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A B S T R A C T 

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 −1 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 1 σ 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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 INTRODUCTION  

n this series of two papers, we aim to develop a comprehensive
ass modelling method in which each main cluster mass compo-
ent is modelled, i.e. where dark matter (DM) is fully separated
rom baryons. Such a method would generate some of the most
ophisticated parametric mass models to date, representing the
rst approach to achieve consistency across nearly all available
ass probes. This new method extends the framework developed
y B. Beauchesne et al. (hereafter, B24 2024 ), which combines
onstraints from strong lensing together with the X-ray emission
rom the intra-cluster gas in a self-consistent framework. Thanks
o this combined dataset, the intra-cluster gas or intra-cluster
edium (ICM), i.e. the main contributor to the baryonic mass
udget, can be disentangled from the total mass. Hence, this se-
ies of papers now focuses on the remaining baryonic component,
.e. the stellar mass, which is contained in cluster galaxies and
he intra-cluster stars. The latter are responsible for emitting the
ntra-cluster light (ICL). As in the cluster centre, the brightest
luster galaxy (BCG) is difficult to distinguish from the ICL, we
hus consider them as a single component, denoted BCG & ICL. 
To test such new method, we are using Abell S1063 (Hereafter
S1063) as a test case. Thanks to an observational dataset of 
ncreasing quality over the years, AS1063 has been used as a test
ase for methodological improvements. It is one of the morpho-
ogically simplest clusters with such data. M. Bonamigo et al.
 2018 ) added a fixed mass component representing the X-ray gas
ased on M. Bonamigo et al. ( 2017 ) method. P. Bergamini et al.
 2019 ) and G. Granata et al. ( 2022 ) focus on improving the cluster
ember modelling by calibrating their scaling laws with galaxy
inematics and morphology. The earlier used a scaling based on
he Faber & Jackson law (S. M. Faber & R. E. Jackson 1976 ) while
he latter made use of the more accurate fundamental plane of 
lliptical galaxies (J. B. Hyde & M. Bernardi 2009 ). M. Limousin,
. Beauchesne & E. Jullo ( 2022 ) revisited P. Bergamini et al.
 2019 ) model and tested the addition of a free-form perturbative
-spline component (B. Beauchesne et al. 2021 ). B24 incorpo-
ated elements from G. Granata et al. ( 2022 ) and M. Bonamigo
t al. ( 2018 ) to develop the framework that we intend to extend in
his work. That framework allows us to disentangle the DM from
he main baryonic component (i.e. intra-cluster gas). It reduces
iased on the resulting DM distribution, in particular when the
as distribution does not follow the DM. However, the B24 frame-
ork does not account for the baryonic mass in the form of stellar
ass. This baryonic contribution is usually small, except locally
hen a cluster member or the BCG is present. The DM distribu-
ion in and around the BCG is of particular interest as cold dark
atter (CDM) model and its alternative such as Fuzzy DM(FDM;
. Hu, R. Barkana & A. Gruzinov 2000 ) or self-interacting DM
D. N. Spergel & P. J. Steinhardt 2000 , SIDM;) disagree on the
xpected DM profile slope. CDM prefers a cuspy profile, while
he other two favour a cored distribution. Strong lensing mod-
ls of galaxy clusters tend to favour cored distributions for the
otal mass profile (M. Limousin et al. 2022 ), disentangling the
M distribution up to the BCG would allow us to assess if it
s due to the DM profile or an interplay between baryons and
M. 
AS1063 has been modelled several other times in the past,
ith different observational datasets and methods. As part of the
luster Lensing and Supernova Survey (CLASH; M. Postman et
l. 2012 ), the Hubble Frontier Fields (HFF; J. M. Lotz et al. ( 2017 ),
he Beyond Ultra-deep Frontier Fields And Legacy Observations
NRAS 550, 1–25 (2026)
BUFFALO; C. L. Steinhardt et al. ( 2020 ) and JWST GLIMPSE
rogramme (H. Atek et al. 2025 ), AS1063 has been modelled for
ach new observational data set. A. Monna et al. ( 2014 ) produced
 parametric mass model from the CLASH data with GLEE (S.
. Suyu & A. Halkola 2010 ; S. H. Suyu et al. 2012 ). In prepa-
ation for the upcoming HFF observations, both T. L. Johnson
t al. ( 2014 ); J. Richard et al. ( 2014 ) modelled the cluster with
enstool (E. Jullo et al. 2007 ) using different mass parametriza-
ions. G. B. Caminha et al. ( 2016 ) made a model with lenstool
ased on the HFF data and new spectroscopic measurements
rom VLT/MUSE and VLT/VIMOS as part of the CLASH–VLT
rogramme (A. Mercurio et al. 2021 ). Those data sets were also
sed by J. M. Diego et al. ( 2016 ) to make a free-form model
ith wslap (J. M. Diego et al. 2005 , 2007 ). More recently, with
he GLIMPSE data, parametric and free-form models have been
resented by H. Atek et al. ( 2025 ) and J. M. Diego et al. ( 2026 ),
espectively. 
In B. Beauchesne et al. ( 2025 ) (hereafter B25a ), we detail the
ass constraints required to set up our comprehensive mass
odelling of AS1063. In Section 3 , we present the existing set
f constraints from strong lensing and X-rays taken from B24. In
ections 4 and 5 , we focus on the supplementary mass probes,
.e. cluster members and the BCG & ICL. That set of observations
s the same for both components, although we apply different
reatments adapted to their properties. We recover the cluster
ember light distribution by fitting all galaxies in the cluster field
o reduce bias from the crowded environment. Thanks to this
ight model, we are able to subtract the galaxy light model to fit
he BCG & ICL with a multi-Gaussian expansion (MGE). For both
omponents, we fit their spectral energy density (SED) and their
tellar kinematics to obtain stellar mass estimates as well as a total
ass probe. We recall a part of the mass constraints presented in
25a , in Fig. 1 . 
In this second paper, we present the mass modelling method-
logy and detail how we use the supplementary mass constraints
rom B25a . In Section 2 , we detail the mass model parametriza-
ion of each component, where we use the light distribution from
luster members and the BCG & ICL as a tracer of their stellar
ass distribution. In Section 3 , we define the likelihoods for each
ass probe: X-ray surface brightness, strong lensing systems,
luster member kinematics, and the BCG & ICL component. We
onclude this section by describing the tailored optimization pro-
ess required by the complex mass model needed to accommo-
ate all these constraints. We then present the mass model results
n Section 4 and discuss the reliability of the mass estimates from
he new component in Section 5 . 
We recall the convention used in B25a , where we adopt a flat
CDM cosmology with �� = 0 . 7 , �m = 0 . 3 and H0 = 70 km

−1 Mpc−1 . Magnitudes are quoted in the AB system. The uncer-
ainties quoted in that article are the median-centred credible in-
ervals ( CI ) based on the posterior distribution of the considered
andom variable. These intervals are presented as nσ CI where n
s an integer such that CI contains 100 × erf

(
n √ 

2 

)
per cent of the

osterior. If we use σ to denote a standard deviation, we explicitly
otify it in the text. 

 MASS  MODELLING  HYPOTHESES  

n our model, we aim to disentangle the DM from the baryonic
omponents at galaxy and cluster scales. In the following, we
efine how we model the main cluster components (DM, BCG &



Separation of DM and baryons in clusters – II 3

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, σe , in B25a are highlighted by red circles. 
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CL, intra-cluster medium, and cluster members) so that their 
espective baryonic fractions can be assigned their own mass 
omponents. 

.1 Intra cluster medium 

o model the ICM, we follow the same method as in B24, as it
lready fits our requirement of separating the baryonic mass from 

he DM. The gas distribution is modelled by a sum of dPIE poten-
ials in a free-form way. All potentials are free to move within the
luster field, and we only fix their cut radii at 1.25 Mpc, as in B24.
 A
ndeed, it is ill-constrained when more than one potential is used.
his cut radius limit corresponds to the radius at which the ob-
erved number counts are approximately equal to the background 
alue. 
The number of potentials is determined following the 
oodness-of-fit procedure of B24, whereby potentials are added 
teratively until the best-fitting model adequately reproduces the 
bserved X-ray emission according to the B24 criterion. This 
riterion is an adaptation of the usual goodness-of-fit assess- 
ent with χ2 1 for the X-ray likelihood defined in Section 3.1 .
ence, as in B24, we use three dPIEs to model the hot gas in
S1063. 
MNRAS 550, 1–25 (2026)
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.2 Cluster members 

he cluster member distribution is one of the less significant
ass components of the cluster, although due to the mass con-
entration of the galaxy, it locally influences the position of mul-
iple images. Hence, they are an important part of a cluster lens
ass model, as some systems cannot be reproduced without
hem. However, due to their large number and the scarcity of 
ensing constraints, several simplifying assumptions about their
arameters are made. These simplifications are usually based on
 ‘light traces matter’ principle. 
In this work, we deviate from the standard modelling of cluster
embers used in the Lenstool software (J. P. Kneib et al. 1993 ;
. Jullo et al. 2007 ) which is based on the Faber & Jackson law
S. M. Faber & R. E. Jackson 1976 ). It scales the dPIE parameters
 rcore , rcut and σ0 ) of each cluster member based on its luminosity
 and a reference galaxy ( r∗core , r∗cut , σ ∗

0 and L∗). During the param-
ter inference, only the dPIE parameters of the reference galaxy
re optimized. The scaling relations are the following: 

cut = r∗cut 

(
L 
L∗

)1 / 2 
; rcore = r∗core 

(
L 
L∗

)1 / 2 
; σ0 = σ ∗

0 

(
L 
L∗

)1 / 4 
(1) 

he other parameters of the dPIE are usually fixed from the light
rofile: centre, position angle and ellipticity. Some works prefer
ircular cluster members rather than the ellipticity of the light
istribution. Hence, the DM and baryons of each galaxy are mod-
lled by a single profile. 
In this work, we aimed at separating the DM from the baryons

n each galaxy using individual mass profiles to be consistent with
he cluster-scale model. Since the baryonic distribution of ellipti-
al galaxies is dominated by stars, it can serve as a stellar tracer for
inematic modelling, providing more local mass constraints than
ensing. Hence, separating baryons and DM in cluster members
ot only gives more information to extract from the model, but
t also allows the model to use more observational datasets. To
ake such a framework work, we need relations that link the
aryons and DM profiles. So instead of using a relation based
n observations such as the Faber & Jackson law or fundamental
lane of an elliptical galaxy, we use the Stellar-to-subhalo mass
elation (SsHMR). It has the advantages to be easily comparable
o simulation results. 
In this new framework, we still use dPIE potentials for their
omputational efficiency rather than combining a Sérsic and a
ower-law profile as it is commonly done in galaxy-scale lensing
nalyses (e.g. A. J. Shajib et al. 2021 ). However, a dPIE profile can
pproximate a Sérsic light profile relatively well for a Sérsic index
etween 1 and 4 (A. A. Dutton et al. 2011 ). Each galaxy compo-
ent (baryons and DM) is modelled with a separate dPIE profile,
ubject to several simplifying assumptions to limit the number
f free parameters. Hence, we use the same centre coordinates,
llipticity and position angle for both dPIEs. These parameters
re assumed to follow the light distribution. Such approximations
re poor for disk galaxies, although the majority of the included
luster members are elliptical galaxies or galaxies in transition
o elliptical. We fix these parameters to the best-fitting values of 
he cluster member light profile with a dPIE presented in B25a
Section 4.1). The core and cut radii of the baryonic dPIE ( rcore , b 
nd rcut , b ), are fixed to the values of the light profile as well.
nly the central velocity dispersion σ0 ,b remains free, which we
escale to match the stellar mass from B25a (Section 4.3). Hence,
he baryonic component is fixed in the overall model and is de-
NRAS 550, 1–25 (2026)
ermined only from measurements independent of the lensing
nalysis. 
For the DM component, radii, rcore , DM 

and rcut , DM 

, and velocity
ispersion, σ0 ,DM 

, are scaled by a spatial and concentration scale,
c and βc , with respect to their baryonic counterpart, ( rcore , b , rcut , b ,
nd σ0 ,l ), such that: 

rcore , DM 

= αc rcore , b (2) 
rcut , DM 

= αc rcut , b (3) 
σ0 ,DM 

= βc σ0 ,l (4) 

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

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

tot = 2 N

( (
M∗
M1 

)δ

+
(
M∗
M1 

)−γ
) 

M∗ (5) 

here N, M1 , δ, and γ are optimized, and define the cluster mem-
er distribution model with αc . We could switch roles between αc 
nd βc . In that case, we would optimize βc and set αc with the
sHMR. However, βc is more likely to be ill constrained by strong
ensing as it mostly affects cluster members inner profiles. It is
till not perfect as γ and αc are not well constrained. We impose
n upper bound on them, as a large value of γ and αc leads to
nrealistic mass for the faintest cluster member, which is not
onstrained. We lack velocity dispersions for these cluster mem-
ers, and these unrealistic masses are highly concentrated, which
everely reduces the ability to penalize them through strong lens-
ng. More generally, αc does not seem to be well bounded by the
ata, and as it increases, it changes the mass balance between the
ther components, which makes it hard to match the measured
elocity dispersion of the BCG within the two-step optimization
rocess presented in Section 3.5 , for example. We based the upper
ound on empirical limits obtained from preliminary models. 
In our modelling, the SsHMR is the usual scaling relation used

or cluster members modelling with Lenstool . However, instead
f using an observational law, we use a parametrization oriented
owards comparison with cosmological simulations. The SsHMR
f our model can be directly compared with simulation results,
uch as those presented in A. Niemiec et al. ( 2022 ). We recover βc 
rom the SsHMR by writing the total mass of the combined dPIE
odels, Mtot , such that: 

tot =
(

αc β
2 
c 
LM�
L�

+ M∗

)
(6) 

here L is the total luminosity of the dPIE fitted to the light
istribution, and M∗ is the stellar mass associated with the object.
In contrast to B24, we do not inject the cluster member line-
f- sight velocity dispersion (LOSVD) in their associated dPIE pa-
ameters. We would rather use them as a new set of constraints,
s presented in Section 3.3 . In doing so, the measurement un-
ertainties on the LOSVD are more directly accounted for, and
heir weight naturally balanced against that of other mass probes,
uch as strong lensing, within the inference process. In B24, these
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uantities are accounted for with the prior on the galaxy scaling 
aw. 
As in B25a (Section 4.3), we obtain stellar mass estimates from
ifferent SED models used to define three different parametriza- 
ions of cluster members. Hence, we gain insights into the influ-
nce of SED systematic biases on this type of modelling, particu-
arly on the SsHMR discussed in Section 5.5 . 

.3 BCG & ICL 

o model the BCG & ICL component, we assume a stellar compo-
ent to represent its baryonic distribution and a DM component 
or the BCG. The motivation behind the BCG DM component is
o allow for different mass slopes at scales that differ from those
f the main DM halo. 
We model the BCG & ICL stellar component using an MGE
arametrization. We begin with the MGE model of its light dis-
ribution in the F160W filter, measured in B25a (Section 5.1). 
ontours of the MGE model are presented in Fig. 1 . We adopt
dentical parameters for light and mass distributions, except that 
he Gaussian normalizations now represent the stellar mass-to- 
ight ratio ϒBCG 

∗ of the BCG & ICL component. We designate the
stimate of ϒBCG 

∗ by lenstool as ϒBCG 
∗, lt , in contrast to ϒBCG , F160W 

∗
hat we refer to as ϒBCG 

∗, SED . We could impose a prior on ϒBCG 
∗, lt 

ased on ϒBCG 
∗, SED as estimated in B25a (Section 5.3). However, we 

refer a uniform prior since SED fits can misestimate this ratio
hen the assumed initial mass function (IMF) is inappropriate 
or the object. In particular, stellar mass estimates from kinematic 
odelling of early-type galaxies present significant differences 
ompared to SED estimates (for a review on this topic see R.
. Smith 2020 ). To further accommodate such discrepancies, we 
efine three MGE parametrizations which allow for different de- 
rees of variation of ϒBCG 

∗ with the cluster-centric radius. The 
rst parametrization assumes constant ϒBCG 

∗ , renormalizing the 
ntire light distribution with a single coefficient ϒBCG , 1 

∗, lt . We refer 
o this parametrization as ‘BCG–ML 1’. The second uses two co- 
fficients: ϒBCG , 2 

∗, lt 1 for Gaussians with standard deviations smaller 
han the BCG half-light radius ( Re = 17 kpc ; L. Tortorelli et al.
 2018 ), and ϒBCG , 2 

∗, lt 2 for wider Gaussians. This effectively separates 
he BCG from the ICL contributions. We refer to this parametriza-
ion as ‘BCG–ML 2’. To accommodate wider variations of ϒBCG 

∗ , 
e make three groups of Gaussians through a K-means clus- 
ering method as implemented in scikit-learn (F. Pedregosa 
t al. 2011 ), each represented by one coefficient, ϒBCG , 3 

∗, lt i wher e 
 ∈ { 1 , 2 , 3 } . ϒBCG , 3 

∗, lt 1 represents the same group of Gaussians as
BCG , 2 
∗, lt 1 , while ϒ

BCG , 3 
∗, lt 2 and ϒBCG , 3 

∗, lt 3 allow for more variation of 
BCG 
∗ within the ICL. We refer to this last parametrization as 
BCG–ML 3’. 
Since lenstool lacks native MGE potential implementation, 
e incorporate them as fixed external maps of lensing quantities 
computed in B25a , Section 5.1) scaled by normalization factors. 
hen we split the MGE parametrization into groups, we apply 

he same procedure to each group to compute the lensing quan-
ities as if they were separate MGE potentials. We include the
ap of the lensing quantities by interpolating them with degree 
 B-spline surfaces, allowing us to use the spline implementa- 
ion of lenstool (B. Beauchesne et al. 2021 ). In contrast to
. Beauchesne et al. ( 2021 ), we do not impose boundary con-
itions, and there is a different B-spline surface for each quan-
ity: lensing potential, deflection angle, convergence and shear. 
e simply use the implementation to compute the value of the
-spline surface. This approach generalizes to any light distri- 
ution parametrization, accommodating complex cases such as 
MACS J0723.3 −7323 (G. Mahler et al. 2023 ). We chose an MGE
arametrization specifically to enable stellar kinematic analy- 
is through Jeans Anisotropic Modelling (JAM), which requires 
GE-parametrized mass and light profiles. 
To model the DM component of the BCG, we use a dPIE profile.
egarding its parameters, we fix its centre to the BCG centroid
nd leave the other parameters free to vary. We allow the posi-
ion angle and ellipticity to vary, as their values may differ from
hose of the light distribution. We also allow for possible offsets
etween the DM and light distributions, as parametrized by the 
mooth cluster-scale DM halo that we define in the following 
ection. We note that this DM component was required in addi-
ion to the cluster-scale DM to obtain a sufficiently high velocity
ispersion near the BCG and match the observation. 

.4 Dark matter 

or the DM cluster-scale smooth component, we use a modelling 
pproach similar to other lenstool models to represent the bulk 
f the cluster mass. This component is often referred to as the
luster DM component by neglecting baryons contained in the 
CM and the ICL. In our case, since we are modelling the baryons
ith other profiles, it only accounts for the DM mass. 
We follow the approach of B24 by using two dPIEs haloes,
ne representing the main cluster DM halo, and a second one
epresenting the North–East (NE) halo. Regarding the model pa- 
ameters, we use the same assumptions as B24 for the NE halo
osition and radii, but we leave its position angle and ellipticity
ree to vary. We allow all of these parameters to vary for the main
lump, and we constrain its central position to a square of 10
rcsec centred around the BCG position. Similarly to B24, we fix 
he cut radius to 3 Mpc . 
These two additional dPIEs complete the cluster mass model. 
verall, the model includes 588 different profiles. Cluster mem- 
ers dominate this count, with each galaxy contributing two pro- 
les (one for baryons, one for DM). Despite the large profile
ount, most free parameters characterize cluster-scale compo- 
ents, such as the main DM halo and ICM, which make fewer
ssumptions than the cluster member population. 

 LIKELIHOODS  

hanks to our comprehensive model presented in Section 2 , we
an define likelihoods for our set of heterogeneous constraints: 
ensing, cluster members, σe , X-ray surface brightness, and BCG 

 ICL, Vrms . We recall the set of constraints in Fig. 1 , with X-ray
urface brightness contours, multiple image systems and cluster 
embers with measured kinematics. Each of these likelihoods 
onstrains different parts of the model, as shown in Fig. 2 , where
ach model component is associated with a different set of likeli-
oods. We have strong lensing ( LSL ), X-rays ( LX–ray ), cluster mem-
er kinematics ( LCL –kin ) and the BCG & ICL kinematics ( LBCG –kin )
ikelihoods. Only the first one, LSL , constrains the entire mass 
istribution, as it is sensitive to the cluster’s total mass. At the
xception of LBCG –kin , which also depends on the total mass in
he cluster core, the last two, LX–ray and LCL –kin , only constrain 
ne model component each. We define each of these likelihoods 
n the following sections. In Section 3.5 , we detail our parameter
nference procedure. 
MNRAS 550, 1–25 (2026)
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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. 
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.1 X-ray surface brightness 

o allow our model to account for the ICM X-ray emission as a
onstraint, we use the mass distribution of the dPIEs associated
ith the gas to predict the cluster X-ray surface brightness. We
se the same transformation as in B24 to convert the gas mass
istribution to its associated electron density, and then its surface
rightness. We refer the reader to B24 and the references within
or a detailed procedure description. 
To define the likelihood and to take into account the limitations
f our modelling choices, we incorporate an intrinsic error on
he X-ray photon count, σX , and we use a likelihood based on
he Negative Binomial distribution (NB (r = μ2 

i /σ
2 
X , p = μi / (μi +

2 
X )) with μi the expected photon count in a bin). The full likeli-
ood is then defined as follows: 

X–ray =
∏ 

i 

�
(
ki + μ2 i 

σ 2 X 

)
ki !�

(
μ2 i 
σ 2 X 

) (
μi 

μi + σ 2 
X 

) μ2 i 
σ2 X 
(

σ 2 
X 

μi + σ 2 
X 

)ki 
(7) 

where μi is the expected photon counts from the model in each
ixel of the map, ki is the observed number of photon counts in a
in, and � represents the well-known gamma function. 
In contrast to B24, we do not use a constant value of σ 2 

X for
he whole field of AS1063. We use an intrinsic error proportional
o the expected value of the surface brightness model, such that
X = aμi , where a is the error parameter to optimize. It is better
uited to the motivation behind adding this error. The inclusion
f σ 2 

X was motivated in B24 by the inability of the model to fully
eproduce gas mass variations on scales below that of the cluster.
he gas sloshing pattern identified in B24 is an example of such
ariations. Hence, we expect such phenomena to have an ampli-
ude correlated to the gas density as reflected by the expression
f σX . If a constant error is still needed, it would likely indicate a
isestimation of the background sky. 

.2 Multiple images positions 

or the strong lensing constraints, we also follow the same defini-
ion as in B24, particularly in choosing the source position of each
ultiply-imaged system. Indeed, we do not rely on a weighted
NRAS 550, 1–25 (2026)
arycentre of the positions of each image in the source plane
ut rather use it as a starting point that we optimize to find the
est-available source position for a given system. We assume that
he uncertainties on the positions of multiply-imaged systems are
ell represented by independent Gaussian distributions, which
ives the following likelihood definition: 

SL =
Nsys ∏ 

j 

1 ∏ Nim , j 
i σi j 

√ 

2 π
exp 

(
−χ2 

j / 2
)

(8) 

ith Nsys , the total number of multiply-imaged systems, Nim , j , the
umber of images in the jth system, and σi j , the observational
rror on the ith images of the jth system. χ2 

j is the χ2 statistics
ssociated with the jth system and reads as follows: 

2 
j =

Nim , j ∑ 

i 

∣∣∣∣∣∣� θobs i, j − � θ
pred 
i, j 

∣∣∣∣∣∣2 
σ 2 
i j 

(9) 

A positional uncertainty of 0.55 arcsec is adopted to account for
oth the observational uncertainties in image position identifica-
ion and the systematic limitations of the model. This value is de-
ermined by a maximum-likelihood estimate, calibrated such that
he best-fitting model achieves a reduced χ2 of approximately 1. 

.3 Cluster member kinematics 

hanks to our detailed cluster members modelling, we can access
oth their light and mass distributions in terms of dPIEs. We use
 similar approach to B24 to model the LOSVD of the cluster
embers at the half-light radius, σe , from the light and mass
istributions. The main difference is that we do not try to obtain
0 from σe , but σe as a function of dPIEs parameters. 
Following P. Bergamini et al. ( 2019 ); B. Beauchesne et al.

 2024 ), the LOSVD, σLOS , is expressed as follows: 

2 
LOS (R ) = 2 G 

I(R ) 

∫ ∞ 

R 
ν(r) M3D (r) F (r) r2 βaniso −2 d r (10) 

here I and ν are the surface density and density of the luminos-
ty distribution, respectively. M3D is the total mass enclosed in a
phere of radius r. It leaves us with two terms, F and βaniso , which
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re linked to the anisotropy of stars’ orbits. For simplicity, we 
ssume that these orbits are isotropic, which gives the following 
ormulas (M. Cappellari 2008 ): 

(r) =
√ 

r2 − R2 and βaniso = 0 (11) 

o match the actual measurements of σap and their extraction 
pertures, σLOS is averaged in circular apertures of radius R′ . We 
btain the following expression: 

2 
ap (R

′ ) = 2 π
L (R′ ) 

∫ R′ 

0 
σ 2 
LOS (R ) I(R ) R d R (12) 

here L (R′ ) is the luminosity enclosed in a circle of ra-
ius R′ . In our case, we have three dPIEs, one for the light
σ0 , l , rcore , l , rcut , l ) , one for the baryons (σ0 , b , rcore , b , rcut , b ) and one
or DM (σ0 , DM 

, rcore , DM 

, rcut , DM 

) masses. We assume that the mass
nd light of the considered cluster members are the only compo- 
ents that significantly affect the LOSVD. Thus, we obtain the 
ollowing expressions for the different terms presented in the 
revious equations: 

( r) = σ 2 
0 , l (rcore , l + rcut , l ) 
2ϒ�πGr2 core , l rcut , l 

1 (
1 +

(
r 

rcore , l 

)2 )(
1 +

(
r 

rcut , l 

)2 ) (13) 

( r) = 2 σ 2 
0 , l rcut , l 

G ( rcut , l − rcore , l ) 
ϒ�

⎛ 

⎝ 

1 √ 

r2 + r2 core , l 
− 1 √ 

r2 + r2 cut , l 

⎞ 

⎠ (14) 

3D ( r) =
∑ 

i ∈{ b,DM} 

( 

2 σ 2 
0 , i rcut , i 

G ( rcut , i − rcore , i ) 
× (15) 

(
rcut , i arctan 

(
r 

rcut , i 

)
− rcore , i arctan 

(
r 

rcore , i 

))) 

(16) 

( r) = 2 σ 2 
0 , l rcut , l 

G ( rcut , l − rcore , l ) 
ϒ�× (17) (√ 

r2 + r2 core , l + rcut , l −
√ 

r2 + r2 cut , l − rcore , l 
)

(18) 

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

e = 3 
4 

√ 

r2 core , l +
10 
3 
rcore , l rcut , l + r2 cut , l (19) 

e have now settled everything to compute σe = σap (Re ) , and 
efine the likelihood associated with cluster member kinemat- 
cs, LCM −kin . We assume that each σe measurement is well rep- 
esented by a Gaussian distribution, which gives the following 
efinition: 

CM–kin =
Ngal ∏ 

j 

1 
δσe ,i 

√ 

2 π
exp 

( 

− ( σe ,i − σe , model , i ) 2 

2 δ2 σe ,i 

) 

(20) 

here Ngal is the number of cluster members with a measured 
OSVD, and δσe,i is the observational error on that measurement. 
e,i and σe , model , i are the values of the measured and model- 
redicted LOSVD, respectively. 
As our model parameterization includes several hypotheses to 
implify the model, we cannot reproduce each LOSVD within its 
rror bars. Similarly to the lensing constraints, we add an intrinsic
rror, such that the associated reduced χ2 is approximately 1 for 
he mode of the posterior. We estimate the systematic error to be
5 km s −1 based on a preliminary maximum-likelihood estimate. 
.4 BCG & ICL kinematics 

o model the kinematics of the BCG & ICL, we rely on JAM
o obtain a 2D model and the jampy package (M. Cappellari
008 ). We already have an axisymmetric MGE representation of 
he light distribution as measured in B25a (Section 4.1). Thus, 
e need to define a similar representation for the mass so we
an compute the JAM kinematic model. To be computationally 
fficient, we base the mass model on the 1D mass profile of the
alaxy cluster. We compute the average mass density in spherical 
hells, which we fit with a 1D MGE representation. We include all
rofiles that define cluster-scale distributions, such as the smooth 
M, the gas and the BCG & ICL components, in the mass density.
n preliminary tests, we find that adding some cluster members 
s necessary to account for all the mass required by the stellar
inematics. Hence, we include each cluster member within the 
inematics extraction area. This selection is correct under the 
ssumption of a single mass plane, although in reality, we may
nclude cluster members that would not be in the spherical shells
sed to estimate the 1D mass profile. We build the 2D MGE mass
y assuming the same position angle as the light distribution.
his is required by the JAM method. To estimate an elliptic-
ty as close as possible to the underlying mass distribution, we
niformly sample points in the combined area of all extraction 
egions of the kinematics. We compute the second moment of 
he mass distribution in the x and y axes of the lenstool refer-
nce frame and estimate the ellipticity with the same formulae as
extractor 1 . In preliminary tests, we tried to use the 2D mass
ensity and obtain the 2D MGE representation directly. However, 
he requirement of having the same position angle led to a poor
t of the mass by the 2D MGE. 
Given a representation of light and mass as MGEs, we need to
pecify the remaining parameters of the JAM method to properly 
efine the kinematic model. These parameters are the inclination 
ith respect to the LOS, and the anisotropy of the stars’ orbits. We
arginalize over the inclination by uniformly sampling it within 
he range that yields a viable kinematic model. We define the
inimal inclination, θmin , with the following equation from the 
AM code parameter restriction: 

obs , min =
√ 

cos 2 (θmin ) + qmin sin 2 (θmin ) (21) 

where qobs , min is the minimal axis ratio among the Gaussians of 
oth MGE representations (i.e. light and mass), and qmin is the 
inimal axis ratio of the deprojected Gaussians in 3D. As in the
AM code, we fix qmin to 0.05. θmax = 90 degree represents the
dge-on case. In the JAM code, there are multiple choices for the
nisotropy of the stars’ orbits: cylindrical alignment of the veloc- 
ty ellipsoid (M. Cappellari 2008 ), spherical alignment (M. Cap- 
ellari 2020 ) and custom functions such as a logistic (D. A. Simon,
. Cappellari & J. Hartke 2024 ) or a constant function. In the pre-

iminary test, we found no significant difference between the two 
lignment types when integrating the kinematic model across the 
bservational bins. We try to use a logistic function, as in D. A.
imon et al. ( 2024 ), to constrain the anisotropy using the data.
e used a gradient descent method to optimize the anisotropy 
n a constant-mass model, but the parameters remained poorly 
onstrained and stayed near the starting points. Hence, we use 
he cylindrical alignment, as it is less computationally costly than 
he spherical one. Once the JAM 2D model is defined in the area
MNRAS 550, 1–25 (2026)
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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. 
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here Vrms is measured, we integrate it over the elliptical annuli
sed for extraction using a trapezoidal method. 
In the observation bins, we then define the BCG & ICL kine-
atics likelihood LBCG −kin as a Gaussian likelihood on the Vrms 
easurements such that: 

BCG –kin =
Nbin ∏ 

j 

1 
δVrms , i 

√ 

2 π
exp 

( 

−
(
Vrms , i −Vmodel 

rms , i 
)2 

2 δ2 Vrms , i 

) 

(22) 

here Nbin is the number of extraction bins where Vrms , i has been
easured with the observational error δVrms , i . Vmodel 

rms , i is the model
redicted LOS velocity moment. 

.5 Optimization process 

n the case of our modelling, the computational cost of the com-
ined likelihood is too high to use regular sampling methods for
he posterior, such as Markov Chain Monte Carlo or Nested sam-
ling. However, this cost begins to be too expensive only when
e consider the kinematic model of the BCG & ICL. Indeed, this
ikelihood constrains only a subset of the model parameters, yet
ts inclusion increases the computational cost of each likelihood
valuation, leading to a significant slowdown. 
The BCG & ICL kinematics are particularly interesting as they
omplete the strong lensing constraints in the cluster core. Hence,
e do not want to exclude them. We converge on the optimiza-
ion process presented in Fig. 3 , which uses an approximation to
btain the posterior of the total likelihood. We start the inference
cheme by running a regular sampling method to obtain the pos-
erior of the incomplete likelihood LCM–kin × LSL × LX −ray . In our
ase, we rely on the nested sampling Monte Carlo algorithm, ml-
riends (J. Buchner et al. 2014 ; J. Buchner 2019 ) implemented
n the python package ultranest 2 (J. Buchner 2021 ). We then
onsider this posterior as a biased distribution in the context
f importance sampling. We aim to obtain an approximation to
he posterior defined by our total likelihood, which serves as the
arget distribution for the importance sampling. In that case, we
an determine the importance weight, w , as follows: 

 ∝ LCM–kin ×LSL ×LX −ray ×LBCG–kin 
LCM–kin ×LSL ×LX −ray 

P(θ ) 
P(θ ) (23) 

∝ LBCG −kin (24) 

where P(θ ) represents the priors of the whole model parameters.
s we can see, the importance weights vastly simplify in our case,
uch that they are only proportional to LBCG −kin . We then use
NRAS 550, 1–25 (2026)

 https://johannesbuchner.github.io/UltraNest/ 

t  

A  
he systematic resampling algorithm presented in J. D. Hol, T.
. Schon & F. K. Gustafsson ( 2006 ) to obtain our approximated
osterior. 
We note that such a procedure works only if the biased and

arget posteriors are not too different, such that the resampling
eeps as many samples as possible from the biased posterior. We
ddress this issue in our case in Section 4.2.4 , where we present
he resulting posterior on the kinematic model of the BCG & ICL.
Due to the complexity of the current model, particularly the
umber of dPIE potentials, we have to speed up the first inference
tep further. Due to limitations in multi-threading/processing in
he Bayesian inference code presented above, the first step would
ake approximately a month on 60 CPU cores spread across sev-
ral computing nodes. Hence, we use a particle swarm optimizer
M. R. Bonyadi & Z. Michalewicz 2017 ) to obtain a maximum like-
ihood estimate and a sample of models. From this set of points,
e model the likelihood using a multivariate normal distribution,
xing the mean to the best fit and scaling the log-likelihood so
hat the true and surrogate likelihoods have the same value at
he best-fitting point. We sample from the surrogate likelihood
osterior and estimate a 1D posterior for each parameter using
 Gaussian kernel density estimator (KDE). We ensure that the
umulative distribution function (cdf) of the Gaussian KDE en-
ompasses the whole prior by constraining the cdf to be 0 and
 at the lower and higher bounds of the prior. We use these 1D
aussian KDE estimations as priors for the ultranest run. 
Thanks to this process, we can perform the first step of the

nference in 4 to 5 d, including the particle swarm optimizer,
he estimation of the approximated prior and the nested sam-
ling run with the true likelihood. In particular, this approach
an bias the estimation of the Bayesian evidence (i.e. marginal
ikelihood) of the nested sampling run. However, it is not usable
n our case as we miss LBCG −kin from its computation. We rely
n nested sampling for its robustness in finding the mode of the
osterior distribution and not the marginal likelihood estimate.
o ensure that this process does not bias the posterior, we provide
n Appendix A the density plots of the approximated posterior
rom the surrogate, the posterior from the nested sampling run
nd the approximated posterior obtained via the final importance
ampling step. 
A possible issue with the importance sampling step is the un-
ersampling of the true posterior. Such a case happens when a
mall number of samples have a non-negligible weight. In par-
icular, the inclination relative to the plane of the sky influences
he resulting mass models. In the case of large ellipticities (i.e.
/B � 2 . 0 with A and B the major and minor axis sizes), different

https://johannesbuchner.github.io/UltraNest/
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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 ± 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′′ 
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nclinations can have a Vrms difference of more than 20 km / s . 
uch differences are enough for a set of parameters from the
ass model to be located outside of the final posterior. A solu-
ion to avoid undersampling is to increase the sampling of the
nclination relative to the mass models. Hence, we are sampling 
 different inclinations for each mass model. 

 RESULTS  

.1 Model discrimination 

s we defined three parametrizations for the BCG & ICL mass
omponents (Section 2.3 ) and three estimates of cluster member 
tellar masses ( B25a , Section 4.3), we produce 9 models com-
ining each possibility. To distinguish between them, we rely on 
he Widely Applicable Information Criterion (WAIC; S. Watan- 
be 2010 ), which uses the posterior distribution to compute the
riterion value. It is quite similar to the Bayesian Information 
riterion (BIC G. Schwarz 1978 ) or Akaike Information Criterion 
AIC H. Akaike 1998 ), and is a readaptation of such criteria in a
ayesian inference context. It replaces the maximum-likelihood 
stimate with its average over the posterior distribution, and 
witches to an effective number of parameters instead. The num- 
er of effective parameters is also estimated from the parameters 
osterior distribution. 
Table 1 presents the WAIC estimate performed for each model 

hrough the implementation in the arviz library (R. Kumar et al. 
019 ). We estimate the mean and standard deviation of the WAIC
y randomly selecting 1000 models from the posterior, and re- 
eating the operation 1000 times. Focusing on the BCG & ICL 
arametrization, ‘BCG–ML 2’ models are the best-performing 
odels when averaging over the cluster member SED estimates. 
hey are followed by the ‘BCG–ML 1’ models and then the ‘BCG–
L 3’ models. Except for the model with a double power-law SFH
nd ‘BCG–ML 2’ parametrization, there is an improvement at a 
xed 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- 
ion. Hence, according to the WAIC and our set of constraints, the
est parametrization of the BCG & ICL component is to assume
ifferent stellar-mass-to-light ratios for the BCG and the ICL. 
roviding further freedom to the varying ϒBCG 

∗ does not improve 
he models, and the last coefficient, ϒBCG , 3 

∗, lt 3 , is not constrained. 
Regarding cluster member stellar masses, there is no clear pref- 
rence for one SED model that would perform better for each 
CG & ICL parametrization. The SED model from lephare is 
he best, on average, among all BCG & ICL parametrization. 
lthough models with lephare do not outperform the other 
odels with the same BCG & ICL parametrization. For ‘BCG–
L 2’ parametrization, it is equally favoured by the WAIC as the
odel with a delayed SFH, while for ‘BCG–ML 1’ and ‘BCG–ML
’ parametrizations, it is the double power-law SFH model that 
as the best WAIC. In contrast to the BCG & ICL parametriza-
ion, which can provide a significant increase in the WAIC for
ost SED models, these cluster member parametrizations have a 
maller effect on the overall models and constraints reproduction.
nother way to distinguish between these SED models would be 
o test their prediction of ϒBCG 

∗ after selecting the best BCG & ICL
arametrization. This aspect is discussed in Section 5.1 , together 
ith the biases on ϒBCG 

∗ . Focusing on models with a ‘BCG–ML
’ parametrization, the Delayed SFH and lephare SED models 
re the two best models according to the WAIC. The uncertainties
n their WAICs are too large to allow us to discriminate between
hem. To simplify the discussion and focus on a single model, we
resent the mass distribution results on the lephare SFH model 
n the following sections, as it has the best-fitting models among
ll. We provide the posteriors and 1 σ 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
ultiple image positions is similar among all models. We observe 
he same behaviour for X-ray and the cluster-member likelihood 
alues, which are of similar order across all models. The most
mpactful likelihood in the WAIC results is the BCG & ICL ones,
hich account for most of the combined likelihood difference 
etween each model. As this likelihood particularly constrains 
he BCG & ICL component, it explains why we can discriminate
etween its parametrizations but not the cluster member one. 

.2 Reproduction of the constraints 

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

.2.1 Lensing 

e quantify the reproduction of the lensing constraints with the 
oot mean square (RMS) error on the position of the multiply-
maged constraint between the observation and model predic- 
ion. Our best model, which uses the ‘BCG–ML 2’ parametriza- 
MNRAS 550, 1–25 (2026)
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ion and the SED model with a lephare SFH, has achieved a
MS of 0.53 arcsec . This is close to the RMS achieved by the
ther tested models. In comparison, our worst model according
o the WAIC (i.e. ‘BCG–ML 3’ parametrization and SED model
ith a delayed SFH) has a RMS of 0.54 arcsec . Hence, lensing
onstraints are not the dominant dataset to distinguish between
he models presented here, as they all perform equivalently. As
e use the same set of images as B24, it is the closest comparison
e can make with pre-existing models. In that case, the B24
odel without a B-spline perturbation achieves an RMS of 0.60
rcsec , which highlights that we improve the reproduction of the
ensing constraints with our new treatment of the BCG & ICL and
luster members. Our present model has a higher RMS than the
24 model with a B-spline perturbation, although both are close,
ith RMS values of 0.44 arcsec . We did not try to include such
 component here as the B-spline perturbation as defined in B.
eauchesne et al. ( 2021 ) are only defined on projected quantities
n the plane of the sky, although the BCG & ICL stellar kinematics
equire the definition of a deprojection in 3D space. 
Interestingly, AS1063 has a multiply imaged system with a
entral image close to the BCG (I. Balestra et al. 2013 ), which
s more sensitive to the BCG & ICL baryons than other systems.
n that specific model, the system RMS is of 0.40 arcsec , slightly
ower than the overall RMS and the central image has an error of 
.22 arcsec . In comparison, B24 model had a RMS of 0.50 arcsec
or that system and 0.51 arcsec for the central image. This system
s a good argument in favour of our modelling approach. 

.2.2 X-rays 

he mass model of the intra-cluster gas is almost identical to the
odel obtained in B24. The two parametrizations of the likeli-
ood intrinsic error lead to similar likelihood values according
o their variations. Mock distribution of 105 likelihoods based on
he best-fitting model yields a standard deviation of 87, which
s way larger than the likelihood difference between this work
nd B24, with a LX −ray of −33208 and −33189 , respectively. The
og-likelihood distribution among the pixels is also close, though
ith the new error parametrization, it is slightly wider, with a few
ixels with worse and better likelihoods. Hence, we can estimate
hat the addition of the other likelihoods has not affected the
stimate of the gas distribution as presented in B24. 

.2.3 Cluster member kinematics 

ig. 4 presents the model-predicted velocity dispersion σe as a
unction of the observational measurements. To appreciate the
ariation due to the SED model, we provide the results for each
odel with the ‘BCG–ML 2’ parametrization and their combined
esults. Each mass model presents similar results in terms of 
catter and uncertainties, though some galaxies show significant
ifferences depending on the SED model. This result is reflected
y the reduced χ2 of the best-fitting model of each mass mod-
lling that varies from 0.92 to 1.03 between these three models
ith an assumed scatter of 35 km / s . 
According to the bottom right panel of Fig. 4 , the difference
etween the σe estimates relying on different SED models is larger
han the statistical uncertainty of the mass models. It is unclear
ow much the discrepancies are due to the cluster member stellar
ass or the interplay between the different components of the
ass model. Our results highlight the importance of the selected
NRAS 550, 1–25 (2026)
ED models, as the mass-model uncertainty is too low to blend
hem. These discrepancies in σe estimates appear to correlate
ith increasing values, as points with σe > 200 km s −1 present
arger error bars. To assess such a correlation, we analyse this
ataset with a Spearman correlation (C. Spearman 1904 ) based
n σe and δe , sys /σe , with δe , sys being half of the width of the 1 σ CI .
e report a slight anti-correlation of −0 . 12 with a large p-value
f 0.42, suggesting no correlation. The same test as with σe and
e , sys gives a correlation coefficient of 0.86, with p-values inferior
o 10−13 . Hence, the amplitude of the systematic error appears
o correlate with the accessible mass range of a cluster member
ithin our parametrization. 

.2.4 BCG & ICL kinematics 

ig. 5 presents the kinematic model of the BCG & ICL compo-
ent through its Vrms . As shown by the cyan distribution, mass
odels are already in good agreement with the observed stellar
inematics even when not fitted to those data. This agreement is
 necessary condition to validate the importance sampling proce-
ure, but it also increases confidence in the mass model param-
terization. Indeed, as the inner mass model is driven by prior
ssumptions on the mass profile, it could have deviated from the
rue mass without direct constraints. Thanks to the importance
ampling procedure, we can significantly reduce the width of the
inematic posterior, particularly in the BCG and its vicinity, as
ighlighted by the dashed black line representing the BCG half-
ight radius. 
When looking more closely at the reduced χ2 of each model

n the resampled posterior, we obtain a value of 3 . 60+0 . 23 
−0 . 18 for

ts 1 σ CI with a minimum of 3.24, while the best-fitting model
mong all data sets reaches a reduced χ2 of 4.02. More precisely,
he median distance to the data points from the model is below
 standard deviations for every point, except the fifth and sixth
nes, which are at 3.36 and 3.38, respectively. As these two points
eviate from the trend adopted by the other data points, their
ncertainties are likely not accounting for systematic biases. If we
xclude them, we obtain 2 . 72+0 . 45 

−0 . 35 for the reduced χ2 1 σ CI with
 minimum at 2.02. If our kinematic model posterior agrees with
he observed data, it does not include a model that agrees with the
easurement uncertainties. It may highlight a limitation of our
inematic modelling or an undersampling of the posterior due to
ur two-step optimization procedure. 

.3 Mass distribution and profiles 

ig. 6 presents the normalized surface mass density or conver-
ence of the mass model. Each cluster-scale mass component is
ighlighted by dashed contours. Thanks to our highly detailed
ass modelling, we can disentangle each mass component. Sim-
larly to B24, we observe a discrepancy between the intra-cluster
as and DM. The gas distribution presents a smaller ellipticity and
n asymmetry toward the NE halo. It highlights the importance of 
onsidering the gas, even in slowly perturbed clusters. Regarding
he BCG & ICL baryons, their contribution is negligible compared
o the gas and DM, except in the vicinity of the BCG. However,
ithin a few kpc of the cluster centre, the ellipticity of the BCG &
CL highest surface mass density contour closely matches that
f the DM. Moving inward, the two innermost contours of the
CG & ICL show progressively lower ellipticities, indicating a
ystematic deviation from the DM ellipticity toward the BCG one.
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Figure 4. Model predicted σe as a function of the observed one, for each SED model. The uncertainties for the observed σe are the measurement standard 
deviations. For the model predicted σe , the uncertainties show the 1 σ 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. 
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Overall, the mass distribution is similar to that of B24 and 
ther lensing studies on AS1063 (G. B. Caminha et al. 2016 ; P.
ergamini et al. 2019 ; G. Granata et al. 2022 ; M. Limousin et al.
022 ), which are mostly unimodal with an asymmetry toward 
he NE halo. As found in B24, it is likely the remnant of a small
luster/group of galaxies infalling in AS1063. Such an event in- 
uces gas sloshing, as confirmed by a specific pattern in the gas
roperties. 
Fig. 7 presents the surface mass density profile of each mass
omponent with the total mass in the left panel, and the com-
onent profiles relative to the total mass in the right panel. We
resent the DM distribution through the cluster-scale DM com- 
onent in the left panel and the overall DM, including the cluster
ember DM, in the right panel. The cluster member distribution 
ncludes both DM and baryons. Thanks to our detailed modelling,
e have access to the baryonic fraction and the contribution to
ach baryonic component. We can see that they reach a maxi- 
um of ≈ 40 per cent within the BCG, where the baryons are
ominated by the BCG & ICL stellar masses. Beyond a radius
f 20 kpc , the ICM becomes the dominant baryonic component, 
aving reached the contribution of the BCG & ICL at that radius,
ach accounting for 8 per cent of the overall mass. The bulk of the
aryonic mass in the form of ICM gas represents ≈ 10 per cent of 
he total mass up to the end of the strong lensing region at ≈ 250
pc . The cluster member baryons contribute only locally to the 
verall baryonic content. Although their total mass can represent 
s much as the gas distribution when the density of the galaxy
s large enough. In particular, there are three cluster members 
round the BCG which contribute up to 8per cent of the overall
ass locally. 
Our mass profile also shows lower statistical uncertainties than 

he B24 results. Within the strong lensing area ( R < 250 kpc ),
ur total mass profile presents a 1 σ CI of 1 . 45+0 . 54 

−0 . 42 per cent of 
rror among the considered radial bins. It represents a 21per 
ent reduction compared to the same measurement from the B24 
odel, which has a 1 σ CI of 1 . 82+1 . 06 

−0 . 58 . Similar error reductions are
bserved within the BCG and its close surroundings for R < 30
pc . We obtain 3 . 08+0 . 88 

−0 . 52 and 4 . 06
+3 . 87 
−1 . 39 for our model and B24’s

ne, respectively. In addition to the significant error reduction 
f the median, the width of the 1 σ CI has been divided by a
actor ≈ 4 , highlighting the benefit of the BCG stellar kinematics
onstraints. Thanks to these reduced uncertainties, we obtain 
n error of 2 . 15+1 . 16 

−0 . 41 and 4 . 68
+0 . 24 
−0 . 34 per cent for R < 250 kpc and

 < 30 kpc , respectively, for the DM-only profiles. 
To complete the picture of the mass profiles, we present the
ass density of each cluster component with the total mass den-
ity in the left panel of Fig. 8 . Their relative fraction with respect
o the total mass is shown in the right panel of Fig. 8 . We add a fit
MNRAS 550, 1–25 (2026)



12 B. Beauchesne et al.

M

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 Vrms . The shaded area represents the 3 σ uncertainties of each 
posterior, while the plain lines highlight the median. The errors of the 
data points represent the standard deviation of the Vrms fit. The dashed 
black vertical lines show the BCG half-light radius as measured by L. 
Tortorelli et al. ( 2018 ) of 17 kpc . 
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y a generalized Navarro–Frenck–White profile (gNFW; H. Zhao
996 ) of the total mass density as a qualitative comparison to the
odel mass slope. In contrast to the projected profile presented
n Fig. 7 , there is a clear domination of the baryonic mass of the
CG up to around 20 kpc , which is approximately the BCG half-
ight radius (i.e. 17 kpc ). The ICM becomes the main baryonic
ontributor at radii larger than the projected counterparts, i.e.
round 50 kpc . Considering the total mass, the gNFW profile can
rovide a good fit to the total mass from 20 kpc and up to the end
f the constrained area. Hence, it is unable to account for the BCG
ass distribution when it dominates in the inner core, which can
e 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
he gNFW profile. In our case, we obtain a slope β = 0 . 14+0 . 03 

−0 . 03 ,
ignificantly lower than 1, where 1 is the slope of a NFW profile.
imilarly, C. Cerny et al. ( 2025 ) presented a sample of cluster
ass models where the BCG kinematics was used along with
trong lensing to constrain the model parameters. In contrast to
his work, in their models the mass components are all modelled
ith dPIEs, and they rely on a scaling for the cluster member
ased on the Faber & Jackson law (S. M. Faber & R. E. Jackson
976 ). We reproduce their slope measurement γ = − d log 10 (ρ) 

d log 10 (r) 
over

 to 50 kpc for the DM distribution ( γ = 0 . 182+0 . 008 
−0 . 009 ) and the total

ass with the BCG & ICL subtracted ( γ = 0 . 68+0 . 040 
−0 . 049 ). We obtain

 similar discrepancy as C. Cerny et al. ( 2025 ) results, which is
ostly due to the cluster members distribution, as the cluster
cale DM and gas distribution combined leads to γ = 0 . 186+0 . 008 

−0 . 007 .
ence, our new cluster-member scheme produces results similar
o those of the regular Faber & Jackson law scaling. However,
his result, as our mass model assumes that all cluster members
ie in the same plane in 3D, likely overestimates the influence
f cluster members near the BCG, where their projected density
s the highest. In particular, their contribution is larger than the
luster-scale and BCG DM component in the inner 15 kpc toward
he BCG, which likely highlights the de-projection effect. 
NRAS 550, 1–25 (2026)
Our results highlight the importance of providing an accurate
ensus of the baryonic components to robustly recover the DM
rofile down to the few kpc of the inner core. In particular, the
M profile’s shape in that area is sensitive to alternatives to the
old DM (CDM) paradigm, such as self-interacting or Fuzzy DM
odels that feature a cored distribution rather than the cuspy
DM profile. The parameters of these DM models are correlated
ith the shape and size of these cores, making our modelling
ell-suited to robustly measure them (A. Robertson et al. 2021 ). 
Another advantage of our self-consistent approach, which re-

ies on disentangling each cluster component, is its ability to
ssess which baryonic component is the best tracer of DM. It is
articularly useful in the context of clusters or groups that do not
resent lensing features, but deep observations can map some of 
heir baryonic components and then recover an estimated DM
rofile. For example, the previous analysis by M. Montes & I.
rujillo ( 2019 ) provided evidence that the ICL is a good tracer of 
he DM profile slope. 
However, we leave analyses such as measuring DM properties
r assessing which baryonic components are the best DM tracers
o future work. Before concluding, we must address the reliability
f our stellar mass estimates, as inaccurate BCG & ICL stellar con-
ent could introduce significant bias into the analysis presented
bove. 

 DISCUSSION  

e choose to focus the discussion on the estimate of the new
aryonic components added to the self-consistent multi-probe
pproach developed in B24. We start in Section 5.1 by analysing
ur estimate of the BCG & ICL stellar mass in light of the SED
stimates provided in B25a (Section 5.3). We follow up in Sections
.2 and 5.3 , where we discuss the probable biases of BCG & ICL
tellar mass estimates with the neglected BCG super massive
lack hole (SMBH) and assumption of the BCG & ICL stellar
inematics. We complete the discussion on the BCG & ICL com-
onent with its degeneracy with the DM mass profile at Section
.4 . We then discuss our estimate of the SsHMR and its depen-
ence on the initial stellar mass estimated from cluster members
n Sections 5.5 and 5.6 . 

.1 BCG & ICL stellar masses estimate 

ig. 9 presents the estimates of the stellar-mass-to-light ratio
f the BCG & ICL component. It compares the estimates from
ach mass model with a ‘BCG–ML 2’ parametrization with the
ED fit results provided in B25a (Section 5.3). For each mass
odel, there is an apparent discrepancy between the estimate
rom lenstool and the SED fit within the BCG (i.e. Re = 17
pc ). In contrast, at larger radii, both estimates agree within their
 σ CI for the lephare SED model. The models with a double
ower-law and a delayed SFH present a less good agreement
ith the SED estimate, although ϒBCG 

∗, SED is included in the 3 σ CI
f ϒBCG 

∗, lt . These results are in line with the stellar-mass-to-light
atio mismatch observed in early-type galaxies (ETG) between
ED and stellar kinematics estimate (see R. J. Smith ( 2020 ) for
 review). These mismatches are observed when the kinematic
nalysis relies on a constant value for the BCG, ϒ∗ (S. Posacki
t al. 2015 ; S. Lu et al. 2024 ). We are in a similar case as our
arying ϒBCG 

∗, lt parametrization has only one coefficient associated
ith the BCG. L. Oldham & M. Auger ( 2018 ) and T. E. Collett
t al. ( 2018 ) find evidence for a steep gradient of ϒ∗ 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. 

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 3 σ 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 3 σ 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. 

Figure 9. Stellar-mass-to-light ratio of the BCG & ICL component, ϒBCG 
∗, lt for the three models with a ‘BCG–ML 2’ parametrization with their equivalent 

estimated through SED fitting, ϒBCG 
∗, SED as a function of the elliptical radii defined in B25a (Section 5.2). Error bars represent the 1 σ CI for both ϒ

BCG ∗
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 ϒBCG 

∗, lt (blue, red, 
and green) with darker colours than ϒBCG 

∗, SED (cyan, magenta, and lime). Similar colours regroup models that are associated with the same SED model. 
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ssociated with an IMF variation with radius from a E. E. Salpeter
 1955 ) IMF to a Milky-way like IMF that would produce such a
ismatch. As reported by K. Mehrgan et al. ( 2024 ), such gradients
re visible for very small radii, R � 1 kpc , which cannot be probed
ith our data sets. In addition to this picture, our results suggest
hat the ICL in AS1063 follows a Milky-way like IMF. Hence, the
CG and the ICL would present a similar IMF at their common
order. 
These discrepancies in the estimate of the stellar-mass-to-light

atio imply a larger stellar mass for the BCG & ICL compo-
ent than estimated in B25a (Section 5.3). We obtain 1 . 70 ± 0 . 32 ,
 . 41 ± 0 . 24 and 1 . 41 ± 0 . 24 × 1012 M� for the model with a de-
ayed SFH, double power-law SFH and lephare SED models,
espectively. These masses are estimated within the same ellip-
ical bins as presented in B25a (Section 5.2). These new esti-
ates are from 57 to 149 per cent higher than their SED coun-
erparts, which are mostly due to the underestimation of the
CG stellar mass. The models with a delayed SFH and a double
ower-law SFH, which exhibit discrepancies larger than 100 per
nt, also yield higher estimates of the stellar mass within the
NRAS 550, 1–25 (2026)

CL. 
To further compare our results and in particular the ϒ∗ esti-
ate mismatches, we define the following mismatch parameter
: 

= ϒBCG 
∗, lt 

ϒBCG 
∗, SED 

(25) 

We estimate the posterior distribution of α by propagating the
istribution of ϒBCG 

∗, lt from mass models with a single evaluation
f ϒBCG 

∗, SED represented by its median. We do not include the uncer-
ainty of ϒBCG 

∗, SED as it is negligible for two SED models, and we do
ot have the full posterior shape for every SED fit, in particular
he one made with lephare . We compare αwith the results from
. Lu et al. ( 2024 ), who analysed the IMF variation for the MaNGA
ynPop project. This project aimed to observe 10 000 early-type
alaxies (ETGs) to perform dynamical and stellar population syn-
hesis analyses. In particular, they estimate α as a function of the
alaxy velocity dispersion, σe , for a E. E. Salpeter ( 1955 ) IMF. We
onvert their results to a Milky-way like IMF following the con-
ersion factor provided in A. H. Wright et al. ( 2017 ), and we use a
alue of 341 km s −1 for σe , which has been measured in the most
entral bins of our BCG & ICL stellar kinematics measurement. 
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Figure 10. Stellar-mass-to-light ratio mismatch parameter α 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 1 σ CI and 3 σ CI of the posterior distribution of α 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. 
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The top row of Fig. 10 presents the estimation of α compared 
o the results of S. Lu et al. ( 2024 ). The 3 σ CI of each model agrees
ith the expected mismatch from S. Lu et al. ( 2024 ) for the data
oints within the BCG. However, the agreement gets weaker to- 
ards the cluster centre. Indeed, the 1 σ CI of only the two/three
ast data points of the BCG agree with the expected mismatch. It
ay indicate an overestimate of ϒBCG 

∗, lt at the first data point if the
CG is not an outlier of the S. Lu et al. ( 2024 ) relations. This could
e due to the presence of a SMBH with a mass above the M•–σe 
elation as we discuss in Section 5.2 . The assumption behind the
CG & ICL stellar kinematic models may also have an influence. 
 JAM model assumes a single ellipticity and a Gaussian line-of-
ight velocity distribution. A lower ellipticity would increase the 
rms of the kinematic model at a fixed mass, which may reduce 
he ϒBCG 

∗, lt required at the first data point. However, a scheme with
arying ellipticity should be employed to avoid an increase of Vrms 
ithin the ICL. Similarly, a misalignment with the light tracer 
m  
nd mass distribution that is forbidden by the axisymmetric re- 
uirement of the JAM method would result in deviation from a
aussian distribution for the line-of-sight velocity distribution. A 

roper assessment of such bias requires a 3D modelling method, 
uch as Schwarzschild’s orbit-superposition (J. Bovy 2015 ), but is 
eyond the scope of this work. In Section 5.3 , we try to correct the
ffect of possible deviation from a Gaussian line-of-sight velocity 
istribution by refitting these velocity distributions without the 
xtra-moments, h3 and h4 . 

.2 BCG SMBH 

n our modelling, we neglect the influence of an SMBH which
ass can be degenerated with the BCG stellar mass. Hence, to
ssess the reliability of ϒBCG 

∗, lt estimates to that bias, we add a point
ass profile with a fixed position at the BCG centre in the lensing
ass model. We modify our stellar kinematic model by adding a
MNRAS 550, 1–25 (2026)
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MBH with its mass contained in the point mass profile of the
ensing model. We apply these modelling changes to each ‘BCG–
L 2’ model and reproduce the whole optimization procedure
resented in Section 3 . 
We apply this procedure for two SMBH priors, one assum-

ng the mass from the M•–σe relation compiled in R. C. E. den
osch ( 2016 ) and another wider prior to test the deviation from
his relation. Using the relation of R. C. E. den Bosch ( 2016 ),
e obtain M• = 3 . 66+0 . 62 

−0 . 53 × 109 M� using the uncertainties from
heir relation fit and our best-fitting velocity dispersion in the first
in (i.e. σBCG = 341 km s −1 ). The associated prior is a Gaussian
istribution with the M• median as the mean and half of the
istance between the two quantiles as a standard deviation. For
he prior over the wider range, we use a particularly wide log-
niform prior from 107 to 1011 M�. 
When the SMBH is assumed from the M•–σe relation, we ob-
erve mostly negligible changes to the model parameters and the
eproduction of the constraints. The posterior on ϒBCG 

∗, lt is mostly
he same with a slight decrease of the 1 σ CI width within the ICL.
t shows that neglecting the BCG SMBH, which would follow
he M• − σe relation, does not significantly affect the estimate of 
BCG 
∗, lt . 
With the larger prior on the SMBH mass, we obtain better

eproduction of the stellar kinematics only with the model fea-
uring a double power-law SFH, as in the previous case. However,
here are larger changes in the model parameter, and in particular
ith ϒBCG 

∗, lt . These changes appear in the width of the 3 σ CI , while
he median and 1 σ CI tend to remain the same as in the model
ithout a SMBH. As our constraints on the SMBH are weak, the
odification of ϒBCG 

∗, lt can be overestimated. The constraints are
oo weak to set a higher bound on the SMBH mass across all
hree models. The middle row of Fig. 10 presents the mismatch
arameter, α, for these three models. The data points within the
CG highlight the modification of the 3 σ CI , which overlap more
avourably with the expected mismatch from S. Lu et al. ( 2024 ). It
ndicates that an SMBH with masses above the M• − σe relation
an lead to an overestimation of ϒBCG 

∗, lt within the BCG. However,
ur dataset is insufficient to assess the presence of such a SMBH.
Another aspect of the SMBH addition is the slight modification
f ϒBCG 

∗, lt within the ICL, as the 3 σ CI of the double power-law
FH and lephare SED models are closer to each other than
reviously. In the case of the double power-law SFH, ϒBCG 

∗, lt are
n better agreement with ϒBCG 

∗, SED than before, as the 1 σ CI is now
ncluding log α = 0 . In contrast, the model with a delayed SFH,
resents a narrower 3 σ CI which barely includes the horizontal
ine at log α = 0 . Hence, it points toward a more complex corre-
ation with other model components rather than a degeneracy of 
he mass between the BCG & ICL and SMBH. 

.3 Non-gaussianity of the BCG stellar velocity 
istribution 

n B25a (Section 5.2), we fit the line-of-sight velocity distribution
ssuming a Gaussian modified by a Gauss–Hermite expansion.
n our parametrization, only the coefficients for the third and
ourth Hermite polynomials are non-zero (i.e. parameters h3 and
4 ). To account for the Vrms differences if the velocity distribution
s purely Gaussian, we fit a Gaussian distribution to the velocity
istribution obtained in B25a . It mostly affects points in the ICL,
s they exhibit larger h4 values of around 0.05. Hence, we observe
n opposite pattern from R. Gavazzi ( 2005 ), as the deviation from
NRAS 550, 1–25 (2026)
aussianity appears at a larger radius than closer to the cluster
entre. 
We reproduce the importance sampling procedure with those
odified Vrms , and the impact on the mismatch parameter is
resented in the bottom row of Fig. 10 . It does not change the
greement with the (S. Lu et al. 2024 ) expected mismatch for
he BCG, although models tend to prefer slightly higher ϒBCG 

∗, lt for
he ICL. In particular, the model with lephare has a narrower
 σ CI as its lower tails lean towards higher ϒBCG 

∗, lt . Hence, the
eviation from a Gaussian stellar velocity distribution does not
mpact ϒBCG 

∗, lt in the BCG according to this test. However, it leaves
ther deviations from the JAM method, such as varying ellipticity,
s potential biases for future work. 

.4 Degeneracy between M∗/L and the DM profiles 

n additional potential source of the observed discrepancies in
he stellar mass-to-light ratio is the assumed DM profile. In the
ase of the BCG, it is represented by two dPIEs, one for the BCG
M and the other for the main DM halo. As shown by the pa-
ameter posterior in Appendix A , the rcore of these two profiles
onverge to values larger than 100 kpc (i.e. 20 arcsec ), yielding a
ored profile around the BCG. As our mass probes are constrain-
ng the total mass, the BCG & ICL stellar mass may account for
ome DM to accommodate the limitation of dPIEs. 
To test such degeneracies, we use the mass profiles presented

n Fig. 8 , and we swap the DM profiles for other parametrizations
uch as a gNFW and a power-law profile and allow for variations
f the BCG & ICL stellar-mass-to-light ratio. The modelled total
ensity, ρmod 

tot , as the following form: 
mod 
tot (r) = ρGas (r) + aρBCG (r) + ρmod 

DM 

(r) (26) 

here ρGas and ρBCG are the gas and BCG & ICL stellar mass
ensity from the mass model. We do not account for the cluster
ember in that test, aside from the BCG. a represent the variation
f the stellar-mass-to-light ratio of BCG & ICL while ρmod 

DM 

is the
M density from an analytical profile. We are fitting ρmod 

tot on
he total density of the model without the cluster members in
og space, and we assume an error of 0.1 dex. We deliberately
hoose an error larger than the model uncertainty to account for
ystematic error due to the mass model D. We perform that fitting
or each ‘BCG–ML 2’ model with three different parametrizations
f the DM profile. Two of these parametrizations are a gNFW
nd a power-law profile. For the third parametrization, we use
 similar formula as for the BCG & ICL stellar mass density but
ith the DM, which we denote as ‘fiducial’. This last parametriza-
ion allows us to measure the effect of the fitting procedure, in
articular, the uncertainty expected from the assumed error. 
Fig. 11 presents the results for each ‘BCG–ML 2’ model for the

hree parametrization where each column refers to a different
BCG–ML 2’ model and each row a different DM parametrization.
hen comparing the first and second rows of the figure, adopt-

ng a gNFW DM profile reduces the discrepancy between the
ED and mass-model stellar mass-to-light ratios, yet the results
till indicate an underestimation of the stellar mass by the SED
tting. The power-law profile in the last row shows the largest
odification, with the required stellar mass almost halved. In
articular, the SED estimation is now consistent with the 3 σ CI
f the mass model estimation. However, the power-law profile is
till not enough to recover the SED estimation within the 1 σ CI . 
Comparing the uncertainty from the top row of Figs 11 and 9 ,

t 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 1 σ CI and 3 σ 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 1 σ 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 ). 
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ill have smaller 3 σ CI and 1 σ CI . The agreement within 3 σ CI is
nlikely to hold for most models, as the SED estimation is at the
imit of that interval. 
It appears that the DM profile is likely the largest source of mis-
stimation of the stellar mass from the BCG & ICL component. 
lthough using a steeper mass profile, such as a gNFW or power
aw, is not enough to make both estimates agree. As presented in
ig. 10 , the overestimation of the BCG stellar mass is at the 3 σ
imit of the discrepancies observed by S. Lu et al. ( 2024 ). Hence, a
teeper DM profile still tends to favour a discrepancy, but shows
etter agreement with S. Lu et al. ( 2024 ) results. 
These three tests regarding our estimate of ϒBCG 

∗, lt highlight that 
he main biases are the degeneracy between the DM and stellar
ass of the BCG, as the two other tests did not show significant
nfluence on the final results. Such biases were also found in the
inematic studies of ETG, although they have been mitigated 
y constraining the mass distribution using a 2D mapping of 
tellar kinematics (M. Cappellari et al. 2012 ). Future work should
herefore tackle this issue by incorporating 2D kinematic con- 
traints, which appear most promising given that baryons are 
2  
ore centrally concentrated than DM, thereby helping break the 
egeneracy between the stellar and DM mass components. 

.5 Stellar-to-subhalo mass relation 

hanks to our new cluster member modelling, we can estimate 
he stellar-to-subhalo mass relations (SsHMR) with the double 
ower-law defined in Section 2.2 for satellite galaxies in cluster 
ores. In the context of the SsHMR in cluster, satellite galaxies
efer to gravitationally bound subhaloes of a cluster-size halo, 
hich in our case translate to the cluster members without the
entral galaxy/BCG. Such relations are measured in cosmological 
imulations, and they should vary during the infall of galaxies 
ithin their host cluster (A. Niemiec et al. 2019 ): the increase of 
tellar mass stops as galaxies are quenched by the cluster environ-
ent, while the outside-in stripping of DM by tidal forces of the
luster decreases sub-halo masses. In addition, self-interacting 
M could cause an additional ‘evaporation’, thus further decreas- 
ng sub-halo masses during their infall (J. Bhattacharyya et al. 
022 ; E. L. Sirks et al. 2022 ). As galaxies that have spent a longer
MNRAS 550, 1–25 (2026)
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ime in their host cluster tend to be located closer to the core,
recisely measuring the radial evolution of the SsHMR could
llow us to quantify the impact of tidal stripping, as well as
ossible evaporation due to DM self-interactions. Stacked galaxy–
alaxy weak lensing analyses have placed some constraints on the
sHMR (C. Sifón et al. 2015 ; R. Li et al. 2016 ; A. Niemiec et al.
017 ; C. Sifón et al. 2018 ; C. Wang et al. 2024 ), but these mea-
urements do not reach the cluster core, where stripping effects
hould be highest. To make the fairest comparisons, the types
f galaxies (i.e. early or late type galaxies) and their distances to
he cluster core should be considered (A. Niemiec et al. 2022 ).
n particular, A. Niemiec et al. ( 2022 ) reported a double power-
aw fit of the SsHMR for satellite galaxies in the IllustrisTNG
R. Weinberger et al. 2017 ; A. Pillepich et al. 2018 ) simulation.
hey reported the fit for the whole sample of satellite galaxies, as
ell as for different subsets based on galaxy type, redshift bin,
r distance to the cluster core. Hence, to match the sample of 
alaxies considered from IllustrisTNG to our observational mea-
urements, we combine different SsHMR to match the properties
f our sample. We sample 1000 SsHMRs, where 19 per cent of the
ample follows the SsHMR for satellite late-type galaxies. This
roportion matches the proportion of late-type galaxies in our
luster member sample as determined by visual inspection. We
lassify cluster members as late-type galaxies if they exhibit com-
lex morphologies with possible spiral arms or colour difference
rom the bulk of the population. The remaining cluster mem-
ers are modelled assuming the SsHMR derived from satellite
arly-type galaxies with radii smaller than the maximum cluster-
entric distance of our cluster member selection. Hence, the ra-
ial dependencies of the SsHMR are only included for early-type
alaxies, as this dependence has not been probed by A. Niemiec
t al. ( 2022 ) for late-type galaxies. 
The left panel of Fig. 12 compares the SsHMR from Illus-

risTNG with our measurement for each model with the ‘BCG–
L 2’ parametrization. The 1 σ CI of the SsHMR of our three
odels and IllustrisTNG overlap over the entire stellar mass
ange, from 108 . 5 to 1011 . 5 M�. We notice that our results are
ystematically above the median SsHMR measured from the sim-
lation. It may highlight discrepancies between our model and
he simulation SsHMR on subsamples, such as selections based
n galaxy type, e.g. only early- or late-type galaxies. As in the
urrent modelling, we do not distinguish between the two galaxy
ypes; we leave any further analyses for future work. 
Each SED model used to estimate the cluster member M∗ yields
lightly different SsHMRs, which agree at most for M∗ ≈ 1010 M�
nd diverge as M∗ increases or decreases. Hence, we observe that
he double power-law SFH model provides higher M∗ for the most
assive cluster members and lower M∗ for the least massive.
he lephare SED model shows an opposite pattern, while the
elayed SFH model is closer to the double power-law one to a
esser extent. Even if their 1 σ CI overlap with IllustrisTNG, they
resent different slopes. It may indicate some discrepancies in
he details of the different galaxy populations within AS1063.
ncreasing the mass range of M∗ above 1011 . 5 M� would likely
ead to a disagreement between our results and the simulation,
articularly when considering the double power-law SFH model.

.6 Cluster member IMF variation 

n our SsHMR estimate, we use a fixed estimation of the cluster
ember M∗ as the posterior median from the SED fit. These SED
odels assume a Milky-Way like IMF, which does not agree with
NRAS 550, 1–25 (2026)
he kinematic modelling of early-type galaxies (S. Posacki et al.
015 ; S. Lu et al. 2024 ). We use the best-fitting relation from S.
u et al. ( 2024 ) for the expected mismatch between SED and
inematic estimate of M∗ to correct our SED estimate of M∗. We
stimate σe for each cluster member based on their mass and light
istribution as we do for the cluster member likelihood (see Sec-
ion 3.3 ) and assume the best-fitting mass model. We apply this
orrecting factor to each cluster member in our sample without
istinguishing between early- and late-type galaxies. 
The right panel of Fig. 12 presents the SsHMR with the cor-

ecting factor applied to M∗ estimates with the SsHMR from Il-
ustrisTNG. Similarly to the uncorrected SsHMR, the 1 σ CI of 
he observation and simulation overlap. We also observe that
he SsHMR followed in AS1063 is systematically higher than the
edian SsHMR from IllustrisTNG. Although at the massive end,
here is a better agreement with the trend between observations
nd simulations, as there is no tendency for discrepancies at M∗ ≈
010 . 75 M� or above. 
We try to optimize new mass models with the correct M∗, al-

hough the obtained best-fit model σe are not in agreement with
he ones used to estimate the correcting factor for M∗. These dif-
erences in correction factors exceed 50per cent for some cluster
embers. Hence, we reject these models. The correcting formula
rom S. Lu et al. ( 2024 ) as a polynomial of degree 1 could be added
o our modelling of cluster members with a split between early
nd late-type galaxies. It could be a new way of estimating IMF
ariations within the cluster galaxy population. 
Our new modelling of cluster members appears to be a robust
ethod for estimating SsHMR, as the overall trend aligns with
arge-scale simulation results. The estimates of the total masses
f cluster members seem consistent across SED models, as the
lope difference between them is expected from the difference in
tellar masses. As highlighted by the slight differences between
ur results and illustrisTNG, anomalies may be found between
bservations and simulations, which can highlight differences in
ow the cluster environment strips DM in real cases. 

 CONCLUSION  

n this series of two papers, we present the first mass modelling
ethod that allows us to fully disentangle DM at the galaxy- and
luster-scale, but also each baryonic component. To achieve such
etails, we rely on multiple mass probes to specifically constrain
he baryonic components with X-ray surface brightness or multi-
and photometry. We combine total mass constraints from the
CG & ICL stellar kinematics and strong lensing to constrain
he mass profile from ≈ 5 to 250 kpc , and use cluster member
elocity dispersions to measure their total masses. We detail how
e gather these sets of constraints in B25a . 
Here, we focus on the mass modelling methodology and re-
ults. We test different parameterizations for the BCG & ICL com-
onents, which favour a varying ϒBCG 

∗ with radius. In our case, a
imple model with two coefficients, one for the BCG and one for
he ICL, is favoured. In addition to providing a comprehensive
ass model of AS1063, with each cluster component disentan-
led, we reduce the uncertainties on the total mass profile by
0–30 per cent, depending on the considered radii. It allows us to
easure the DM only profile with an error of less than 5 per cent
ver the entire considered region. We obtain these results while
resenting one of the most complex parametric mass models. 
We then discuss the robustness of the estimates of the stellar
asses contained in the BCG & ICL component, as well as cluster



Separation of DM and baryons in clusters – II 19

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 1 σ 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 1 σ 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, σe , for 
the best-fitting model. 
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embers. We found that the stellar mass of the ICL agrees at 3 σ
ith a Milky-Way like IMF as fitted through three different SED 

odels. We find that the BCG requires a larger ϒBCG 
∗ that can be

xplained by the IMF variation observed in early-type galaxies, 
lthough AS1063 BCG is in the tails of the early-type galaxies 
istribution modelled by S. Lu et al. ( 2024 ). We look for over-
r under-estimates of ϒBCG 

∗ by adding a SMBH in the BCG, ac- 
ounting for deviations from a Gaussian velocity distribution and 
ooking at its degeneracy with the DM mass profile. We found that
he most significant bias is the degeneracy with the DM profile, al-
hough a gNFW or power-law profile still yields ϒBCG 

∗ larger than 
he SED estimation. However, with those steeper DM profiles, 
he discrepancies are in better agreement with S. Lu et al. ( 2024 )
esults. Besides this degeneracy, we found that only a SMBH with
 mass above the M•–σe relation, we find no significant influence 
n ϒBCG 

∗ . 
Regarding cluster members, we analyse our estimates of their 

otal and stellar masses by comparing the SsHMR included in the
odel with results from the large-scale simulation IllustrisTNG 

A. Niemiec et al. 2022 ). We find a 1 σ CI agreement between
he observational and simulated relations, although with some 
iscrepancy at the higher mass end ( > 1010 . 75 M�) for the delayed
nd double power-law SFH models. When accounting for the 
MF variations with the S. Lu et al. ( 2024 ) correction formula,
e find a slightly better agreement for the massive end, as no
ata points are outside the 1 σ CI of the IllustrisTNG result. More
etailed comparisons in future work will enable us to refine the
omparisons and potentially identify discrepancies between ob- 
ervations and simulations for subsets of the galaxy population. 
In this series, we extend the B24 framework to obtain a com-
lete picture of the cluster mass distribution. This method can 
e further improved via a better treatment of the constraints or
odelling hypotheses. With the development of hardware ac- 
elerators, the next logical step appears to be considering the 
ull light information provided by multiple images, similar to 
hat is done routinely with galaxy-scale lenses (e.g. J. Nightingale 
t al. 2021 ). At cluster-scale, it is already possible to reconstruct a
f

ultiple image system at fixed mass model (e.g. S. Sharma et al.
021 ), although the combination of both the reconstruction and 
ass model optimization has been out of reach. A. Acebron et al.

 2024 ) is paving the way in that direction as they used a hybrid
pproach, where they combined the reconstruction of a single 
ensing system with the usual point-like approximation for the 
ther systems. 
Beyond the methodological considerations, applying our 
ethod to a sample of clusters, ideally relaxed, will be instru-
ental in constraining DM properties by allowing for the precise 
stimation of the DM only profile. Crucially, our approach is the
rst step toward reproducing the treatment of A. Robertson et al.
 2021 ) for observations aimed at measuring the self-interacting 
M cross-sections, as we have an accurate census of the baryonic
istribution. This method can also be leveraged to develop similar 
nalyses for alternative DM models (e.g. fuzzy DM profile from 

. Y. J. Chan et al. 2022 ) but also modified gravity, allowing us to
et constraints beyond the single scope of the self-interacting DM 

aradigm. 
The broader application of this method depends on the avail- 
bility of comprehensive multiwavelength datasets, which cur- 
ently exist for only a limited number of clusters, such as the Hub-
le Frontier Fields. This work advances cluster mass modelling 
o new methodological and observational frontiers, establishing 
he observational framework required for the precise characteri- 
ation of the DM distribution. 
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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. �α and �δ are the coordinates of dPIE haloes relative to the BCG centre at α(J2000 ) = 342 . 183213 and δ(J2000 ) = −44 . 530897 . The 
lt label refers to the velocity dispersions of dPIEs as implemented in Lenstool . 

ID �α �δ φ ε

kpc kpc degree 

DM-main 5 . 0+1 . 0 
−1 . 1 (5 . 7) −1 . 7+0 . 8 

−0 . 8 (−2 . 5) −36 . 4+0 . 2 
−0 . 2 (−36 . 3) 0 . 636+0 . 012 

−0 . 011 (0 . 631) 

DM-BCG [0.0] [0.0] −93 . 7+4 . 2 
−3 . 9 (−91 . 6) 0 . 597+0 . 048 

−0 . 052 (0 . 67) 

DM-NE −399 . 8+14 . 5 
−5 . 5 (−399 . 3) 190 . 5+6 . 2 

−5 . 6 (201 . 0) 1 . 3+9 . 4 
−8 . 8 (20 . 4) 0 . 624+0 . 075 

−0 . 072 (0 . 643) 

Gas-1 −5 . 0+10 . 7 
−7 . 0 (−2 . 0) −86 . 2+14 . 3 

−16 . 8 (−100 . 9) 107 . 2+7 . 9 
−6 . 1 (96 . 7) 0 . 175+0 . 027 

−0 . 032 (0 . 163) 

Gas-2 −0 . 8+1 . 4 
−1 . 8 (−0 . 7) −5 . 5+1 . 2 

−0 . 8 (−5 . 0) −12 . 4+1 . 3 
−1 . 4 (−12 . 9) 0 . 326+0 . 014 

−0 . 017 (0 . 332) 

Gas-3 −106 . 9+4 . 4 
−3 . 6 (−112 . 3) 88 . 6+3 . 1 

−4 . 3 (94 . 2) −27 . 6+3 . 1 
−2 . 1 (−27 . 5) 0 . 147+0 . 018 

−0 . 018 (0 . 128) 
ID rcore rcut σ0 , lt 

kpc kpc km s −1 

DM-main 99 . 9+3 . 2 
−2 . 8 (94 . 1) [3000] 1179+7 

−7 (1167) 

DM-BCG 178 . 1+24 . 4 
−22 . 6 (205 . 2) 420+44 

−48 (419) 416+20 
−25 (430) 

DM-NE [2.5] 93+44 
−37 (79) 419+52 

−57 (513) 

Gas-1 557 . 7+16 . 5 
−18 . 4 (537 . 0) [1250] 335+6 

−7 (330) 

Gas-2 69 . 9+2 . 6 
−3 . 1 (74 . 7) [1250] 224+7 

−10 (235) 

Gas-3 159 . 3+2 . 7 
−3 . 5 (158 . 3) [1250] 342+10 

−9 (333) 

ID ϒ
BCG , 2 
∗, lt 1 ϒ

BCG , 2 
∗, lt 2 

BCG 30 . 22+2 . 52 
−2 . 23 (32 . 7) 14 . 94+4 . 8 

−5 . 03 (11 . 09) 

ID αc δ γ M1 N 

1010 M�
Gal. 18 . 62+1 . 36 

−1 . 75 (18 . 49) 0 . 38+0 . 04 
−0 . 03 (0 . 35) 1 . 06+0 . 28 

−0 . 22 (0 . 97) 8 . 31+1 . 09 
−1 . 18 (8 . 1) 2 . 69+0 . 34 

−0 . 38 (2 . 74) 

t
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nloaded from
 academ

ic.oup.com
/m

nras/article/550/2/stag829/8728057 by U
niversity of Lieg
he posterior based on a multivariate normal distribution, shown 
n blue. We use the 1D posterior of this multivariate to transform
ur parameter space to increase the volume represented by the 
odel posteriors with respect to the priors. The posteriors ob- 
ained by the nested sampling runs are presented in red. In this
un, parameters are not constrained by the BCG & ICL kinemat-
cs. The last distribution presented in green is the final approxi-
ation of the posterior obtained after the importance sampling 
tep to incorporate the BCG & ICL constraints. 
We are presenting tabulated values of each parameter with 

heir 1 σ CI and best-fitting values in Tables A1 , A2 , and A3 . These
re associated with the models having a delayed SFH, a double
ower-law SFH or lephare SED model, respectively. 
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Table A2. Same as Table A1 for the model with the double power-law SFH. 

ID �α �δ φ ε

kpc kpc degree 

DM-main 4 . 7+1 . 1 
−1 . 2 (3 . 8) −1 . 4+0 . 8 

−0 . 8 (−0 . 5) −36 . 3+0 . 2 
−0 . 2 (−36 . 3) 0 . 63+0 . 009 

−0 . 008 (0 . 616) 

DM-BCG [0.0] [0.0] −93 . 3+3 . 9 
−4 . 0 (−95 . 8) 0 . 61+0 . 063 

−0 . 066 (0 . 691) 

DM-NE −408 . 9+6 . 7 
−4 . 8 (−416 . 7) 205 . 0+3 . 5 

−2 . 9 (209 . 3) 8 . 4+8 . 2 
−8 . 1 (13 . 6) 0 . 559+0 . 096 

−0 . 1 (0 . 572) 

Gas-1 −11 . 6+9 . 3 
−9 . 6 (0 . 8) −70 . 7+13 . 2 

−13 . 3 (−83 . 6) 114 . 3+6 . 1 
−5 . 4 (113 . 2) 0 . 203+0 . 024 

−0 . 034 (0 . 192) 

Gas-2 −3 . 2+2 . 0 
−2 . 0 (−2 . 9) −4 . 0+1 . 1 

−1 . 0 (−3 . 3) −12 . 4+1 . 5 
−1 . 3 (−12 . 2) 0 . 307+0 . 018 

−0 . 018 (0 . 308) 
Gas-3 −114 . 0+2 . 5 

−3 . 4 (−114 . 1) 96 . 5+3 . 4 
−3 . 2 (94 . 1) −24 . 0+3 . 2 

−3 . 3 (−26 . 8) 0 . 123+0 . 014 
−0 . 014 (0 . 146) 

ID rcore rcut σ0 , lt 
kpc kpc km s −1 

DM-main 97 . 0+2 . 2 
−2 . 4 (93 . 6) [3000] 1174+5 

−5 (1172) 

DM–BCG 153 . 2+17 . 7 
−20 . 9 (184 . 4) 442+37 

−36 (447) 398+23 
−19 (406) 

DM–NE [2.5] 124+38 
−34 (110) 387+40 

−51 (421) 

Gas-1 562 . 9+16 . 8 
−15 . 8 (582 . 1) [1250] 351+5 

−5 (355) 

Gas-2 75 . 3+2 . 1 
−1 . 8 (72 . 5) [1250] 241+6 

−5 (234) 

Gas-3 152 . 9+2 . 7 
−3 . 1 (155 . 1) [1250] 319+5 

−7 (327) 

ID ϒ
BCG , 2 
∗, lt 1 ϒ

BCG , 2 
∗, lt 2 

BCG 32 . 99+1 . 91 
−2 . 16 (33 . 38) 9 . 7+3 . 58 

−3 . 64 (1 . 95) 

ID αc δ γ M1 N 

1010 M�

Gal. 16 . 09+2 . 21 
−2 . 21 (13 . 77) 0 . 39+0 . 05 

−0 . 05 (0 . 37) 0 . 82+0 . 25 
−0 . 25 (0 . 9) 5 . 72+1 . 33 

−1 . 67 (6 . 44) 2 . 57+0 . 36 
−0 . 38 (2 . 75) 

Table A3. Same as Table A1 for the model with lephare SED model. 

ID �α �δ φ ε

kpc kpc degree 

DM-main 4 . 4+1 . 2 
−1 . 0 (4 . 5) −1 . 2+0 . 9 

−0 . 7 (−1 . 3) −36 . 2+0 . 2 
−0 . 2 (−36 . 0) 0 . 63+0 . 011 

−0 . 01 (0 . 623) 

DM–BCG[0.0] [0.0] −91 . 2+3 . 9 
−3 . 8 (−87 . 4) 0 . 661+0 . 038 

−0 . 055 (0 . 634) 

DM–NE −401 . 4+32 . 6 
−7 . 0 (−399 . 4) 200 . 5+4 . 7 

−4 . 6 (200 . 0) 4 . 4+10 . 2 
−10 . 6 (−10 . 4) 0 . 457+0 . 124 

−0 . 117 (0 . 6) 

Gas-1 −0 . 3+11 . 4 
−11 . 0 (0 . 7) −67 . 5+14 . 6 

−15 . 5 (−55 . 6) 104 . 6+9 . 1 
−9 . 3 (98 . 9) 0 . 115+0 . 035 

−0 . 036 (0 . 046) 

Gas-2 −96 . 9+2 . 1 
−2 . 1 (−98 . 3) 73 . 8+0 . 0 

0 . 0 (73 . 8) −30 . 7+1 . 4 
−1 . 7 (−32 . 1) 0 . 179+0 . 011 

−0 . 011 (0 . 196) 
Gas-3 4 . 3+1 . 4 

−1 . 4 (3 . 1) −6 . 3+0 . 9 
−0 . 9 (−6 . 6) −11 . 5+1 . 9 

−1 . 9 (−9 . 1) 0 . 317+0 . 018 
−0 . 024 (0 . 291) 

ID rcore rcut σ0 , lt 
kpc kpc km s −1 

DM-main 95 . 0+2 . 9 
−2 . 6 (95 . 6) [3000] 1173+7 

−8 (1171) 

DM–BCG 229 . 3+32 . 4 
−33 . 0 (231 . 0) 430+49 

−42 (498) 444+25 
−29 (432) 

DM–NE [2.5] 62+24 
−19 (63) 514+55 

−61 (461) 

Gas-1 556 . 9+12 . 0 
−13 . 9 (534 . 2) [1250] 325+6 

−7 (323) 

Gas-2 160 . 2+2 . 7 
−2 . 9 (158 . 0) [1250] 366+5 

−5 (363) 

Gas-3 59 . 8+1 . 5 
−1 . 6 (59 . 0) [1250] 192+3 

−3 (191) 

ID ϒ
BCG , 2 
∗, lt 1 ϒ

BCG , 2 
∗, lt 2 

BCG-1 33 . 79+2 . 26 
−2 . 3 (31 . 8) 9 . 41+3 . 74 

−3 . 61 (8 . 73) 

ID αc δ γ M1 N 

1010 M�

Gal. 17 . 68+2 . 1 
−2 . 19 (19 . 99) 0 . 49+0 . 04 

−0 . 04 (0 . 47) 1 . 15+0 . 26 
−0 . 28 (1 . 37) 6 . 98+1 . 42 

−1 . 25 (7 . 77) 1 . 96+0 . 33 
−0 . 38 (2 . 57) 
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Figure A1. 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 �α (arcsec ), the relative 
y -coordinate �δ (arcsec ), ellipticity ε, position angle θ (degree), core radius rcore (arcsec ), cut radius rcut (arcsec ), and central velocity dispersion σ0 ,lt 
(km s −1 ). For the BCG & ICL component, only its normalization ( ϒBCG , 2 

∗, lt , 1 / 2 ) is presented. The cluster member parameters are shown by the spatial scale, 
αc , the power-law slopes, δ and γ , the turn-off mass, M1 ( M�), and the normalization, N. 
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Figure A2. Same as Fig. A1 for the model with the double power-law SFH. 

D
ow

nloaded from
 academ

ic.oup.com
/m

nras/article/550/2/stag829/8728057 by U
niversity of Liege user on 25 August 2026



Separation of DM and baryons in clusters – II 25

MNRAS 550, 1–25 (2026)

Figure A3. Same as Fig. A1 for the model with lephare SED model. 
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