BCG up to around 20 kpc, which is approximately the BCG half-
light radius (i.e. 17 kpc). The ICM becomes the main baryonic
contributor at radii larger than the projected counterparts, i.e.
around 50 kpc. Considering the total mass, the gNFW profile can
provide a good fit to the total mass from 20 kpc and up to the end
of the constrained area. Hence, it is unable to account for the BCG
mass distribution when it dominates in the inner core, which can
be put into perspective with the results of A. B. Newman et al.
(2013), who added a dPIE to account for the BCG in addition to
the gNFW profile. In our case, we obtain a slope g = 0.147303,
significantly lower than 1, where 1 is the slope of a NFW profile.
Similarly, C. Cerny et al. (2025) presented a sample of cluster
mass models where the BCG kinematics was used along with
strong lensing to constrain the model parameters. In contrast to
this work, in their models the mass components are all modelled
with dPIEs, and they rely on a scaling for the cluster member
based on the Faber & Jackson law (S. M. Faber & R. E. Jackson

1976). We reproduce their slope measurementy = — ill‘;ggll‘(’)((’r’ )) over

5 to 50 kpc for the DM distribution (y = 0.18275:9%) and the total
mass with the BCG & ICL subtracted (y = 0.68704). We obtain
a similar discrepancy as C. Cerny et al. (2025) results, which is
mostly due to the cluster members distribution, as the cluster
scale DM and gas distribution combined leads to y = 0.186™5-5%%.
Hence, our new cluster-member scheme produces results similar
to those of the regular Faber & Jackson law scaling. However,
this result, as our mass model assumes that all cluster members
lie in the same plane in 3D, likely overestimates the influence
of cluster members near the BCG, where their projected density
is the highest. In particular, their contribution is larger than the
cluster-scale and BCG DM component in the inner 15 kpc toward

the BCG, which likely highlights the de-projection effect.

MNRAS 550, 1-25 (2026)

Our results highlight the importance of providing an accurate
census of the baryonic components to robustly recover the DM
profile down to the few kpc of the inner core. In particular, the
DM profile’s shape in that area is sensitive to alternatives to the
cold DM (CDM) paradigm, such as self-interacting or Fuzzy DM
models that feature a cored distribution rather than the cuspy
CDM profile. The parameters of these DM models are correlated
with the shape and size of these cores, making our modelling
well-suited to robustly measure them (A. Robertson et al. 2021).

Another advantage of our self-consistent approach, which re-
lies on disentangling each cluster component, is its ability to
assess which baryonic component is the best tracer of DM. It is
particularly useful in the context of clusters or groups that do not
present lensing features, but deep observations can map some of
their baryonic components and then recover an estimated DM
profile. For example, the previous analysis by M. Montes & I.
Trujillo (2019) provided evidence that the ICL is a good tracer of
the DM profile slope.

However, we leave analyses such as measuring DM properties
or assessing which baryonic components are the best DM tracers
to future work. Before concluding, we must address the reliability
of our stellar mass estimates, as inaccurate BCG & ICL stellar con-
tent could introduce significant bias into the analysis presented
above.

5 DISCUSSION

We choose to focus the discussion on the estimate of the new
baryonic components added to the self-consistent multi-probe
approach developed in B24. We start in Section 5.1 by analysing
our estimate of the BCG & ICL stellar mass in light of the SED
estimates provided in B25a (Section 5.3). We follow up in Sections
5.2 and 5.3, where we discuss the probable biases of BCG & ICL
stellar mass estimates with the neglected BCG super massive
black hole (SMBH) and assumption of the BCG & ICL stellar
kinematics. We complete the discussion on the BCG & ICL com-
ponent with its degeneracy with the DM mass profile at Section
5.4. We then discuss our estimate of the SSHMR and its depen-
dence on the initial stellar mass estimated from cluster members
in Sections 5.5 and 5.6.

5.1 BCG & ICL stellar masses estimate

Fig. 9 presents the estimates of the stellar-mass-to-light ratio
of the BCG & ICL component. It compares the estimates from
each mass model with a ‘BCG-ML 2’ parametrization with the
SED fit results provided in B25a (Section 5.3). For each mass
model, there is an apparent discrepancy between the estimate
from LENSTOOL and the SED fit within the BCG (i.e. R, = 17
kpc). In contrast, at larger radii, both estimates agree within their
1o CI for the LEPHARE SED model. The models with a double
power-law and a delayed SFH present a less good agreement
with the SED estimate, although YESS, is included in the 30 CI
of YBCC. These results are in line with the stellar-mass-to-light
ratio mismatch observed in early-type galaxies (ETG) between
SED and stellar kinematics estimate (see R. J. Smith (2020) for
a review). These mismatches are observed when the kinematic
analysis relies on a constant value for the BCG, Y, (S. Posacki
et al. 2015; S. Lu et al. 2024). We are in a similar case as our
varying Y2{C parametrization has only one coefficient associated
with the BCG. L. Oldham & M. Auger (2018) and T. E. Collett
et al. (2018) find evidence for a steep gradient of Y, within ETGs
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Figure 6. 2D normalized surface mass density (convergence) associated with the total mass distribution in the same field of view as the RGB image
presented in Fig. 1. Each cluster-scale mass component is highlighted by contours. The BCG & ICL baryons are highlighted in dashed black, while the
intra-cluster gas and DM are in dotted red and solid pink contours, respectively.
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Figure 7. Left panel: Surface mass density of the whole cluster (red) and each of its components: the cluster-scale DM component (black), the BCG &
ICL baryons (blue), the gas (green) and the cluster members (magenta). The plain lines represent the median of each distribution among the model
posterior, while the shaded area shows its 30 CI. As a qualitative comparison to BCG & ICL profile slope, we present two power-law profiles with a slope
of —2 and —2.99 (best fitting solution on the BCG & ICL profile), respectively. Right panel: Projected fraction of each cluster mass component relative to
the total mass. It presents the mass profiles of each component divided by the total mass density profile. We present BCG & ICL baryons (blue), the gas
(green) and the cluster members (magenta) with the same profile as the left panel. For the DM component (black) and baryonic (cyan) mass profiles, we
present the overall DM including the cluster-scale and cluster member counterpart, while the baryons include the stellar mass from the BCG & ICL, the
cluster member as well as the X-ray gas.
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Figure 8. Left panel: Mass density of the whole cluster (red) and each of its components: the cluster-scale DM component (black), the BCG & ICL
baryons (blue), the gas (green) and the cluster member (magenta). A gNFW fit to the total mass distribution is presented as a comparison to model the
mass slope. Plain lines represent the median of each distribution among the model posterior, while the shaded area shows its 30 CI. Right panel: Fraction
of each cluster mass component relative to the total mass. For the BCG & ICL (blue) and the gas (green), we present the same profile as in the left panel.
For the DM (black) and baryonic (cyan) fraction, we account for the DM and baryons in each component similarly to the right panel of Fig. 7. The colour
scheme and meaning of the plain line and shaded area are the same as in the left panel. The combined baryonic profile is presented in cyan.
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Figure 9. Stellar-mass-to-light ratio of the BCG & ICL component, TflctG for the three models with a ‘BCG-ML 2’ parametrization with their equivalent

estimated through SED fitting, YESSD as a function of the elliptical radii defined in B25a (Section 5.2). Error bars represent the 1o CI for both TE¢C
estimates, while errors on the radius represent the width of the elliptical bins in which it is averaged. Each model uses a different SED model. They are
presented in the following order from left to right: Delayed SFH, double power-law SFH and LEPHARE. The colour schemes highlight YECC (blue, red,

*,1t
and green) with darker colours than Tf,(s:}cs;]) (cyan, magenta, and lime). Similar colours regroup models that are associated with the same SED model.

associated with an IMF variation with radius from a E. E. Salpeter To further compare our results and in particular the Y, esti-
(1955) IMF to a Milky-way like IMF that would produce such a mate mismatches, we define the following mismatch parameter
mismatch. As reported by K. Mehrgan et al. (2024), such gradients a:
are visible for very small radii, R < 1 kpc, which cannot be probed TBCG
with our data sets. In addition to this picture, our results suggest o= TB&G (25)
that the ICL in AS1063 follows a Milky-way like IMF. Hence, the *SED
BCG and the ICL would present a similar IMF at their common We estimate the posterior distribution of « by propagating the
border. distribution of YP{¢ from mass models with a single evaluation
These discrepancies in the estimate of the stellar-mass-to-light of TP§E, represented by its median. We do not include the uncer-
ratio imply a larger stellar mass for the BCG & ICL compo- tainty of YPGF, as it is negligible for two SED models, and we do
nent than estimated in B25a (Section 5.3). We obtain 1.70 & 0.32, not have the full posterior shape for every SED fit, in particular
1.41 £ 0.24 and 1.41 & 0.24 x 10'2 M, for the model with a de- the one made with LEPHARE. We compare o with the results from
layed SFH, double power-law SFH and LEPHARE SED models, S.Luetal. (2024), who analysed the IMF variation for the MaNGA
respectively. These masses are estimated within the same ellip- DynPop project. This project aimed to observe 10000 early-type
tical bins as presented in B25a (Section 5.2). These new esti- galaxies (ETGs) to perform dynamical and stellar population syn-
mates are from 57 to 149 per cent higher than their SED coun- thesis analyses. In particular, they estimate « as a function of the

terparts, which are mostly due to the underestimation of the galaxy velocity dispersion, o,, for a E. E. Salpeter (1955) IMF. We
BCG stellar mass. The models with a delayed SFH and a double convert their results to a Milky-way like IMF following the con-

power-law SFH, which exhibit discrepancies larger than 100 per version factor provided in A. H. Wright et al. (2017), and we use a
cnt, also yield higher estimates of the stellar mass within the value of 341 kms™! for 0., which has been measured in the most
ICL. central bins of our BCG & ICL stellar kinematics measurement.
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Figure 10. Stellar-mass-to-light ratio mismatch parameter « as a function of the elliptical radius defined in B25a (Section 5.2). In each plot, we highlight
the BCG size using its half-light radius, represented by the dashed black line. The shaded brown area represents the expected mismatch due to IMF
variation in early-type galaxies as reported by S. Lu et al. (2024). The width of this area represents 3 times the standard deviations from S. Lu et al. (2024)
fit, while the plain line represents their best-fitting solution. The 1o CI and 3¢ CI of the posterior distribution of « are represented by the boxes and the
associated error bars, respectively. The median is highlighted by the horizontal bars within each box. Each column represents a model with a ‘BCG-ML
2’ parametrization that used different SED models for the cluster member components. They are ordered from left to right: BAGPIPES Delayed SFH,
BAGPIPES double power-law SFH and LEPHARE. The colour scheme of the boxes represents the associated SED models. Each row represents a different
test. Top row: Mass models with the methodology outlined in this work. Middle row: Mass models with a central SMBH. Bottom row: Mass models where
the kinematic models of the BCG & ICL component are compared against the observed kinematics, in which we account for the deviation from Gaussian

stellar velocity distributions.

The top row of Fig. 10 presents the estimation of « compared
to the results of S. Lu et al. (2024). The 30 CI of each model agrees
with the expected mismatch from S. Lu et al. (2024) for the data
points within the BCG. However, the agreement gets weaker to-
wards the cluster centre. Indeed, the 1o CI of only the two/three
last data points of the BCG agree with the expected mismatch. It
may indicate an overestimate of T at the first data point if the
BCG is not an outlier of the S. Lu et al. (2024) relations. This could
be due to the presence of a SMBH with a mass above the M,-o,
relation as we discuss in Section 5.2. The assumption behind the
BCG & ICL stellar kinematic models may also have an influence.
A JAM model assumes a single ellipticity and a Gaussian line-of-
sight velocity distribution. A lower ellipticity would increase the
Vims Of the kinematic model at a fixed mass, which may reduce
the TS required at the first data point. However, a scheme with
varying ellipticity should be employed to avoid an increase of Vims
within the ICL. Similarly, a misalignment with the light tracer

and mass distribution that is forbidden by the axisymmetric re-
quirement of the JAM method would result in deviation from a
Gaussian distribution for the line-of-sight velocity distribution. A
proper assessment of such bias requires a 3D modelling method,
such as Schwarzschild’s orbit-superposition (J. Bovy 2015), but is
beyond the scope of this work. In Section 5.3, we try to correct the
effect of possible deviation from a Gaussian line-of-sight velocity
distribution by refitting these velocity distributions without the
extra-moments, h; and hy.

5.2 BCG SMBH

In our modelling, we neglect the influence of an SMBH which
mass can be degenerated with the BCG stellar mass. Hence, to
assess the reliability of T2C estimates to that bias, we add a point
mass profile with a fixed position at the BCG centre in the lensing
mass model. We modify our stellar kinematic model by adding a
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SMBH with its mass contained in the point mass profile of the
lensing model. We apply these modelling changes to each ‘BCG-
ML 2’ model and reproduce the whole optimization procedure
presented in Section 3.

We apply this procedure for two SMBH priors, one assum-
ing the mass from the M,-o, relation compiled in R. C. E. den
Bosch (2016) and another wider prior to test the deviation from
this relation. Using the relation of R. C. E. den Bosch (2016),
we obtain M, = 3.6675%2 x 10° M, using the uncertainties from
their relation fit and our best-fitting velocity dispersion in the first
bin (i.e. opcg = 341 kms™). The associated prior is a Gaussian
distribution with the M, median as the mean and half of the
distance between the two quantiles as a standard deviation. For
the prior over the wider range, we use a particularly wide log-
uniform prior from 107 to 10* M.

When the SMBH is assumed from the M,-o, relation, we ob-
serve mostly negligible changes to the model parameters and the
reproduction of the constraints. The posterior on Y2$¢ is mostly
the same with a slight decrease of the 1o CI width within the ICL.
It shows that neglecting the BCG SMBH, which would follow

the M, — o, relation, does not significantly affect the estimate of

BCG
T*.lt .

With the larger prior on the SMBH mass, we obtain better
reproduction of the stellar kinematics only with the model fea-
turing a double power-law SFH, as in the previous case. However,
there are larger changes in the model parameter, and in particular
with TP{C. These changes appear in the width of the 30 CI, while
the median and 1o CI tend to remain the same as in the model
without a SMBH. As our constraints on the SMBH are weak, the
modification of YTP{C can be overestimated. The constraints are
too weak to set a higher bound on the SMBH mass across all
three models. The middle row of Fig. 10 presents the mismatch
parameter, «, for these three models. The data points within the
BCG highlight the modification of the 30 CI, which overlap more
favourably with the expected mismatch from S. Lu et al. (2024). It
indicates that an SMBH with masses above the M, — o, relation
can lead to an overestimation of TP{¢ within the BCG. However,
our dataset is insufficient to assess the presence of such a SMBH.

Another aspect of the SMBH addition is the slight modification
of TP§¢ within the ICL, as the 30 CI of the double power-law
SFH and LEPHARE SED models are closer to each other than
previously. In the case of the double power-law SFH, TECC are
in better agreement with TP$S, than before, as the 1o CI is now
including log = 0. In contrast, the model with a delayed SFH,
presents a narrower 3o CI which barely includes the horizontal
line at log = 0. Hence, it points toward a more complex corre-
lation with other model components rather than a degeneracy of
the mass between the BCG & ICL and SMBH.

5.3 Non-gaussianity of the BCG stellar velocity
distribution

In B25a (Section 5.2), we fit the line-of-sight velocity distribution
assuming a Gaussian modified by a Gauss-Hermite expansion.
In our parametrization, only the coefficients for the third and
fourth Hermite polynomials are non-zero (i.e. parameters h; and
hy). To account for the Vi, differences if the velocity distribution
is purely Gaussian, we fit a Gaussian distribution to the velocity
distribution obtained in B25a. It mostly affects points in the ICL,
as they exhibit larger h, values of around 0.05. Hence, we observe
an opposite pattern from R. Gavazzi (2005), as the deviation from
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Gaussianity appears at a larger radius than closer to the cluster
centre.

We reproduce the importance sampling procedure with those
modified Vins, and the impact on the mismatch parameter is
presented in the bottom row of Fig. 10. It does not change the
agreement with the (S. Lu et al. 2024) expected mismatch for
the BCG, although models tend to prefer slightly higher T?{¢ for
the ICL. In particular, the model with LEPHARE has a narrower
1o CI as its lower tails lean towards higher TP{¢. Hence, the
deviation from a Gaussian stellar velocity distribution does not
impact Tf‘fts in the BCG according to this test. However, it leaves
other deviations from the JAM method, such as varying ellipticity,

as potential biases for future work.

5.4 Degeneracy between M, /L and the DM profiles

An additional potential source of the observed discrepancies in
the stellar mass-to-light ratio is the assumed DM profile. In the
case of the BCG, it is represented by two dPIEs, one for the BCG
DM and the other for the main DM halo. As shown by the pa-
rameter posterior in Appendix A, the rq of these two profiles
converge to values larger than 100 kpc (i.e. 20 arcsec), yielding a
cored profile around the BCG. As our mass probes are constrain-
ing the total mass, the BCG & ICL stellar mass may account for
some DM to accommodate the limitation of dPIEs.

To test such degeneracies, we use the mass profiles presented
in Fig. 8, and we swap the DM profiles for other parametrizations
such as a gNFW and a power-law profile and allow for variations
of the BCG & ICL stellar-mass-to-light ratio. The modelled total
density, p%4, as the following form:

p{?{’d(r) = pgas(r) + appcc(r) + P]r)nf/[d(") (26)
where pg,s and ppcg are the gas and BCG & ICL stellar mass
density from the mass model. We do not account for the cluster
member in that test, aside from the BCG. a represent the variation
of the stellar-mass-to-light ratio of BCG & ICL while p29¢ is the
DM density from an analytical profile. We are fitting p=°¢ on
the total density of the model without the cluster members in
log space, and we assume an error of 0.1dex. We deliberately
choose an error larger than the model uncertainty to account for
systematic error due to the mass model D. We perform that fitting
for each ‘BCG-ML 2’ model with three different parametrizations
of the DM profile. Two of these parametrizations are a gNFW
and a power-law profile. For the third parametrization, we use
a similar formula as for the BCG & ICL stellar mass density but
with the DM, which we denote as ‘fiducial’. This last parametriza-
tion allows us to measure the effect of the fitting procedure, in
particular, the uncertainty expected from the assumed error.

Fig. 11 presents the results for each ‘BCG-ML 2’ model for the
three parametrization where each column refers to a different
‘BCG-ML 2’ model and each row a different DM parametrization.
When comparing the first and second rows of the figure, adopt-
ing a gNFW DM profile reduces the discrepancy between the
SED and mass-model stellar mass-to-light ratios, yet the results
still indicate an underestimation of the stellar mass by the SED
fitting. The power-law profile in the last row shows the largest
modification, with the required stellar mass almost halved. In
particular, the SED estimation is now consistent with the 3o CI
of the mass model estimation. However, the power-law profile is
still not enough to recover the SED estimation within the 1o CI.

Comparing the uncertainty from the top row of Figs 11 and 9,
it is likely that a proper model with a power-law or gNFW profile
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Figure 11. Stellar-mass-to-light ratio M, /L as a function of the elliptical radius defined in B25a (Section 5.2). In each plot, we highlight the BCG size
using its half-light radius, represented by the dashed black line. The 1o CI and 30 CI of the posterior distribution of M, /L from the mass model are
represented by the boxes and the associated error bars, respectively. The median is highlighted by the horizontal bars within each box. For the SED
estimation of M, /L, the error bars represent the 1o CI. Each column represents a model with a ‘BCG-ML 2’ parametrization that used different SED
models for the cluster member components. They are ordered from left to right: BAGPIPES Delayed SFH, BAGPIPES double power-law SFH and LEPHARE.
The colour scheme of the boxes represents the associated SED models. Each row represents a different test: fiducial fit (Top row), gNFW fit (Middle row)

and power-law fit (Bottom row).

will have smaller 30 CI and 1o CI. The agreement within 3¢ CI is
unlikely to hold for most models, as the SED estimation is at the
limit of that interval.

Itappears that the DM profile is likely the largest source of mis-
estimation of the stellar mass from the BCG & ICL component.
Although using a steeper mass profile, such as a gNFW or power
law, is not enough to make both estimates agree. As presented in
Fig. 10, the overestimation of the BCG stellar mass is at the 3o
limit of the discrepancies observed by S. Lu et al. (2024). Hence, a
steeper DM profile still tends to favour a discrepancy, but shows
better agreement with S. Lu et al. (2024) results.

These three tests regarding our estimate of Y2$¢ highlight that
the main biases are the degeneracy between the DM and stellar
mass of the BCG, as the two other tests did not show significant
influence on the final results. Such biases were also found in the
kinematic studies of ETG, although they have been mitigated
by constraining the mass distribution using a 2D mapping of
stellar kinematics (M. Cappellari et al. 2012). Future work should
therefore tackle this issue by incorporating 2D kinematic con-
straints, which appear most promising given that baryons are

more centrally concentrated than DM, thereby helping break the
degeneracy between the stellar and DM mass components.

5.5 Stellar-to-subhalo mass relation

Thanks to our new cluster member modelling, we can estimate
the stellar-to-subhalo mass relations (SSHMR) with the double
power-law defined in Section 2.2 for satellite galaxies in cluster
cores. In the context of the SSHMR in cluster, satellite galaxies
refer to gravitationally bound subhaloes of a cluster-size halo,
which in our case translate to the cluster members without the
central galaxy/BCG. Such relations are measured in cosmological
simulations, and they should vary during the infall of galaxies
within their host cluster (A. Niemiec et al. 2019): the increase of
stellar mass stops as galaxies are quenched by the cluster environ-
ment, while the outside-in stripping of DM by tidal forces of the
cluster decreases sub-halo masses. In addition, self-interacting
DM could cause an additional ‘evaporation’, thus further decreas-
ing sub-halo masses during their infall (J. Bhattacharyya et al.
2022; E. L. Sirks et al. 2022). As galaxies that have spent a longer
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time in their host cluster tend to be located closer to the core,
precisely measuring the radial evolution of the SSHMR could
allow us to quantify the impact of tidal stripping, as well as
possible evaporation due to DM self-interactions. Stacked galaxy—
galaxy weak lensing analyses have placed some constraints on the
SsHMR (C. Sifén et al. 2015; R. Li et al. 2016; A. Niemiec et al.
2017; C. Sifén et al. 2018; C. Wang et al. 2024), but these mea-
surements do not reach the cluster core, where stripping effects
should be highest. To make the fairest comparisons, the types
of galaxies (i.e. early or late type galaxies) and their distances to
the cluster core should be considered (A. Niemiec et al. 2022).
In particular, A. Niemiec et al. (2022) reported a double power-
law fit of the SSHMR for satellite galaxies in the IllustrisTNG
(R. Weinberger et al. 2017; A. Pillepich et al. 2018) simulation.
They reported the fit for the whole sample of satellite galaxies, as
well as for different subsets based on galaxy type, redshift bin,
or distance to the cluster core. Hence, to match the sample of
galaxies considered from IllustrisTNG to our observational mea-
surements, we combine different SSHMR to match the properties
of our sample. We sample 1000 SSHMRs, where 19 per cent of the
sample follows the SSHMR for satellite late-type galaxies. This
proportion matches the proportion of late-type galaxies in our
cluster member sample as determined by visual inspection. We
classify cluster members as late-type galaxies if they exhibit com-
plex morphologies with possible spiral arms or colour difference
from the bulk of the population. The remaining cluster mem-
bers are modelled assuming the SSHMR derived from satellite
early-type galaxies with radii smaller than the maximum cluster-
centric distance of our cluster member selection. Hence, the ra-
dial dependencies of the SSHMR are only included for early-type
galaxies, as this dependence has not been probed by A. Niemiec
et al. (2022) for late-type galaxies.

The left panel of Fig. 12 compares the SSHMR from Illus-
trisTNG with our measurement for each model with the ‘BCG-
ML 2’ parametrization. The 1o CI of the SSHMR of our three
models and IllustrisTNG overlap over the entire stellar mass
range, from 1035 to 101 M. We notice that our results are
systematically above the median SSHMR measured from the sim-
ulation. It may highlight discrepancies between our model and
the simulation SSHMR on subsamples, such as selections based
on galaxy type, e.g. only early- or late-type galaxies. As in the
current modelling, we do not distinguish between the two galaxy
types; we leave any further analyses for future work.

Each SED model used to estimate the cluster member M, yields
slightly different SSHMRs, which agree at most for M, ~ 10*° Mg,
and diverge as M, increases or decreases. Hence, we observe that
the double power-law SFH model provides higher M, for the most
massive cluster members and lower M, for the least massive.
The LEPHARE SED model shows an opposite pattern, while the
delayed SFH model is closer to the double power-law one to a
lesser extent. Even if their 1o CI overlap with IllustrisTNG, they
present different slopes. It may indicate some discrepancies in
the details of the different galaxy populations within AS1063.
Increasing the mass range of M, above 10" Mg would likely
lead to a disagreement between our results and the simulation,
particularly when considering the double power-law SFH model.

5.6 Cluster member IMF variation

In our SSHMR estimate, we use a fixed estimation of the cluster
member M, as the posterior median from the SED fit. These SED
models assume a Milky-Way like IMF, which does not agree with
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the kinematic modelling of early-type galaxies (S. Posacki et al.
2015; S. Lu et al. 2024). We use the best-fitting relation from S.
Lu et al. (2024) for the expected mismatch between SED and
kinematic estimate of M, to correct our SED estimate of M,. We
estimate o, for each cluster member based on their mass and light
distribution as we do for the cluster member likelihood (see Sec-
tion 3.3) and assume the best-fitting mass model. We apply this
correcting factor to each cluster member in our sample without
distinguishing between early- and late-type galaxies.

The right panel of Fig. 12 presents the SSHMR with the cor-
recting factor applied to M, estimates with the SSHMR from II-
lustrisTNG. Similarly to the uncorrected SSHMR, the 1o CI of
the observation and simulation overlap. We also observe that
the SSHMR followed in AS1063 is systematically higher than the
median SSHMR from IllustrisTNG. Although at the massive end,
there is a better agreement with the trend between observations
and simulations, as there is no tendency for discrepancies at M, ~
101%7> M, or above.

We try to optimize new mass models with the correct M,, al-
though the obtained best-fit model o, are not in agreement with
the ones used to estimate the correcting factor for M,. These dif-
ferences in correction factors exceed 50per cent for some cluster
members. Hence, we reject these models. The correcting formula
from S. Lu et al. (2024) as a polynomial of degree 1 could be added
to our modelling of cluster members with a split between early
and late-type galaxies. It could be a new way of estimating IMF
variations within the cluster galaxy population.

Our new modelling of cluster members appears to be a robust
method for estimating SSHMR, as the overall trend aligns with
large-scale simulation results. The estimates of the total masses
of cluster members seem consistent across SED models, as the
slope difference between them is expected from the difference in
stellar masses. As highlighted by the slight differences between
our results and illustrisTNG, anomalies may be found between
observations and simulations, which can highlight differences in
how the cluster environment strips DM in real cases.

6 CONCLUSION

In this series of two papers, we present the first mass modelling
method that allows us to fully disentangle DM at the galaxy- and
cluster-scale, but also each baryonic component. To achieve such
details, we rely on multiple mass probes to specifically constrain
the baryonic components with X-ray surface brightness or multi-
band photometry. We combine total mass constraints from the
BCG & ICL stellar kinematics and strong lensing to constrain
the mass profile from ~ 5 to 250 kpc, and use cluster member
velocity dispersions to measure their total masses. We detail how
we gather these sets of constraints in B25a.

Here, we focus on the mass modelling methodology and re-
sults. We test different parameterizations for the BCG & ICL com-
ponents, which favour a varying T2°¢ with radius. In our case, a
simple model with two coefficients, one for the BCG and one for
the ICL, is favoured. In addition to providing a comprehensive
mass model of AS1063, with each cluster component disentan-
gled, we reduce the uncertainties on the total mass profile by
20-30 per cent, depending on the considered radii. It allows us to
measure the DM only profile with an error of less than 5 per cent
over the entire considered region. We obtain these results while
presenting one of the most complex parametric mass models.

We then discuss the robustness of the estimates of the stellar
masses contained in the BCG & ICL component, as well as cluster
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Figure 12. Stellar-to-subhalo mass relation measured in this work compared to the results from the illustrisTNG simulations as reported in A. Niemiec
et al. (2022). We represent our estimate through each cluster member. The positions of the colour points represent the median of their stellar masses, as
determined by the SED fitting, or the total mass from the model posterior distribution. The error bars show the 1o CI for those distributions. Each colour
represents different SED models with the Delayed SFH, double power-law SFH and LEPHARE models shown in cyan, magenta and lime, respectively.
The results from the IllustrisTNG simulation are represented by the grey area, which shows the 1o CI, while the plain lines show the median. The left
panel presents stellar-to-subhalo mass relations as defined in the mass models, while the right panel presents the same relation with the stellar masses
being corrected for the IMF variation as reported in S. Lu et al. (2024). The IMF correction is based on the model-predicted velocity dispersion, o, for

the best-fitting model.

members. We found that the stellar mass of the ICL agrees at 3o
with a Milky-Way like IMF as fitted through three different SED
models. We find that the BCG requires a larger TECC that can be
explained by the IMF variation observed in early-type galaxies,
although AS1063 BCG is in the tails of the early-type galaxies
distribution modelled by S. Lu et al. (2024). We look for over-
or under-estimates of Y5°C by adding a SMBH in the BCG, ac-
counting for deviations from a Gaussian velocity distribution and
looking at its degeneracy with the DM mass profile. We found that
the most significant bias is the degeneracy with the DM profile, al-
though a gNFW or power-law profile still yields YC larger than
the SED estimation. However, with those steeper DM profiles,
the discrepancies are in better agreement with S. Lu et al. (2024)
results. Besides this degeneracy, we found that only a SMBH with
a mass above the M,-o, relation, we find no significant influence
on YECC,

Regarding cluster members, we analyse our estimates of their
total and stellar masses by comparing the SSHMR included in the
model with results from the large-scale simulation IllustrisTNG
(A. Niemiec et al. 2022). We find a 1o CI agreement between
the observational and simulated relations, although with some
discrepancy at the higher mass end (> 10'%7> M,,) for the delayed
and double power-law SFH models. When accounting for the
IMF variations with the S. Lu et al. (2024) correction formula,
we find a slightly better agreement for the massive end, as no
data points are outside the 1o CI of the IllustrisTNG result. More
detailed comparisons in future work will enable us to refine the
comparisons and potentially identify discrepancies between ob-
servations and simulations for subsets of the galaxy population.

In this series, we extend the B24 framework to obtain a com-
plete picture of the cluster mass distribution. This method can
be further improved via a better treatment of the constraints or
modelling hypotheses. With the development of hardware ac-
celerators, the next logical step appears to be considering the
full light information provided by multiple images, similar to
what is done routinely with galaxy-scale lenses (e.g. J. Nightingale
et al. 2021). At cluster-scale, it is already possible to reconstruct a

multiple image system at fixed mass model (e.g. S. Sharma et al.
2021), although the combination of both the reconstruction and
mass model optimization has been out of reach. A. Acebron et al.
(2024) is paving the way in that direction as they used a hybrid
approach, where they combined the reconstruction of a single
lensing system with the usual point-like approximation for the
other systems.

Beyond the methodological considerations, applying our
method to a sample of clusters, ideally relaxed, will be instru-
mental in constraining DM properties by allowing for the precise
estimation of the DM only profile. Crucially, our approach is the
first step toward reproducing the treatment of A. Robertson et al.
(2021) for observations aimed at measuring the self-interacting
DM cross-sections, as we have an accurate census of the baryonic
distribution. This method can also be leveraged to develop similar
analyses for alternative DM models (e.g. fuzzy DM profile from
H. Y. J. Chan et al. 2022) but also modified gravity, allowing us to
set constraints beyond the single scope of the self-interacting DM
paradigm.

The broader application of this method depends on the avail-
ability of comprehensive multiwavelength datasets, which cur-
rently exist for only a limited number of clusters, such as the Hub-
ble Frontier Fields. This work advances cluster mass modelling
to new methodological and observational frontiers, establishing
the observational framework required for the precise characteri-
zation of the DM distribution.
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APPENDIX A: MASS MODEL PARAMETERS
AND POSTERIORS

In this appendix, we present the model posteriors for the three
models with a ‘BCG-ML 2’ parametrization. The 1D posterior
distributions of each model parameter are presented in Fig. Al,
Figs A2 and A3. It shows the models with a delayed SFH, a double
power-law SFH and the LEPHARE SED model, respectively. In
our optimization procedure detailed in Section 3.5, we use three
different distributions that are presented in different colours. To
speed up the inference process, we use a first approximation of
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Table A1. Model parameters distributions of each mass component for the model with a ‘BCG-ML 2’ parametrization and the delayed SFH model.
Starting from the top, the first two tables present the mass component modelled with dPIEs, the third table shows the MGE component, and the last one

shows the cluster member population parameters. Each parameter is represented as median

84percent limit
16percent limit

(best-fit) except the ones fixed a priori that are

shown in brackets. A« and A$ are the coordinates of dPIE haloes relative to the BCG centre at a(J2000) = 342.183213 and §(J2000) = —44.530897. The
1t label refers to the velocity dispersions of dPIEs as implemented in LENSTOOL.

ID Aa A8 ¢ €

kpc kpc degree
DM-main 5.0119(5.7) —1.7738(-2.5) —36.4702(—36.3) 0.63610:912(0.631)
DM-BCG [0.0] [0.0] —93.77%2(-91.6) 0.597"5-948(0.67)
DM-NE —399.871%47(—399.3) 190.5+82(201.0) 1.3194(20.4) 0.62410:97(0.643)
Gas-1 —5.072%7(-2.0) —86.211¢3(~100.9) 107.2+79(96.7) 0.17575:927(0.163)
Gas-2 —0.8114(-0.7) —5.5102(=5.0) —12.4713(-12.9) 0.32670:013(0.332)
Gas-3 —106.975¢(—112.3) 88.6731(94.2) —27.6731(-27.5) 0.14775:918(0.128)
1D Feore Feut 00,1t

kpc kpc kms™?
DM-main 99.9732(94.1) [3000] 117917(1167)
DM-BCG 178.1234(205.2) 420144(419) 416722(430)
DM-NE [2.5] 93743(79) 419132(513)
Gas-1 557.7118>(537.0) [1250] 33575(330)
Gas-2 69.9729(74.7) [1250] 22477 (235)
Gas-3 159.3137(158.3) [1250] 342+10(333)
D Yo Y2
BCG 30.22+22(32.7) 14.94148.(11.09)
ID o ) 14 M, N

10 Mg

Gal. 18.621135(18.49) 0.3875:9%(0.35) 1.061028(0.97) 8.317199(8.1) 2.697034(2.74)

the posterior based on a multivariate normal distribution, shown
in blue. We use the 1D posterior of this multivariate to transform
our parameter space to increase the volume represented by the
model posteriors with respect to the priors. The posteriors ob-
tained by the nested sampling runs are presented in red. In this
run, parameters are not constrained by the BCG & ICL kinemat-
ics. The last distribution presented in green is the final approxi-

mation of the posterior obtained after the importance sampling
step to incorporate the BCG & ICL constraints.

We are presenting tabulated values of each parameter with
their 1o CI and best-fitting values in Tables A1, A2, and A3. These
are associated with the models having a delayed SFH, a double
power-law SFH or LEPHARE SED model, respectively.
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Table A2. Same as Table Al for the model with the double power-law SFH.

D A AS ) €
kpc kpc degree
DM-main 4.7113(3.8) —1.4758(~0.5) —36.3702(-36.3) 0.6370:099(0.616)
DM-BCG [0.0] [0.0] —93.3739(-95.8) 0.6173:93(0.691)
DM-NE —408.9187(~416.7) 205.0135(209.3) 8.4782(13.6) 0.55915:9%(0.572)
Gas-1 —11.6752(0.8) ~70.71132(—83.6) 114.37$1(113.2) 0.20370:024(0.192)
Gas-2 —3.2t§;§(—2.9) —4.0%;%(—3.3) —12.4%;%(—12.2) o.307j§;§§(0.308)
Gas-3 —114.0137(-114.1) 96.5733(94.1) —24.0132(—26.8) 0.123%0017(0.146)
ID Tcore Teut 00,1t
kpc kpc kms™!
DM-main 97.0722(93.6) [3000] 117413(1172)
DM-BCG 153.27377(184.4) 442737(447) 398723(406)
DM-NE [2.5] 12413%(110) 387149(421)
Gas-1 562.97188(582.1) [1250] 35113(355)
Gas-2 75.3734(72.5) [1250] 241%8(234)
Gas-3 152.9%27(155.1) [1250] 319+3(327)
BCG, 2 BCG, 2
ae e e
BCG 32.991374(33.38) 9.713:23(1.95)
1D o ) y M; N
10 Mg
2.21 0.05 0.25 1.33 0.36
Gal. 16.091231(13.77) 0.397002(0.37) 0.821722(0.9) 5.7211:23(6.44) 2.571035(2.75)
Table A3. Same as Table Al for the model with LEPHARE SED model.
ID Aa AS ¢ €
kpc kpc degree
DM-main 4.4712(4.5) -1.2799(~1.3) —36.2702(—36.0) 0.6375:911(0.623)
DM-BCG[0.0] [0.0] —91.2739(—87.4) 0.66170:9%8(0.634)
DM-NE —401.47326(-399.4) 200.57%7(200.0) 4.4719-2(—10.4) 0.45775124(0.6)
Gas-1 —0.37115(0.7) —67.57128(—55.6) 104.6192(98.9) 0.11573:93%(0.046)
Gas-2 —96.9721(-98.3) 73.8;99(73.8) —30.7714(=32.1) 0.17973:911(0.196)
Gas-3 4.3714(3.1) —6.3709(—6.6) —-11.5719(-9.1) 0.3177001%(0.291)
1D Tcore Teut 00,1t
kpc kpc kms™!
DM-main 95.0729(95.6) [3000] 117317(1171)
DM-BCG 229.37324(231.0) 430745(498) 444723(432)
DM-NE [2.5] 62+23(63) 514133(461)
Gas-1 556.97129(534.2) [1250] 32515(323)
Gas-2 160.2127(158.0) [1250] 36613(363)
Gas-3 59.8712(59.0) [1250] 192+3(191)
BCG, 2 BCG, 2
ID T*, 1It1 T*, 1t2
BCG-1 33.791525(31.8) 9.417374(8.73)
1D o $ y M, N
10 My
Gal. 17.68131,(19.99) 0.4975:94(0.47) 1.15%926(1.37) 6.981132(7.77) 1.961033(2.57)
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(kms™1). For the BCG & ICL component, only its normalization (B¢
ac, the power-law slopes, § and y, the turn-off mass, M; (Mg ), and the normahzatlon N.
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Figure Al. 1D posterior density of each model parameter. The model considered here has a ‘BCG-ML 2’ parametrization and the delayed SFH model.
Each colour represents the distribution at a different step of our optimization process as detailed in Section 3.5. The blue distribution represents the
initial approximation based on a multivariate normal distribution. The red and green posteriors show the biased and final approximate posteriors or
the distributions before and after the importance sampling step. dPIEs parameters are presented with the relative x-coordinate A, (arcsec), the relative
y-coordinate As (arcsec), ellipticity €, position angle 6 (degree), core radlus Feore (arcsec), cut radius rey (arcsec), and central velocity dispersion o j;
2) is presented. The cluster member parameters are shown by the spatial scale,
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Figure A2. Same as Fig. Al for the model with the double power-law SFH.
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Figure A3. Same as Fig. Al for the model with LEPHARE SED model.
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