
MNRAS 550, 1–19 (2026) https://doi.org/10.1093/mnras/stag1017 

A comprehensive separation of dark matter and baryonic mass 

components in galaxy clusters – I. Mass constraints from Abell S1063 

Benjamin Beauchesne ,1 , 2 ‹ Benjamin Clément,3 Marceau Limousin,4 Belén Alcalde Pampliega,5 , 6 , 7 
Mathilde Jauzac ,1 , 2 , 8 , 9 Anna Niemiec,10 Johan Richard ,11 Guillaume Mahler,12 Jose M. Diego ,13 
Pascale Hibon ,5 Anton M. Koekemoer ,14 Thomas Connor,15 Jean-Paul Kneib3 and 

Andreas L. Faisst16 

Affiliations are listed at the end of the paper 

Accepted 2026 May 26. Received 2026 May 26; in original form 2025 September 9 

A B S T R A C T 

In this two-part series, we present a multiprobe mass modelling method for massive galaxy clusters, designed to disentangle 
the contributions of individual mass components (dark matter, intra-cluster gas, and stellar masses). In this first paper, 
we focus on recovering the mass constraint data sets required for the modelling approach introduced in the second paper. 
Specifically, we measure the light distribution, stellar mass, and kinematics of the cluster members, the brightest cluster 
galaxy (BCG), and the intra-cluster light (ICL) in Abell S1063. To that end, we developed a new method to extract the 
light profiles of the cluster members, BCG, and ICL, while accounting for contamination from nearby foreground and 
background galaxies in Hubble Space Telescope ( HST ) imaging. We obtained light profiles for 289 cluster members using a 
dual Pseudo-Isothermal Elliptical model based on the HST F 160 W filter, while the BCG and ICL are modelled as a single 
component using a multi-Gaussian expansion. To estimate stellar masses and velocity dispersions, we rely on multiband 
HST photometry and Very Large Telescope/Multi Unit Spectroscopic Explorer integral field spectroscopy, respectively. 
Stellar masses are derived using three different spectral energy distribution (SED) models. We measure the line-of-sight 
velocity dispersions of the cluster members at their half-light radii, as determined from their light profiles, while for the 
BCG and ICL components, we use elliptical annular apertures. Thanks to these measurements, we will be able to constrain 

the cluster stellar mass content, which is detailed in the second paper of the series. We publicly release these measurements 
with intermediary data products. 

Key words: Galaxy: kinematics and dynamics –Galaxy: stellar content – galaxies: clusters: general – galaxies: clusters: 
individual: Abell S1063. 
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 INTRODUCTION  

n the context of the standard � cold dark matter ( �CDM) cos-
ological model, galaxy clusters are the largest gravitationally 
ound structures and they are largely dominated by dark matter 
DM). In that regard, they are among the best natural laboratories
o study DM properties (D. Clowe, A. Gonzalez & M. Markevitch
004 ; M. Bradač et al. 2008 ; P. Natarajan et al. 2017 ) and its
possible) deviation from the CDM paradigm (D. Harvey et al. 
015 ; M. Meneghetti et al. 2020 ; K. E. Andrade et al. 2022 ; D.
ckert et al. 2022 ; M. Limousin, B. Beauchesne & E. Jullo 2022 ).
tatistical analyses of their properties allow us to put constraints 
n DM parameters such as an upper bound on the DM interaction
ross-section (L. Sagunski et al. 2021 ; K. E. Andrade et al. 2022 ; D.
ckert et al. 2022 ). The study of outliers in the cluster population,
uch as the bullet cluster, has provided evidence in favour of the
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M paradigm (D. Clowe et al. 2006 ) while challenging modified
heories of gravity (J. R. Brownstein & J. W. Moffat 2007 ; D.-C.
ai, R. Matsuo & G. Starkman 2008 ). 
As DM manifests itself through gravitational interactions, its 
bservational studies in clusters rely on mass modelling methods. 
ifferent probes can be used, such as the heating of the intra-
luster gas, allowing for a total mass estimation if the cluster
ollows the hydrostatic equilibrium (S. Ettori et al. 2013 ), or the
ynamics of the cluster members, which are floating in the over-
ll cluster gravitational potential well (G. A. Mamon, A. Biviano 
 G. Boué 2013 ; G. A. Mamon 2022 ). Among these probes, grav-
tational lensing is a frontrunner, as it only relies on projection
ypotheses instead of cluster relaxation states or symmetry. This 
henomenon refers to the bending of light near a massive object,
n our case, a galaxy cluster, which permits us to probe the pro-
ected gravitational potential. At the core of the cluster, we are
n the strong gravitational lensing regime where the background 
bject appears highly distorted to observers, forming giant arcs 
nd/or appearing multiple times in the cluster field. This last 
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/by/4.0/), which permits unrestricted reuse, distribution, and
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henomenon is referred to as the multiple image phenomenon,
hich forms the main constraints used by strong lensing mod-
lling methods (see J.-P. Kneib & P. Natarajan ( 2011 ); P. Natarajan
t al. ( 2024 ) for reviews on this topic). 
Each of these mass probes can help derive relevant constraints
n DM properties by mapping the total mass distribution. Upper
imits on the self-interacting dark matter (D. N. Spergel & P. J.
teinhardt 2000 , SIDM) cross-section have been derived from hy-
rostatic analyses of galaxy clusters using X-ray observations and
arge-scale simulations (D. Eckert et al. 2022 ). K. E. Andrade et al.
 2022 ) obtained similar constraints by fitting the lensing profile
ith a phenomenological SIDM model (A. Robertson et al. 2021 ).
owever, none of these methods accurately measure the DM pro-
le as baryons in cluster members or intra-cluster gas are usually
ot modelled and accounted for in the total mass budget. This
aryonic fraction can reach up to 20 per cent of the total mass,
rimarily due to the gas contributions (M. Bonamigo et al. 2018 ;
. Beauchesne et al. 2024 ). Accounting for baryonic contributions
s important when comparing observational results with large-
cale simulations, as both can converge on the total mass profile
hile still exhibiting discrepancies in the DM distribution. 
To obtain an accurate census of DM, each cluster baryonic
omponent has to be accounted for and thus constrained. Sev-
ral analyses provided methods to account for the intra-cluster
as in the context of lensing analyses via different optimization
pproaches (M. Sereno, M. Lubini & P. Jetzer 2010 ; M. Bonamigo
t al. 2017 , 2018 ; B. Beauchesne et al. 2024 ). In particular, B.
eauchesne et al. ( 2024 , B24 hereafter) provided a self-consistent
ramework to combine lensing and X-ray observations in a single
rocess, where the mass model is constrained by a likelihood
ombining these two sets of constraints. Such a framework can be
xtended to include other types of constraints, such as the stellar
inematics of the brightest cluster galaxy (BCG). This galaxy sits
t the centre of the cluster mass distribution, which lacks lensing
eatures, but can offer valuable constraints on the SIDM cross-
ection (L. Sagunski et al. 2021 ). A. B. Newman et al. ( 2013 ) and C.
erny et al. ( 2025 ) provided a decomposition of DM and baryons
n the BCG based on lensing and stellar kinematic constraints,
llowing them to report a deviation from the CDM paradigm
ith a flatter inner DM slope. Combining such an approach with
he method used in B24 would allow us to constrain the inner-
ost part of the cluster where the BCG sits, while providing an
xhaustive mapping of baryons via the inclusion of the intra-
luster gas. Additionally, intra-cluster stars, from which the intra-
luster light (ICL; see M. Montes 2022 , for a review) originates,
an be used to extend such constraints. Similarly to the BCG
tellar kinematics, probing the BCG total mass distribution, the
ame measurement from ICL stars can constrain the cluster total
ass profile. Both components are known to present different
atterns as the velocity dispersion of the stellar distribution is
nown to increase from the BCG to the ICL (A. Longobardi et al.
018 ). Adding a mass component representing the ICL in a mass
odel similar to B24 , would allow us to disentangle all main mass
omponents at the cluster scale: DM, intra-cluster gas and intra-
luster stars. 
In this series of papers, we aim to present a modelling method

hat accounts for each main mass component of the cluster to
ully separate DM from baryonic masses. As state -of-the -art cos-
ological simulations are now hydrodynamic and thus include
aryonic physics, cluster mass models have to be more detailed
o properly compare observed DM distributions as well as the
NRAS 550, 1–19 (2026)
nterplay with baryons. The main focus of this series is to combine
he B24 approach, which includes the intra-cluster gas with A. B.
ewman et al. ( 2013 ) method extended to account for the ICL,
llowing the resulting mass models to include all cluster main
ass components. As DM will be disentangled at the cluster
cale, we will also detail a new modelling of cluster members,
ased on a baryonic/DM decomposition, to fully disentangle DM
rom baryons down to the galaxy scale. We organize this series
n two papers, in the first and current one, we present the mass
onstraints and, in particular, how we recover the supplementary
onstraints required to map the stellar mass distribution. In the
econd paper (B. Beauchesne et al. 2025 ), which we refer to as
25b, we focus on the modelling method and the reliability of 
he stellar mass estimate. 
We test this new method on a well-studied and observationally
onstrained cluster, Abell S1063 (G. O. Abell, J. Corwin & R. P.
lowin 1989 ). The mass distribution of Abell S1063 has been
tudied multiple times using strong gravitational lensing (T. L.
ohnson et al. 2014 ; A. Monna et al. 2014 ; J. Richard et al. 2014 ;
. Zitrin et al. 2015 ; G. B. Caminha et al. 2016 ; J. M. Diego et
l. 2016 ; M. Bonamigo et al. 2018 ; P. Bergamini et al. 2019 ; K.
. Andrade et al. 2022 ; G. Granata et al. 2022 ; M. Limousin et
l. 2022 „ B24 ). Due to its morphology simplicity and wealth of 
bservational data as one of the Hubble Frontier Field (HFF)
lusters (J. M. Lotz et al. 2017 ), this cluster has been used as a test
ase for modelling improvement with the work of M. Bonamigo
t al. ( 2018 ); P. Bergamini et al. ( 2019 ); G. Granata et al. ( 2022 )
nd B24 . It is also the main motivation behind the present work,
n addition to reusing the same modelling of the gas mass as in
24 . 
In this first paper, we present the test object along with the
bservational data sets in Section 2 . In Section 3 , we present
he pre-existing mass constraints, i.e. strong lensing and X-ray
bservations. In Section 4 , we detail how we extract cluster mem-
er constraints using their light distribution (Section 4.1 ), stellar
inematics (Section 4.2 ) and stellar masses (Section 4.3 ). We then
escribe the measurements of the same quantities for the BCG
nd the ICL from Section 5 to Sections 5.1 , 5.2 , and 5.3 . 
Throughout this work, we adopt a flat �CDM cosmology with
� = 0 . 7 , �m = 0 . 3 , and H0 = 70 km s−1 Mpc−1 . Magnitudes are
uoted in the AB system. Regarding the statistical treatment
f all analyses, we compute uncertainties using median-centred
redible intervals ( CI ) based on the posterior distribution of the
onsidered random variable. We refer to the interval containing
00 × erf

(
n √ 

2 

)
per cent of the posterior with n an integer by

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

 TEST  OBJECT:  ABELL  S1063  

alaxy cluster Abell S1063 (AS1063; also known as RXC J2248.7–
431 and SPT-CL J2248–4431), is a massive galaxy cluster at z =
 . 3475 , first identified by G. O. Abell et al. ( 1989 ). It is an ideal lab-
ratory for this work as it has a fairly simple morphology for the
mount of archival observations available. The reasoning behind
his choice follows that of B24 , to which we refer the reader, as
he methodology developed in this work builds upon and extends
heir framework. To set-up the general observational context, we
how in Fig. 1 a composite colour image of the cluster made
ith the Hubble Space Telescope ( HST ) broad band filters: F 435 W 
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Figure 1. BUFFALO composite colour image of AS1063 with the following HST filters: F 435 W (blue), F 606 W (green), and F 814 W (red). The footprint 
of the combined MUSE observations is highlighted by the white dashed rectangle. 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 dots. Red and blue dots represent 
spectroscopically confirmed cluster members; the latter colour indicates the availability of velocity dispersions measured from the MUSE datacube. 
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blue), F 606 W (green), and F 814 W (red). We present in Fig. 1 the 
-ray surface brightness and the footprint of the spectroscopic 
bservations from the Very Large Telescope (VLT)/Multi Unit 
pectroscopic Explorer (MUSE; R. Bacon et al. 2010 ). We intro-
uce each observational data set in the following sections (X-rays 
n Section 2.1 , and optical imaging and spectroscopy in Sections
.2 and 2.3 ). 
.1 X-ray observations 

e use archival observations from the Chandra X-ray Observatory 
f AS1063 as our X-ray data sets. These observations are con-
ained in the Chandra Data Collection (CDC) 389 doi:10.25574/ 
dc.389 . Their combined observing times account for 123 ks. Re-
arding the reduction and analysis of those data sets, we use the
MNRAS 550, 1–19 (2026)

https://doi.org/10.25574/cdc.389
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ame reduction and analysis as B24 , and we refer the reader to
hat reference for the detailed procedure. 

.2 Photometric data 

S1063 has been extensively observed with the HST through
ultiple programmes, including The Cluster Lensing And Super-
ova survey with Hubble (CLASH; M. Postman et al. 2012 ); the
FF (J. M. Lotz et al. 2017 ), and the Beyond Ultra-deep Frontier
ields And Legacy Observations (BUFFALO; C. L. Steinhardt et
l. 2020 ). The bulk of the observations is formed by the HFF
ata set that has been spatially extended with the BUFFALO
rogramme. 
For the following analyses, we use the mosaic images repro-
essed by the BUFFALO collaboration, combining all available
ST observations in the filters obtained by the HFF programme.
ll the HST exposures from these programmes had been recali-
rated using the latest reference files, aligned to Gaia -DR3, 1 and
ombined into mosaics at a pixel scale of 0.′ 03, following the tech-
iques first described by A. M. Koekemoer et al. ( 2011 ), updated
or these new programmes. For the complete description of the
ata sets, we refer the reader to J. M. Lotz et al. ( 2017 ) and C. L.
teinhardt et al. ( 2020 ) for the HFF and BUFFALO programmes,
espectively. The BUFFALO collaboration has produced weak
ensing catalogues, although we are not making use of them in
his work. They are presented in the work of (A. Niemiec et al.
026 ). 

.3 Spectroscopic data 

S1063 was observed by MUSE with two pointings covering the
outh-west and north-east regions of the cluster, with the follow-
ng proposal IDs: 60.A-9345(A) (PI: Caputi & Grillo) and 095.A-
653(A) (PI: Caputi) 
We use a new reduction of the MUSE datacube, performed

or the analysis of B24 . To extend the redshift measurements,
e use the complete redshift catalogue from the CLASH-VLT
rogramme (ESO ID: 186.A-0798; PI: P. Rosati) produced by A.
ercurio et al. ( 2021 ) within the BUFFALO footprint. 

 EXISTING  MASS  CONSTRAINTS  

s we aim to disentangle DM from baryons, we need to gather
everal sets of constraints to probe the total mass as well as each
aryonic component. In this section, we present the data sets
dopted in this analysis, originally obtained in B24 , along with
 brief description of their derivation. 

.1 Lensing constraint 

e constrain the total mass using strong gravitational lensing, in
articular, multiple images. We adopt the same constraints as in
24 and refer the reader to that work for a detailed description.
his set comprises the positions of 67 multiple images distributed
ver 25 systems. All systems have spectroscopic confirmation,
nsuring high-quality lensing constraints. The position of each
mage is presented in Fig. 1 . 
NRAS 550, 1–19 (2026)

 https://www.cosmos.esa.int/web/gaia/dr3. 
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3

X

.2 X-ray analysis 

he X-ray properties and associated ICM maps adopted in this
nalysis are drawn from B24 ; we refer the reader to that work for
ull methodological details, which we briefly outline below. 
To model the ICM mass, we rely on its X-ray emission. We use a
ombination of surface brightness and spectral data. The former
s accessed via maps of photon counts, while the latter provides
he conversion factor from surface brightness to gas mass. We
inned the cluster field with the python package VorBin (M.
appellari & Y. Copin 2003 ) in the [4,7] keV band, with a signal-
o-noise threshold of 10. For each of these cells, we extract the
pectra. Those spectra are fitted with the Astrophysical Plasma
mission Code (APEC) 2 model combined with a photoelectric-
bsorption (PHABS) 3 model to account for the foreground galac-
ic gas. Hence, we recovered the temperature and metallicity of 
he ICM, which allowed us to compute the conversion factor from
hoton counts to gas mass. 
Our surface brightness estimation is based on the count maps

n the soft, medium and hard Chandra science energy bands (I.
. Evans et al. 2010 ) that are combined with their associated
xposure maps. To estimate the background emission, we recover
he blank-sky observations associated with each observation. 

 SUPPLEMENTARY  MASS  CONSTRAINT  1 :  
LUSTER  MEMBERS  

o model the cluster member mass distribution and, in particular,
eparate its baryonic and DM counterparts, we rely on photomet-
ic and spectroscopic measurements. To model the stellar mass
istribution, we fit the light profiles with a method that we tai-
ored towards crowded fields such as galaxy clusters, presented
n Section 4.1 . Some of the parameters of these light profiles are
lso used in the modelling of their DM distribution. As the light
rofile offers only a 2D representation, a scaling factor must be
ntroduced to connect it to the underlying DM and baryonic mass
istributions. We address this in Section 4.2 where we measure
he line-of-sight velocity dispersions (LOSVD) to probe the total
ass, and in Section 4.3 , where we recover stellar masses from
pectral energy distribution (SED) fits. 
All these measurements form the basis of our cluster member
odelling, which is detailed in B25b (sections 2.2 and 3.3). In
articular, section 2.2 presents the modelling assumptions used
o define the cluster member DM and stellar mass distribution
odels. In section 3.3, we detail how we specifically constrain
he total mass of cluster members using their stellar kinematics.
e publicly release each of these measurements and some in-
ermediary data products as presented in Section 6 . For the clus-
er member, we provide light profile parameters, LOSVD, stellar
ass estimates, the empirical point spread function (PSF) and
alaxy masks used in Section 4.1 . 

.1 Light profiles 

e aim to improve the modelling of the cluster members by
ccounting for their baryonic and DM masses using a single mass
rofile for each, which requires extracting sufficient information
 http://atomdb.org/. 
 https://heasarc.gsfc.nasa.gov/docs/xanadu/xspec/manual/ 
SmodelPhabs.html. 

https://www.cosmos.esa.int/web/gaia/dr3
http://atomdb.org/
https://heasarc.gsfc.nasa.gov/docs/xanadu/xspec/manual/XSmodelPhabs.html
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o characterize the baryonic contribution. The simplest approx- 
mation of baryonic mass is to assume that it is proportional to
he cluster members light distributions. Hence, in this section, 
e focus on extracting the light profile from imaging data. 
In the following, we define cluster members as all objects 
hich have a spectroscopic redshift in the [0.30905,0.3716] range, 
s measured by A. Mercurio et al. ( 2021 ) from the complete
LASH-VLT data on AS1063. We made the selection based on 
pectroscopic catalogues presented in Section 2.3 . We do not con- 
ider photometrically selected cluster members, as the CLASH- 
L T data cover the full field of view (FoV) of the BUFFALO
osaic. 
As cluster fields are particularly crowded, we need a method to
xtract light profiles while taking into account other galaxies in 
he field. L. Tortorelli et al. ( 2018 ) showed that light profile mea-
urements done independently for each object have an increasing 
ias toward the cluster centre as the field becomes increasingly 
rowded. They relied on the Morphofit (L. Tortorelli & A. Mer-
urio 2023 ) method to perform 2D profile fitting in a cluster field.
owever, this method is not satisfactory for our goals as it does
ot provide profiles that can easily be included in lensing mass
odels, and it requires prohibitive computing costs. Hence, we 
eveloped our own method, which minimizes the computing cost 
f such analysis and takes benefits from modern hardware accel- 
rators such as GPU through the JAX python package (J. Brad-
ury et al. 2021 ). A scheme of the method workflow is presented
n Fig. 2 and highlights the different steps of the process that we
etail here: object detection (Section 4.1.1 ), region fit (Section 
.1.2 ) and individual Bayesian optimization (Section 4.1.3 ). In 
articular, this method aims at measuring the profiles of cluster 
embers only. However, we use the light model, including clus- 
er and non-cluster galaxies, to extract the ICL light distribution 
hrough a separate analysis presented in Section 5.1 . 

.1.1 Object detection and fitting setup 

o set up our fitting process, use a similar approach as Gala-
agos or Morphofit to detect objects by using SExtractor 
E. Bertin & S. Arnouts 1996 ). Following a standard procedure, 
e start by performing a hot and cold pass to detect objects (H.-
. Rix et al. 2004 ). We provide in Appendix A the SExtractor
arameters that we use for this work. We concatenate the two 
atalogues by excluding hot components for which the centre is 
ithin the KRON_RADIUS of the objects detected by the cold 
ass. In our particular case, we aim at measuring the profile of 
alaxies in different bands; thus, we use the double image mode 
nd choose as our base detection image the HST filter F105W . 
his filter provides a good balance between the depth and FoV of 
he BUFFALO data, as well as the number of detectable objects. 
We are also relying on SExtractor to estimate the back- 
round emission. We here use the same parameters as one of 
he previous pass with the exception of BACK_SIZE parameters 
hat we fix to 3096 pixels to smooth out the effect of the ICL. We
annot use the background produced by the initial passes as a 
ignificant part of the ICL is included in it. With such a large
ACK_SIZE , we limit the leaking of the ICL light distribution in
he background estimation, but that set of parameters is not well- 
uited to detect objects in the image. Hence, we run SExtractor
hree times in total, a cold and a hot pass with the parameter
resented in Appendix A , and we run a single pass with the large
ACK_SIZE where we only aim at estimating the background. 
he background estimation being independent of the source de- 
ection in SExtractor , that last pass can be a cold or hot one, as
hey produce identical backgrounds. 
To estimate a PSF for each band of interest, we use a princi-
al component analysis (PCA) based method (A. Amara & S. P.
uanz 2012 ; L. Tortorelli & A. Mercurio 2023 ) similar to the one
mplemented in Morphofit . The more stars are included, the 
ore accurate and complex such a PSF will be (J. Herbel et al.
018 ). As an empirical method, it naturally accounts for effects
ue to the reduction of the raw data to the final mosaic, such as
rizzling. In preliminary analysis, this method was superior to a 
tack of unsaturated stars once we used more than ∼ 10 stars,
s it presented fewer artefacts. To compute such PSF, we extract
ostage stamp images of unsaturated stars of size 4 . 2 arcsec ×
 . 2 arcsec, representing 70 pixels at the resolution of our driz-
led images. These postage stamp images are then background- 
ubtracted. We estimate the background using a sigma-clipped 
edian of the postage stamp with a 5 σ limit. We finish the prepa-
ation of the postage stamp images by normalizing them. We per-
orm a PCA decomposition as implemented in the Scikit-learn 

ackage (F. Pedregosa et al. 2011 ) on the array of the flattened
ostage stamp images. We select the number of PCA components 
y taking the minimal number of components, which explains 
5 per cent of the data variance. We finish our estimation by sub-
racting the sigma-clipped median for the individual stamps and 
ormalizing the final PSF. We use a single PSF for the whole field.
e manually select the unsaturated stars in each band in the
eld with the FLUX_RADIUS - MAG_AUTO plane, where stars 
istinguish themselves as they present similar radii with varying 
agnitudes. 

.1.2 Region fit 

o deal with the crowded field of the cluster, we start with a crude
odel of the BCG and the ICL using a Multi-Gaussian Expansion
MGE; M. Cappellari 2002 ) fit with the python package MgeFit .
o capture the light distribution, Gaussians only share the same 
entre and are fitted on twisted isophotes. We restrict the fit to
n elliptical aperture following the position angle of the BCG as
tted by SExtractor and a major and minor axis of 150 and 130
pc, respectively. We restrict our analysis to the brightest part of 
CL, as our procedure includes only a simple estimation of the
ackground. Hence, we preferred to focus on its brighter part, 
here the light profile estimation is the most robust. We mask
ll galaxies in this aperture. We find that the fit robustness is
mproved by removing the BCG and the ICL before fitting the
ther galaxies rather than accounting for them with elliptical 
rofiles as in Morphofit . 
We continue our fitting procedure by defining the fitting re- 
ions. All galaxies are fitted (cluster members and other field 
alaxies) in a square based on a radius of four times their half-
ight radii, as estimated by FLUX_RADIUS measurements. We 
escale FLUX_RADIUS values by (1 − ε)−1 , with ε being the el- 
ipticity of the considered object. This is the equivalent of rescal-
ng that radius to the major axis of the associated ellipse. It is com-
arable but slightly smaller than the value used by Morphofit 
s it considers a radius of five half-light radii instead (L. Tortorelli
 A. Mercurio 2023 ). We define a region for each contiguous
rea of overlapping postage stamps associated with individual 
alaxies. In addition to these regions, we manually mask objects 
uch as stars and their flares as well as galaxies with morphologies
MNRAS 550, 1–19 (2026)
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Figure 2. Diagram of the workflow to fit the cluster member light distribution. The first step is split between estimating the background and building 
the galaxy catalogue. We extract the necessary quantities from this step to proceed to the first fitting step: PSF estimation, masking, parameter bounds, 
and preliminary ICL estimation. The second step is based on fitting regions that include multiple galaxies. Regions are defined from the galaxy catalogue 
estimation of galaxy sizes. The final step consists of a Bayesian inference for each galaxy, where the influence of neighbouring objects is accounted for 
with the model computed in the previous step. 
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oo complex for a singular elliptical profile, such as lensing arcs.
owever, we retain all cluster members as their light profiles are
equired by the mass model. 
For each object except the BCG, we either fit a dual Pseudo

sothermal Elliptical model (dPIE; M. Limousin, J.-P. Kneib & P.
NRAS 550, 1–19 (2026)
atarajan 2005 ) for cluster members or a Sérsic (J. L. Sérsic 1963 )
rofile for field galaxies combined with a convolution with the
mpirical PSF defined in Section 4.1 . That way, the dPIE light
rofiles can be added to the mass model easily, as a dPIE has
n analytical expression for all its lensing quantities (A. Kassiola
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least_squares.html. 
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 I. Kovner 1993 ). Another parametrization of the dPIE profile
s known as the Chameleon profile, which differs in how the
ore and cut radii are defined. This dPIE variant has been tested
gainst Sérsic by A. A. Dutton et al. ( 2011 ). Depending on the
érsic parameters, dPIE can struggle to reproduce the core or 
he outskirts of a galaxy. Hence, we expect the dPIE residuals
o be larger at the core than with a traditional Sérsic fit. We re-
arameterize these potentials to ease the numerical optimization. 
he profile expressions with the re-parametrization are detailed 
n Appendix B . We detail the specific treatment of the BCG and
CL in Section 5.1 which are fitted by a MGE. 
We split the fitting process into two steps. First, we fit each

egion independently for 250 × �Nb pot / 2 � iterations, where Nb pot 
s the number of profiles fitted simultaneously in the considered 
ostage stamp. These fits can be performed in parallel and aim
o establish a satisfactory model in each region before accounting 
or neighbouring regions. 
In the second step, we fit each region sequentially for 50 ×
Nb pot / 2 � iterations and repeat until convergence. Here, we sub-
ract the global model from neighbouring regions before opti- 
izing each region. This two-step approach avoids poor models 
n neighbouring regions from negatively impacting the current 
t. Ideally, we would perform only one iteration per region to
ully account for fit evolution across all regions, but this generates 
ignificant computational overhead, so we increase the iteration 
ount for efficiency. 
To order the sequential fits, we compute a weight for each 

egion from the luminosity of its objects. We construct a Gaussian
ernel density estimator using galaxy positions, weighted by their 
agnitude, then integrate this density over each region to obtain 
he final weight. The regions are then ordered from the highest
eight to the lowest, which is equivalent to processing the regions
rom the one containing the brightest to the faintest objects. 
Preliminary tests showed that applying the least square fit to 

he regular weighted residual fobs , i − fmodel , i 
σi 

is not the most robust 
unction to minimize. We improve the stability of our fit by 
ransforming the data and model with the sinh −1 function, and 
ropagating the error with the transformation derivative. It leads 
o the following formula for the χ2 in transformed space: 

2 
transformed =

⎛ 

⎝ 

(
sinh −1 ( fobs , i ) − sinh −1 ( fmodel , i )

)√ 

1 + f 2 obs , i 
σi 

⎞ 

⎠ 

2 

. (1) 

s the sinh −1 function evolve as x close to x = 0 and ln 2 x as
 become larger than 1. We obtain the χ2 in the normal space
or fobs , i , fmodel , i << 1 . If fobs , i , fmodel , i >> 1 , it creates a log com-
ression of the flux dynamic range and a different pixel weighting 
cheme as shown by its expression: 

2 
transformed ≈

(
( ln ( fobs , i ) − ln ( fmodel , i )) | fobs , i | 

σi 

)2 
. (2) 

uring the optimization as fobs , i is fixed, it compresses the dy- 
amic range of fmodel , i and smooth the likelihood landscape for 
ad models. Specifically for the least-square algorithm, the gra- 
ient became normalized when fmodel , i becomes large, which 
revents the optimizer from moving rapidly in one direction. A 

rawback of that transformation is that it creates an asymmetry of 
2 
transformed with respect to fobs , i and fmodel , i , which biases param- 
ter estimates toward higher flux values. We present robustness 
ests in Appendix D to show the benefit of this likelihood against
he regular one. The uncertainty of each pixel σi is estimated in a
imilar way to Galfit and Morphofit (see equation 11 from L.
ortorelli & A. Mercurio ( 2023 )). 
The sinh −1 function transition from a linear to a logarithmic 
ehaviour happens around 1, which fits well in our case as most
f the pixel have a flux inferior to 1 e−1 / s , thus only affecting the
right pixels. Other data sets may need a rescaling of the flux to
dapt the transformation transition to their flux distribution. 
We oversample the model to obtain a more accurate estimate 
f the flux within each observed pixel and to reduce numerical
rtefacts. We define a square region centred on each fitted galaxy,
xtending ±15 pixels from the galaxy centre in both directions 
i.e. a region 30 pixels on a side), where we use an oversam-
ling factor of 3. We define this region around each galaxy centre
s measured by SExtractor . Thus, these regions remain fixed 
hroughout the optimization. We use a large oversampling area to 
nsure the profile centre remains within it during optimization. 
We use the bounded version of the trust region reflective al-
orithm implemented in Scipy as our non-linear least square 
ptimizer 4 We translate the original code to the JAX framework 
o allow the code to run on hardware accelerators. We define the
ounds and the starting points of each parameter based on SEx-
ractor measurements. We present the details of this procedure 
n Appendix C . 

.1.3 Independent Bayesian fit 

o have a final estimation of the galaxy model, we use the Monte
arlo nested sampling algorithm MLFriends (J. Buchner et al. 
014a ; J. Buchner 2019 ) from the UltraNest 5 package (J. Buch-
er 2021 ). By performing this optimization galaxy per galaxy, 
e effectively neglect the correlation between parameters from 

ifferent objects. However, for most of them, we expect these 
ovariances to be lower than those between parameters within 
he same profile. That way, we can estimate our model posterior
istribution while avoiding the curse of dimensionality. 
We define the fitting regions with the same individual squares 

or each galaxy as in the previous step, but we do not merge them
nto larger postage stamps. We subtract the previously estimated 
lobal model and background sky in each region, which accounts 
or neighbouring objects. We use the parameter estimation from 

he first step to resize the large bounds for computational effi-
iency in the second step. These resized bounds then serve as
ntervals for uniform priors, but only for parameters associated 
ith profile normalization or specific radii (see Appendix E ). For
ther parameters, we found that using the best-fitting estimation 
oes not yield efficient priors. 
Fig. 3 presents the results of our fitting procedure in the HST

mage considering the F 160 W filter. The top panel presents the 
ST image where the non-fitted areas are masked, the middle and
ottom panels show the output model and residuals, respectively. 
ur procedure is able to capture globally the shapes of the fitted
alaxies in the field of AS1063, as shown in the output model.
owever, residuals highlight the limitation of our approach and 
f the chosen galaxy model. Of the 1566 fitted galaxies, we re-
ected the results of 63 fits that did not reproduce the data well,
ll concerning field galaxies and not cluster members. Besides 
alaxies which significantly deviate from elliptical symmetry, it 
MNRAS 550, 1–19 (2026)

https://docs.scipy.org/doc/scipy/reference/generated/scipy.optimise.least_squares.html
https://johannesbuchner.github.io/UltraNest/
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Figure 3. Region of 180 arsec × 180 arsec around the centre of AS1063: original ( top ), model ( middle ), and residual ( bottom ) from the galaxy fitting 
procedure for the F 160 W filter. 
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Figure 4. Distribution of the weighted residuals with and without 
sinh −1 transform of the galaxy fit procedure for the filter F 160 W . This 
distribution is extracted from the masked area where galaxy fits are per- 
formed. The residuals without the transform are presented with the cyan 
plain line while the ones with the sinh −1 transform are in magenta. Both 
distributions are almost indistinguishable in the range presented in the 
figure. Plain blue line represent the best-fitting results of a Gaussian dis- 
tribution. That fit has been performed with the weighted residual in the 
[ −2 , 2] range. The dashed black line shows the median of the weighted 
residuals. 
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s usually possible to obtain a good fit by manually tuning pri-
rs, model subtraction and masking from neighbouring objects, 
hich we only did for the cluster member. We notice an overes-
imation of the flux around some galaxies in the residual maps,
ike the two objects highlighted by letters’A’ and’B’. These galaxies 
xhibit a complex morphology with spiral features that cannot 
e accounted for by Sérsic or dPIE profiles. Many galaxies also
xhibit an over/underestimation pattern in their central part or 
utskirts, though this pattern is weaker than observed in spiral 
alaxies. These galaxies may be more accurately fitted with two 
rofiles accounting for a bulge-disk decomposition. 
Regarding the residuals, we present their distribution weighted 
y the inverse of the data error in Fig. 4 with and without the
inh −1 transform in the [ −5 , 5] interval. As one can see, both
esidual distributions are indistinguishable from each other. The 
ifferences between the two likelihood schemes appear in the tail 
f the distributions. This comparison is presented in Appendix D 

ith the likelihood robustness test. The median of the weighted 
esiduals is −0 . 078 as shown by the black dashed line. As this
edian is computed on the residuals divided by the observational 
ncertainty, we can deduce that this overestimation is small com- 
ared to that error, representing only 7.8 per cent. The width of 
he distribution is measured with the median absolute deviation 
MAD), scaled to be equivalent to a Gaussian standard deviation. 
e obtain a value of 0.769. Hence, according to the MAD, our
odels capture galaxy profiles within the observational errors 
ith a slight over-fit, as in the ideal case we expect a value of ∼ 1 .
In the ideal case of a Gaussian likelihood, we would expect the

esiduals to follow a normal distribution. However, the residuals 
istribution differs as one can see in Fig. 4 . We overlaid the best-
tting results of residuals by a Gaussian distribution fitted on 
he [ −2 , 2] range. Our distribution presents a narrower width but
arger tails than a Gaussian distribution, which indicates that our 
alaxy light profiles are not able to fully capture the complexity of 
bserved profiles. It is expected as we only use a single elliptical
ight profile for each galaxy and do not correct the residual by
dding an intrinsic error to the fit. 

.1.4 Caveats 

he goal of our procedure is to obtain an estimation of the best
PIE parameters for the light profiles of each cluster member. 
e aim at including them in our mass model presented in B25b
o trace their baryonic distributions. We only include the best- 
t parameter in the model. dPIE profiles struggle to reproduce 
 wide range of Sérsic profiles (A. A. Dutton et al. 2011 ), partic-
larly in the core, where a dPIE tends to be flatter. Hence, we
o not expect to have light profile estimation as accurate as a
tandard analysis with Sérsic. The likelihood transform implies 
 bias towards an overestimation of the bright pixels flux, which
ill be more present in the uncertainty than the best-fit model.
his bias would probably be more pronounced if we only fitted
he Sérsic profile as it can yield a much steeper slope in the core. 
The postage stamps model and residual of every dPIE fitted are
resented in the supplementary materials. They do not perfectly 
t the cluster member light profiles with the most discrepancies 
n the core estimation, as we could expect. In our use case, it is
ufficient as the exact shape of those profiles does not have much
ffect on the final mass models. 

.2 Line-of-sight velocity dispersions 

o probe the cluster member total mass, we use the LOSVDs,
hich can be expressed through their light and mass distributions
see B25b, section 3.3). For this task, we use the same method as
n B24 with the MUSE datacube presented in Section 2.3 , which
e briefly describe in this section. In contrast to B24 , we use our
wn measurement of the cluster member light profile to define 
xtraction regions of the spectra, where we use dPIE instead of 
érsic profiles. 
Galaxy spectra are extracted in elliptical apertures of circular- 

zed radius, Re (i.e. half-light radius). Ellipticity and Re estima- 
ions are based on dPIE fits performed in Section 4.1 using the
 160 W image. We used the python package mpdaf (R. Bacon 
t al. 2016 ) to extract spectra, which uses an optimal extraction
lgorithm for CCD spectroscopy (K. Horne 1986 ). We use the es-
imation of the local background from mpdaf , which we subtract
rom the galaxy spectra. These spectra are restricted to 485–716 
m in the observer frame, similarly to P. Bergamini et al. ( 2019 ).
e exclude the reddest part of the MUSE wavelength range as it
as lower S/N due to the MUSE sensitivity curve, and is affected
y stronger sky subtraction residuals. 
The LOSVD measurements are done with the python package 
PXF (M. Cappellari 2017 ) combined with the nested sampling 
ngine pyMultiNest (J. Buchner et al. 2014b ; F. Feroz et al. 2019 )
s the non-linear optimizer method. To model spectra, we use 
pectral templates from the Indo-US Library of Coudé Feed Stel- 
ar Spectra (F. Valdes et al. 2004 ), which have a full width at
alf-maximum (FWHM) of 1.35 Å , and a pixel-scale of 0.44 Å 

ixel−1 . We parametrize the galaxy kinematics with the velocity, 
 , the velocity dispersion, σe , and the first two Hermite moments,
 h3 , h4 ). We add a multiplicative Legendre polynomial of degree
 to improve the continuum. The reliability of this pPXF config-
ration has been tested in B24 with 10 000 mock spectra with
 stellar population and observational noise tuned to represent 
S1063 observations. 
MNRAS 550, 1–19 (2026)
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Table 1. Priors of the SED model parameters used by Bagpipes . N , U , Ntrunc (a, b) refers to a normal, uniform, and 
truncated normal distribution with a and b the bounds of the truncated normal. For N and Ntrunc (a, b) , prior parameters 
correspond to the mean and standard deviation of the distribution, while for U , it is its bounds. 

Parameter Prior parameters Prior type 

Redshift (zmeasured , 0 . 001) N 

Log stellar mass formed (1,15) log M� U 
stellar metallicity (0,2.5) Z� U 
V-band attenuation (0,2.) mag U 
Age since formation (0 . 1 , t(zobs ))Gyr U 
Delayed SFH: τ (0.3,10) Gyr U 
Double power-law SFH: τ (0.,15) Gyr U 
Double power-law SFH: log 10 α (−2 , 3) U 
Double power-law SFH: log 10 β (−2 , 3) U 
Calibration: log 10 σe (2.30,2.84) log 10 km s−1 U 
Calibration: P0 (1,0.25) Ntrunc (0 . 5 , 2 . 5) 
Calibration: P1 (0,0.25) Ntrunc (−0 . 5 , 0 . 5) 
Calibration: P2 (0,0.25) Ntrunc (−0 . 5 , 0 . 5) 
White noise: log 10 scaling (0,1.70) U 
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The optimization is done in two steps. We start by a fit with a
rust Region Reflective algorithm implemented in Scipy (P. Vir-
anen et al. 2020 ) to detect outlier points automatically. We mask
hese points during the nested sampling runs, providing us with
he final estimation of σe . We apply the polynomial correction
efined in Appendix B from B24 with the updated coefficients
resented in B. Beauchesne et al. ( 2025 ). We use these fits to
onstrain the cluster members scaling relations, for which we add
 scatter to represent the inability of such a relation to reproduce
xactly each galaxy properties. Hence, we do not rescale the er-
or to include systematics, however, we include it in the overall
catter of the relation. On average, this scatter is one order of 
agnitude larger than the total error of σe . 

.3 Stellar masses 

o be able to successfully disentangle baryons and DM contents
n cluster members, we need insights on their stellar masses.
ndeed, stellar kinematics is sensitive to the light distribution
nd total mass but not directly to the stellar-mass-to-light ratio
 ϒ∗ = M∗/L ). To obtain such measurements, we fit the SED of 
luster galaxies. However, to account for biases in the SED fitting,
e use three different SED models. We use the computing ser-
ice proposed by GAZPAR 

6 operated by CeSAM-LAM and IAP,
o run the software LePhare (S. Arnouts et al. 2013 ) with the
ED model presented in O. Ilbert et al. ( 2015 ). The SED model is
ased on the stellar library presented in G. Bruzual & S. Charlot
 2003 ), the G. Chabrier ( 2003 ) initial mass function (IMF), and
s a star formation history (SFH), a combination of two delayed-
au models and an exponentially declining model. In addition,
e use the python package Bagpipes (A. C. Carnall et al. 2018 ,
019 ) with two similar SED models with a different SFH. Both
odels use the stellar population model from the 2016 updated
ersion of the G. Bruzual & S. Charlot ( 2003 ) models using the
ILES stellar spectral library (J. Falcón-Barroso et al. 2011 ). The
MF is based on P. Kroupa ( 2001 ), and we assume a dust atten-
ation based on the Calzetti law (D. Calzetti et al. 2000 ). We
se the same parametrization as A. C. Carnall et al. ( 2018 ) for
NRAS 550, 1–19 (2026)

 https://gazpar.lam.fr/home. 

t  

d  

r  

t  
he nebular emission. For the SFH model, we use a delayed-
au SFH model or a double power-law parametrization. For the
agpipes models, the SED model priors are presented in Table
 . We note that the IMFs of LePhare and Bagpipes are slightly
ifferent, with the P. Kroupa ( 2001 ) IMF providing stellar mass
stimates 6 per cent higher than G. Chabrier ( 2003 ) ones (e.g. J.
. Speagle et al. 2014 ). However, that difference is negligible in
ur case as it is well dominated by the measurement uncertain-
ies, which are on average around 30 per cent for the three SED
onfigurations. 
To perform the cluster member SED fits, we rely on the aper-

ure photometry measured by Sextractor in the seven HST
lters: F 435 W , F 606 W , F 814 W , F105W , F125W , F140W and 
 160 W . As not all bands have the same FoV, we do not have pho-
ometry for all galaxies in all bands, particularly as their distance
rom the centre increases. 
Fig. 5 presents cluster members stellar mass estimates as a

unction of their apparent magnitudes in the F 160 W filter. Apart
rom a few outliers, the three different SED models provide simi-
ar values within the expected systematic difference of SED fit-
ing methods (C. Conroy 2013 , i.e. < 0 . 3 dex). One can notice
ystematic differences between models for the fainter end of the
luster member distribution. The SED with a double power-law
FH provides the highest stellar masses, while LePhare gives
he lowest. Stellar masses estimated by the SED model with
he delayed SFH are located between the two other models. As
hese differences of a few tenths of dex are expected for dif-
erent SED fit methods, we keep the three estimates to under-
tand the resulting biases on the lensing mass models. Indeed,
he median of stellar mass estimates is used to define the bary-
nic content of each cluster member, as it is presented in B25b,
ection 2.2. 

 SUPPLEMENTARY  MASS  CONSTRAINTS  2 :  
CG  AND  ICL  

imilarly to cluster members, we rely on the same measurements
o constrain the BCG and the ICL stellar mass through their light
istribution (Section 5.1 ) and stellar masses (Section 5.3 ). We also
ecover the stellar kinematics, although in that case, it is probing
he cluster total mass distribution and not only the BCG one.

https://gazpar.lam.fr/home
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Figure 5. Cluster member stellar masses ( M∗) as a function of their apparent magnitude in the F 160 W filter ( mF 160 W 

). Error bars on M∗ present the 1 σ
credible interval from the SED posterior parameters while representing the standard deviation for F 160 W . The magenta, cyan, and lime coloured dots 
represent the stellar mass estimates provided by Bagpipes with a double power-law SFH, Bagpipes with a delayed SFH, and LePhare , respectively. 

I  

f  

w

t  

t
o
o  

T
c
o

p
r  

p
t
m

5

S
i  

e
i
‘
O  

2  

t  

i  

t
a
u
a
t  

w
k
d

 

p  

o  

i  

a  

c  

(
a  

m
j  

s
B  

fi  

o  

fi

D
ow

nloaded from
 academ

ic.oup.com
/m

nras/article/550/2/stag1017/8728056 by U
niversite de Liege user on 25 August 2026
n particular, the light distribution will serve as a starting point
or the modelling of the mass of the BCG and ICL components,
hich is presented in B25b, section 2.3. 
Thanks to the spatial extension and high signal-to-noise in 

he BCG and ICL spectra, we rely on a refined kinematic model
hrough the JAM package, which requires the second moment 
f the velocity along the line-of-sight (LOS) axis, Vrms , instead 
f the LOSVD. We detail how we extract the Vrms in Section 5.2 .
his measurement allows us to define a new likelihood which 
omplements the strong lensing observations in the very centre 
f the cluster. It is presented in B25b, section 3.4. 
Similarly to the cluster members, we make the measurements 
resented in the next sections publicly available, through the 
epository given in Section 6 . In particular, we provide the MGE
arameters across the different bands, Vrms and stellar mass es- 
imates, as well as the extraction masks used for the kinematic 
easurements. 

.1 Light distribution 

everal works have extracted the ICL profile from imaging data, 
ncluding in AS1063 (e.g. M. Montes & I. Trujillo 2018 ). Differ-
nt methodologies have been utilized, such as composite model 
ncluding multiple Sérsic profiles (S. Janowiecki et al. 2010 ), 
wavelet-like’ decomposition (C. Da Rocha & C. Mendes de 
liveira 2005 ; Y. Jiménez-Teja & R. Dupke 2016 ; A. Ellien et al.
021 ), or methods taking advantage of 2D fitting algorithms used
o measure galaxy light profiles (E. Giallongo et al. 2014 ; T. Mor-
shita et al. 2017 ). In the present case, we also want to constrain
he stellar kinematics. Hence, we follow the composite model 
pproach with an MGE model. Such parametrization has been 
sed extensively to model galaxy stellar kinematics, assuming an 
xisymmetric light and mass distribution. In particular, we want 
o use the Jeans Anisotropic Modelling (JAM; M. Cappellari 2008 )
hich is a computationally efficient way to compute the stellar 
inematics for models that do not assume spherically symmetric 
istributions. 
To recover the BCG and ICL light distributions, we follow the
rocedure presented in Fig. 6 . We use the galaxy light profiles
btained in Section 4 to remove galaxies in the cluster field, and
solate the BCG and the ICL light emission in theF 160 W filter. As
 single elliptical profile does not perfectly fit the galaxies in the
ore, we subtract the fitted model and then mask the residuals
e.g. spiral arms), rather than masking the entire galaxy. This 
pproach allows us to use smaller masks while still effectively re-
oving contamination. We also mask non-fitted background ob- 
ects such as giant arcs. We then restrict the fitting regions to the
ame ellipsoidal aperture used in Section 4.1.2 for the preliminary 
CG and ICL models. It is a fine-tuned version of the preliminary
t, as we are taking into account the flux of field galaxies instead
f simply masking them to improve the robustness of the MGE
t. 
MNRAS 550, 1–19 (2026)
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M

Figure 6. Diagram of the workflow to extract the BCG and the ICL kinematics, and their light distributions. The light distribution is estimated in the 
data image, where light profiles of galaxies have been removed. We made this estimation using MGE fits, with two parametrizations: an axisymmetric 
and a concentric one. We define the extraction regions for the kinematic fit and estimate lensing quantities from the MGE light profiles. 
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We are interested in a good, flexible model for the mass dis-
ribution (i.e. Twisted MGE) and an axisymmetric solution to be
ble to use JAM for the BCG and the ICL kinematics (i.e. nor-
al MGE). For the former, we use an MGE solution where each
NRAS 550, 1–19 (2026)
aussian is allowed to have a different position angle and is fitted
n twisted isophotes, therefore a twisted MGE. Such parametriza-
ion is well-suited for the BCG and ICL light distributions as it is
xpected that ellipticity and position angle will vary between the
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Figure 7. From top to bottom: masked HST image in the F 160 W filter 
where all galaxy models have been subtracted, best-fitting MGE model 
on twisted isophotes and associated residuals. 
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CG and the ICL (M. Kluge et al. 2020 ). The axisymmetric MGE is
tted on ellipsoidal isophotes, and each Gaussian shares the same 
entre and position angle. This MGE will only be used to weight
he mass in the kinematic computation, so it is less important to
ave the best 2D model. We enforce the weights of the Gaussian
o be positive in both cases, even though negative weights can 
ield a better fit to the data. In particular, it enables us to split the
GE model into multiple MGE models, allowing for a varying 
tellar mass-to-light ratio, as presented in B25b, in section 2.3. To 
stimate the fit uncertainties, we rely on the JAX package and 
ts automatic gradient computation to recover the Hessian of the 
ean squared error. We invert that Hessian and use the closest
ositive semi-definite matrix as the covariance matrix, following 
he property of the Fisher information matrix at the maximum 

ikelihood. As we perform SED fits based on this MGE light model
n Section 5.3 , we are adding a systematic uncertainty of 5 per
ent to homogenize the photometry among the different depths 
f each HST band. 
The fitting results are presented in Figs 7 and 8 . Fig. 7 presents

he masked image, the model fitted on twisted isophotes and 
he associated residuals. Fig. 8 presents the model and residuals 
or the normal MGE. Both profiles recover the global shape of 
he BCG and the ICL, though the axisymmetric fit exhibits a 
lightly worse orientation pattern. In particular, the twisted MGE 

resents a varying position angle and ellipticity with radius, as 
xpected from this component. The ellipticity of the isophotes in- 
reases with the radius. For the normal MGE fit, we also observe
he same ellipticity behaviour to a lesser extent. 
Regarding the amplitude of the residuals, we gather the distri- 
ution of residuals weighted by the data errors. The twisted MGE
t presents a median and a scaled MAD of 0.037 and 1.111 in the
tting area, respectively. On the other hand, the axisymmetric 
GE has −0 . 007 and 1.319 for the same statistical indicator.
ence, both of these fits present a bias similar to or smaller than
he global fit (i.e. −0 . 071 ), which is expected as the areas of bad
t have been mostly masked. As anticipated, the twisted MGE 

rovides a better fit to the data with an MAD estimation 20 per
ent smaller than the normal MGE parametrization. However, 
oth fits represent the data well, as their scaled MAD estimates
re close to 1. 
Finally, we convert the light distribution to a mass distribution 
ith the mass-to-light ratio of the Sun ( MR, AB = 4 . 60 ) in the R
and from C. N. A. Willmer ( 2018 ). We use this mass distribution
o compute the associated lensing potential, ψ , by fast Fourier 
ransform using the following relations between the normalized 
urface mass density, also called convergence, κ , and ψ : 

(� θ ) = 1 
π

∫ ∫ 
d2 κ (� θ ′ ) ln |� θ − � θ ′ | . (3) 

ased on the estimation of ψ , we obtain the other lensing quan-
ities by deriving them once for the deflection and twice for the
agnification matrix. These quantities can then be rescaled with 
he stellar mass-to-light ratio of the BCG and the ICL in units
f the Sun mass-to-light ratio to match the correct mass. As M.
ontes & I. Trujillo ( 2014 ) and M. Montes & I. Trujillo ( 2018 )
ound a gradient of colour and metallicity with radius in HFF
lusters, implying a varying mass-to-light ratio, we split the MGE 

arametrization into multiple MGE models. Each of these MGE 

odels has a distinct mass-to-light ratio, allowing variation in the 
ass-to-light ratio of the whole component, with the flexibility 
epending on the number of MGE models considered. The case 
f maximal flexibility, with one MGE model per Gaussian func- 
ion in the overall representation, follows the approach presented 
y T. E. Collett et al. ( 2018 ). 

.2 Vrms 

o measure the evolution of Vrms as a function of the radius, we
xtract the BCG and the ICL MUSE spectra in increasing elliptical
nnuli. We fix the extraction centre coordinates, position angle 
nd ellipticity to the same ones as the elliptical isophotes defined
o fit the associated light distribution in Section 5.1 . For consis-
ency with the kinematic constraints and their use with the JAM
ibrary, we use the normal MGE fit (i.e. axisymmetric) as the basis
MNRAS 550, 1–19 (2026)
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Figure 8. Best-fitting MGE model with an axisymmetric 
parametrization (top) and associated residuals (bottom). 
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or the extraction region. We use the MUSE white-light image and
he HST images to mask galaxies present in the extraction area.
he widths of the annuli are defined iteratively by increasing
heir radii by the size of the MUSE PSF until the associated spec-
rum has a median signal-to-noise, S / N , above a threshold of 5.
s the MUSE data were taken without adaptive optics correction,
e assume that the MUSE PSF width is approximately the seeing
f the observation (i.e. ∼ 1 arcsec ). This estimation is consistent
ith the PSF FWHM measured during the data reduction. We
imit the radius of the aperture to 100 kpc , which leads to 14
egions. We use the same procedure for the ICL as the one for
he galaxies, except that we do not remove the local background.
he estimate of this background by mpdaf misidentifies the ICL
s the background sky, which tends to modify the shapes of the
pectra. The fit in the last two regions failed because the spectra
ere too noisy, leaving us with 12 data points. Of those 12 points,
he last two do not follow the same pattern as the others, with
 high degree of variability between them. Indeed, the last three
oints yield σe values of 461, 394, and 574 km s−1 ; thus, we reject
he last two data points as they appear to be dominated by system-
tic error, reducing our final data set to 10 points. The whole Vrms 
easurement set is presented in the top panel of Fig. 9 , including
he last four rejected data points. 
As presented in Section 4.2 , our procedure allows us to measure

 and σe , which are linked to Vrms such that Vrms =
√ 

V 2 + σ 2 e .
ence, we use the same fitting procedure here, including the
olynomial correction. As we are directly fitting these data,
e rescale the error by the underestimation factor found in B.
eauchesne et al. ( 2025 ), which is 1.33. This underestimation
ias was estimated using this fitting procedure on 10 000 mock
NRAS 550, 1–19 (2026)
USE spectra. The mocks were designed to mimic the stellar
opulations and observational uncertainties of the cluster mem-
ers in AS1063. In Fig. 9 , we present the masked MUSE white-
ight image and the extraction regions with their best-fitting Vrms .
s shown in this plot, the Vrms increases as we move from the
inematics of the BCG (i.e. the two most inner extraction regions)
o the ICL, as seen in local clusters (e.g. A. Longobardi et al. 2018 ).
he Vrms values range from ≈ 341 km / s in the BCG to 465 km / s
n the elliptical bin with maximum radii. 

.3 Stellar masses 

s we use the MUSE spectroscopic data to derive the stellar
ass of the BCG and ICL, we extract their photometry in each
lliptical annulus where the stellar kinematics are measured. We
easure the photometry by reproducing the procedure described
n Section 5.1 for F 435 W , F 606 W , F 814 W , F 105 W , F 125 W and
 140 W filters, which gives us MGE light models of the BCG
nd the ICL components. When considering LePhare , only the
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Figure 10. Top panel: stellar-mass-to-light-ratio ϒBCG ∗ derived for the 
combined BCG and ICL component in the F 814 W filter. The luminosity 
has been normalized by the solar luminosity in the R band from C. N. A. 
Willmer ( 2018 ). Error bars represent standard deviations on ϒBCG ∗ made 
by propagating the error on the stellar mass and photometry, while the 
radius error represents the width of the extraction regions. To improve 
the readability of the plot, the results of each SED code have been slightly 
shifted horizontally. The magenta and cyan dots correspond to the Bag- 
pipes SED models with double power-law and delayed SFHs, respectively. 
The lime-coloured dots represent the results obtained with LePhare . 
Bottom panel: Same as the top panel for the F 160 W filter. 
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roadband filter photometry is used to constrain the SED model. 
n contrast, the two Bagpipes settings rely on combining photo- 
etric and spectroscopic data. To account for any miscalibration 
etween photometry and spectroscopy, we follow the approach 
f A. C. Carnall et al. ( 2019 ), and add second-order Chebyshev
olynomials as a multiplicative function of the spectra and a 
aussian white noise model. Priors used for the polynomials and 
hite noise are listed in Table 1 . 
Fig. 10 presents the stellar-mass-to-light ratio ϒBCG 

∗ derived for 
he combined BCG and ICL component in the F 814 W (top panel) 
nd F 160 W bands (bottom panel) filters. For both filters, we 
ormalize the luminosity by the sun luminosity ( MR, AB = 4 . 60 )
n the R-band from C. N. A. Willmer ( 2018 ). Both Bagpipes SED
odels provide similar stellar mass estimates, with all data points 
greeing within one standard deviation except the second and 
hird ones. In contrast, LePhare prefers a slightly larger estimate 
f the stellar mass but with larger uncertainty such that it agrees
ith the Bagpipes models within two standard deviations on all 
ata points. It is opposite to the pattern seen in Fig. 5 , as cluster
ember stellar masses estimated by LePhare are lower. This 
ifference is likely due to the inclusion of MUSE spectra in the
ED fits for the BCG and ICL. When Bagpipes was run with pho-
ometry only in preliminary tests, its stellar mass estimates were 
uch closer to the output of LePhare . Stellar mass estimates
btained by combining spectroscopic and photometric data are 
ithin the 3 σ CI of the photometry-only runs. Hence, all SED
odels provide similar estimates of the combined BCG and ICL 
tellar mass. 
From these SED fits, we obtain an estimate of the stellar mass
f the BCG and the ICL component. By combining all elliptical
ins considered in Fig. 10 , we obtain 6 . 83 ± 0 . 17 , 7 . 20 ± 0 . 11 , and
 . 98 ± 0 . 34 × 1011 M� for the fits with a delayed SFH, a double
ower-law SFH and the LePhare SED models, respectively. As- 
uming that all bins within the half-light radius of the BCG are a
ood representation of its stellar mass (i.e. the four most central
ins), we obtain for the fits with a delayed SFH, a double power-
aw SFH and the LePhare SED, a stellar mass of 3 . 15 ± 0 . 21 ,
 . 45 ± 0 . 12 , and 4 . 05 ± 0 . 51 × 1011 M�, respectively. Hence, the
CG would account for roughly half of the stellar mass of the
CG and the ICL component. 
Regarding a possible gradient in ϒBCG 

∗ , the radial variation 
s limited in both F 814 W and F 160 W filters. The variation be- 
ween the data points is mostly within the statistical uncertain- 
ies. The Bagpipes SED models present a decrease of ϒBCG 

∗ with 
he radius, followed by an increase over the last two data points.
owever, according to the statistical uncertainties, most of these 
oints agree with a constant ϒBCG 

∗ within two standard devia- 
ions. This pattern disagrees with LePhare , which does not show
ignificant variations with the distance from the cluster centre. 
ariations of ϒBCG 

∗ are smaller in the F 160 W filter. When all SED 

odels and data points are combined, we obtain ϒBCG , F 160 W 

∗ = 

 . 57 ± 1 . 42 } M�/L�,R in comparison to ϒBCG , F 814 W 

∗ = 11 . 57 ±
 . 90 M�/L�,R . The F 814 W filter thus exhibits ≈ 30 per cent more
ispersion thanF 160 W , favouring the use of theF 160 W light dis- 
ribution as a tracer of the stellar mass for modelling the baryonic
ontent of the BCG and ICL. 
As reported by Y. Xie et al. ( 2024 ) from radio observations, there

s likely an active galactic nucleus (AGN) in the BCG. To test
ossible bias in the estimated stellar masses, we try to add an AGN
omponent to the Bagpipes SED models, similar to the one used
y A. C. Carnall et al. ( 2023 ). We fit the most central bin with this
xtended model, which leads to a variation of less than 1 per cent
f the median of the stellar mass posterior. Hence, we consider
hat the bias due to the possible presence of an AGN is negligible
n our case, although the considered wavelength range is mostly 
ominated by stellar emission, which may bias this check. In- 
eed, for the SED best-fitting solution with an AGN component, 
he AGN emission significantly dominates the overall emission at 
avelengths above ≈ 3 . 15μm . 

 CONCLUSION  

n the first paper of this series, we focus on the required analysis
f the observational data set to extract constraints for a compre-
ensive mass modelling of AS1063. In particular, we present the 
xisting mass constraints from strong lensing and X-ray observa- 
ions, which provide no knowledge of the stellar mass contained 
n the cluster members, the BCG, and the ICL. We then detail
pecific methodologies, based on photometric and spectroscopic 
MNRAS 550, 1–19 (2026)
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ata, to recover the light distribution, stellar kinematics, and stel-
ar mass estimates for those components. 
For cluster members, we begin by describing our procedure for

ecovering their light profiles, while accounting for neighbouring
alaxies, in Section 4.1 . Our approach consists of three main
teps: detection (Section 4.1.1 ), region fitting (Section 4.1.2 ), and
ingle-object fitting (Section 4.1.3 ). We use a standard detection
rocedure with cold and hot SExtractor passes. Based on these
esults, we identify contiguous regions where all objects are fitted
imultaneously to obtain an estimate of the light profile maxi-
um likelihood. We then finish our procedure by fitting each
bject individually with a nested sampling algorithm, where the
eighbouring objects are subtracted based on the previous region
t. This method allows us to fit thousands of objects in a crowded
eld with a moderate computing cost. We then estimate their stel-
ar kinematics through their LOSVD from the MUSE datacube
Section 4.2 ) and their stellar mass based on SExtractor aperture
hotometry using the available HST bands (Section 4.3 ). 
For the BCG and ICL components, we fit the light distribution
sing an MGE profile, which benefits from the cluster-member
ight-profile models, which are subtracted from the original data
ets. We reproduce that measurement in each HST band to
btain the colour information required for the SED fitting. The
ight profile extraction is detailed in Section 5.1 . Similarly to clus-
er members, we obtain the stellar kinematics through their Vrms 
ithin elliptical bins (Section 5.2 ) and their stellar mass by fitting
heir SED through their HST model photometry and MUSE
pectra (Section 5.3 ). 
The primary use of these analyses is to parameterize the mass
odel presented in B25b. In particular, we are using the light
rofile as a tracer of the stellar mass. We present our modelling
ssumptions in B25b, section 2, for all components. Thanks to
he stellar kinematics measurements, we are able to add two new
ikelihoods to the approach of B24 , which are described in B25b,
ection 3. The first likelihood uses a JAM kinematic modelling
ombined with the Vrms measurements to probe the cluster total
ass down to inside the BCG. The second one constrains the clus-
er member total mass based on their LOSVD, which is computed
ith the light profile measured in this analysis, as well as their
ass distribution. 
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lowe D. , Bradač M., Gonzalez A. H., Markevitch M., Randall S. W., Jones
C., Zaritsky D., 2006, ApJ , 648, L109 

ollett T. E. et al., 2018, Science , 360, 1342 
onroy C. , 2013, ARA&A , 51, 393 
a Rocha C. , Mendes de Oliveira C., 2005, MNRAS , 364, 1069 
ai D.-C. , Matsuo R., Starkman G., 2008, Phys. Rev. D , 78, 104004 
iego J. M. , Broadhurst T., Wong J., Silk J., Lim J., Zheng W., Lam D., Ford
H., 2016, MNRAS , 459, 3447 

utton A. A. et al., 2011, MNRAS , 417, 1621 
ckert D. , Ettori S., Robertson A., Massey R., Pointecouteau E., Harvey
D., McCarthy I. G., 2022, A&A , 666, A41 

llien A. et al., 2021, A&A , 649, A38 

https://doi.org/10.17909/t9-w6tj-wp63
http://dx.doi.org/10.1086/191333
http://dx.doi.org/10.1111/j.1365-2966.2012.21918.x
http://dx.doi.org/10.1093/mnras/stab3241
http://dx.doi.org/10.1051/0004-6361/201321768
http://dx.doi.org/10.1117/12.856027
http://dx.doi.org/10.1093/mnras/stad3308
http://dx.doi.org/10.1093/mnras/stae2695
http://dx.doi.org/10.1051/0004-6361/201935974
http://dx.doi.org/10.1051/aas:1996164
http://dx.doi.org/10.3847/1538-4357/aa75cc
http://dx.doi.org/10.3847/1538-4357/aad4a7
http://dx.doi.org/10.1086/591246
http://dx.doi.org/10.1111/j.1365-2966.2007.12275.x
http://dx.doi.org/10.1046/j.1365-8711.2003.06897.x
http://dx.doi.org/10.1088/1538-3873/aae7fc
http://dx.doi.org/10.21105/joss.03001
http://dx.doi.org/10.1051/0004-6361/201322971
http://dx.doi.org/10.1051/0004-6361/201322971
http://dx.doi.org/10.1086/308692
http://dx.doi.org/10.1051/0004-6361/201527670
http://dx.doi.org/10.1046/j.1365-8711.2002.05412.x
http://dx.doi.org/10.1111/j.1365-2966.2008.13754.x
http://dx.doi.org/10.1093/mnras/stw3020
http://dx.doi.org/10.1046/j.1365-8711.2003.06541.x
http://dx.doi.org/10.1093/mnras/sty2169
http://dx.doi.org/10.3847/1538-4357/ab04a2
http://dx.doi.org/10.1038/s41586-023-06158-6
http://dx.doi.org/ 10.1093/mnras/staf1076
http://dx.doi.org/10.1086/376392
http://dx.doi.org/10.1086/381970
http://dx.doi.org/10.1086/508162
http://dx.doi.org/10.1126/science.aao2469
http://dx.doi.org/10.1146/annurev-astro-082812-141017
http://dx.doi.org/10.1111/j.1365-2966.2005.09641.x
http://dx.doi.org/10.1103/PhysRevD.78.104004
http://dx.doi.org/10.1093/mnras/stw865
http://dx.doi.org/10.1111/j.1365-2966.2011.18706.x
http://dx.doi.org/10.1051/0004-6361/202243205
http://dx.doi.org/10.1051/0004-6361/202038419


Separation of DM and baryons in clusters – I 17

E  

E
F

 

F  

G
G
H  

H  

H
I
J  

J
J  

K
K
K
K
K
L
L
L

L
M

M
M
M
M
M
M
M
M

N
N  

N
N
P
P
R
R

R  

S  

S
S
S  

S
S
T
T
V  

V
W
X
Z

S

S

c
t
d

A

T  

l

T  

c

P

D
D
A
F
F
D
D
B
B
B

D
ow

nloaded from
 academ

ic.oup.com
/m

nras/article/550/2/stag1017/8728056 by U
niversite de Liege user on 25
ttori S. , Donnarumma A., Pointecouteau E., Reiprich T. H., Giodini S.,
Lovisari L., Schmidt R. W., 2013, Space Sci. Rev. , 177, 119 

vans I. N. et al., 2010, ApJS , 189, 37 
alcón-Barroso J. , Sánchez-Blázquez P., Vazdekis A., Ricciardelli E., 
Cardiel N., Cenarro A. J., Gorgas J., Peletier R. F., 2011, A&A , 532,
A95 

eroz F. , Hobson M. P., Cameron E., Pettitt A. N., 2019, Open J. Astro-
phys. , 2, 10 

iallongo E. et al., 2014, ApJ , 781, 24 
ranata G. et al., 2022, A&A , 659, A24 
arvey D. , Massey R., Kitching T., Taylor A., Tittley E., 2015, Science , 347,
1462 

erbel J. , Kacprzak T., Amara A., Refregier A., Lucchi A., 2018, J. Cosmol.
Astropart. Phys. , 2018, 054 

orne K. , 1986, PASP , 98, 609 
lbert O. et al., 2015, A&A , 579, A2 
anowiecki S. , Mihos J. C., Harding P., Feldmeier J. J., Rudick C., Morrison
H., 2010, ApJ , 715, 972 

iménez-Teja Y. , Dupke R., 2016, ApJ , 820, 49 
ohnson T. L. , Sharon K., Bayliss M. B., Gladders M. D., Coe D., Ebeling
H., 2014, ApJ , 797, 48 

assiola A. , Kovner I., 1993, ApJ , 417, 450 
luge M. et al., 2020, ApJS , 247, 43 
neib J.-P. , Natarajan P., 2011, A&A Rev. , 19, 47 
oekemoer A. M. et al., 2011, ApJS , 197, 36 
roupa P. , 2001, MNRAS , 322, 231 
imousin M. , Kneib J.-P., Natarajan P., 2005, MNRAS , 356, 309 
imousin M. , Beauchesne B., Jullo E., 2022, A&A , 664, A90 
ongobardi A. , Arnaboldi M., Gerhard O., Pulsoni C., Söldner-Rembold 
I., 2018, A&A , 620, A111 

otz J. M. et al., 2017, ApJ , 837, 97 
amon G. A. , 2022, Astrophysics Source Code Library, record 
ascl:2203.020 
amon G. A. , Biviano A., Boué G., 2013, MNRAS , 429, 3079 
eneghetti M. et al., 2020, Science , 369, 1347 
ercurio A. et al., 2021, A&A , 656, A147 
onna A. et al., 2014, MNRAS , 438, 1417 
ontes M. , 2022, Nat. Astron. , 6, 308 
ontes M. , Trujillo I., 2014, ApJ , 794, 137 
ontes M. , Trujillo I., 2018, MNRAS , 474, 917 
orishita T. , Abramson L. E., Treu T., Schmidt K. B., Vulcani B., Wang 
X., 2017, ApJ , 846, 139 

atarajan P. et al., 2017, MNRAS , 468, 1962 
atarajan P. , Williams L. L. R., Bradač M., Grillo C., Ghosh A., Sharon K.,
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PPENDIX  A:  Sextractor PARAMETER  

he Sextractor parameters used in the cold and hot pass are
isted in Table A1 . 

able A1. Sextractor parameters used in the cold and hot pass to
reate a catalogue for AS1063. 

arameters Cold Hot 

ETECT_MINAREA 5 5 
ETECT_THRESH 5 1.8 
NALYSIS_THRESH 6 2 
ILTER Y Y 
ILTER_NAME default.conv default.conv 
EBLEND_NTHRESH 12 64 
EBLEND_MINCONT 0.001 0.0001 
ACK_SIZE 32 32 
ACK_FILTERSIZE 3 3 
ACKPHOTO_TYPE GLOBAL GLOBAL 
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Table D1. Distributions for the parameters used to create the mock data 
and to select initial parameters for the least-squares fit. 

Parameters Distribution 

log I0 U (−1 , 1 . 5) 
Re U (1 , 30) 
log IdPIE 0 U (−4 , 4) 
log rcut U (−4 , 5) 
rcore /rcut U (0 , 1) 
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PPENDIX  B:  LIGHT  MODEL  

s we automatically fit a large number of galaxies, we modify
he analytical expression of the considered profiles so that there
re no undefined points in our parameter bounds. This can ob-
uscate the meaning of the parameters, but it allows the code to
void some crashes. The parameters are converted to the usual
efinitions after the fit. 
The usual definitions of the Sérsic or dPIE profiles projected on

he plane of the sky are the following: 

Srsic = I0 exp 

( 

−bn 
[ (

R 

Re 

)1 /n 
− 1

] ) 

, (B1) 

dPIE = �0 rcut 
rcut − rcore 

( 

1 √ 

r2 core + R2 
− 1 √ 

r2 cut + R2 

) 

, (B2) 

where I0 , Re , and n are the normalization, half-light radius, and
he Sérsic index, respectively. They are the free parameters of the
rofile, and bn can be computed as the solution of γ (2 n, bn ) =
(2 n ) / 2 . For the dPIE profile, �0 , rcut , and rcore are the normal-
zation, cut, and core radii, respectively. 
To ensure a better parameter space and improve the computa-

ion speed for the Sérsic profile, we are not computing bn as we re-
laced Re with another parameter, h , that encompasses its values
ith Re . We also replace n by β = n−1 and I0 with I0 ,n = I0 exp bn 
uch that we obtain 

Srsic = I0 ,n exp 
(−hRβ) . (B3) 

rom this expression, we can then deduce the expression of h as
 = bn R−1 /n 

e . 
For the dPIE profile, we simplify the normalization and switch

core by acore such that 

dPIE = �∗
0 

( 

1 √ 

a2 core r2 cut + R2 
− 1 √ 

r2 cut + R2 

) 

, (B4) 

ith the following expression for acore and �′ 
0 : 

core = rcore /rcut (B5) 
∗
0 =

�0 rcut 
rcut − rcore 

. (B6) 

(B7) 

Thanks to our redefinition of the dPIE parameter, we can ensure
hat rcut > rcore by letting acore in ]0,1[. 

PPENDIX  C:  FIT  ON  REGIONS  STAMP:  
NITIAL  PARAMETER  ESTIMATION  

n Section 4.1.2 , we detail our procedure to fit multiple ob-
ects light distributions in a postage stamp image. The op-
imization procedure is based on a non-linear least-squares
lgorithm, which requires a guess for light model parame-
ers as a starting point. For the coordinates centre, position
ngle, and ellipticity, we are using Sextractor measure-
ents of XWIN_IMAGE , YWIN_IMAGE , THETAWIN_IMAGE ,
WIN_IMAGE, and BWIN_IMAGE . For the Sérsic profile, we
tart with an index n = 2 . 5 , FLUX_RADIUS measurements for
e , and we estimate I0 based on the MAG_BEST values. These pa-
ameters are then converted to our effective parameters defined in
ppendix B . To adopt similar starting points for dPIE, we fit dPIE
rofiles in 1D on a Sérsic profile with the previous parameter set.
e use the fit output as a starting point for the least-squares fit. 
NRAS 550, 1–19 (2026)

t  
Regarding the parameter bounds, we choose to use large
ounds to avoid hitting them, ensuring some safety against in-
alid parameter sets with our redefinition of the light profile. We
ake an exception for the coordinate centre, which we constrain
round the Sextractor estimation. The bounds are defined as
ollows: 

axis ratio : U (1 , 20) , (C1) 
xc : U (xc, init − 1 , xc, init + 1) , (C2) 
yc : U (yc, init − 1 , yc, init + 1) , (C3) 
θ : U (−π/ 2 , π ) , (C4) 
h : U (0 , 100 hinit ) , (C5) 
β : U (0 . 1 , 5) , (C6) 
I0 ,n : U (0 , Iinit 0 ,n ) , (C7) 
acore : U (0 , 1) , (C8) 
rcut : U (0 , 100 rcut , init ) , (C9) 
�∗
0 : U (0 , 100�∗

0 , init ) . (C10) 

We note that in some cases, these bounds were too large and
revented convergence for faint objects or in particularly crowded
egions. The main parameters in question are the axis ratio and h
r rcut , which tend to converge to overestimated values. 

PPENDIX  D:  LIGHT  PROF ILE  F IT: sinh 

−1 

L IKEL IHOOD  

1 Improved robustness 

To show the benefit of the sinh −1 transformation, we did least-
quares fits of a dPIE on mock 1D light profiles. We created mock
rofiles by simulating Sérsic profiles with an index n = 4 with
 random half-light radius Re and central intensity I0 . The input
istributions of Re and I0 are presented in Table D1 . We select
he parameter such that most mock data can be fitted reasonably
ell by a dPIE. We added 1 per cent of Gaussian noise to each
ock. Overall, we created 500 distinct mocks. We sample their
ight profiles with 50 points from 0.2 arcsec to 2 × Re linearly
paced, similarly to the pixels of an image. 
For each mock, we performed 500 a non-linear least-squares
ts with a regular Gaussian likelihood and with the sinh −1 . The
ptimizer is the same as the one used for galaxy light profile fit
resented in Section 4.1 . Each fit is done with a different start-
ng point, which we randomly select. We deliberately took large
arameter ranges to make the fit more prone to failure. The fit
or each method is done with the same starting points. Based on
hose fits, we selected a good fit, as every fit for which the median
elative error is below 15 per cent. 
In total, we performed 250 000 fits, for which we obtain 79 108
ood fit from either the transformed or untransformed likelihood.
mong those successful fits, 87.6 per cent (i.e. 69 290 good fits)
ere obtained with the sinh −1 transformation, while we record
3.5 per cent (i.e. 58 132 good fits) of success without. Hence,
he sinh −1 transformation allowed us to find a good model in
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Figure D1. Absolute residuals weighted by the associated errors with the sinh −1 transformation in function of its untransformed counterpart. The 
datapoints are colour coded in function of their observed flux fobs ( left panel ) or their modelled flux fmodel ( right panel ). 
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5.1 per cent more cases. This improvement can be expected by 
he normalization of the gradient induced by the transformation. 

2 Residual differences 

ig. D1 presents another view of the residuals from the galaxy 
tting process presented in Section 4.1 and Fig. 4 . Both panels
how the absolute residuals, weighted by the associated errors, 
or the sinh −1 transformation as a function of its untransformed 
ounterpart. In the left panel, the points are colour-coded cor- 
esponding to their observed flux, while in the right panel, it is
ased on their best-fit model flux. We retrieve the results dis-
ussed in Section 4.1 , which show that when residuals are close
o zero, both the transformed and untransformed schemes are 
lmost identical. The difference appears for larger residuals as 
he log behaviour of the sinh −1 comes into effect. This transform 

nfluence is materialized by an under- and overpenalization of 
igh-value residual, which is the manifestation of the asymmetry 
f the likelihood function. Thanks to the colour coding of the
ata points, we can see that there is an under-penalization when 
fobs < fmodel and an over-penalization when fobs > fmodel . 
Results presented in Section 4.1 could seem contradictory to 
ig. D1 , although the number of pixels at the bottom left corner
re largely dominating the pixel distribution. Only 3 per cent of 
he overall pixels present absolute normalized residuals above 10. 
n the 97 per cent remaining around 66 per cent are background
r faint pixels (i.e. fobs < 0 . 01 e−/s ), and the pixels above the
ackground and with absolute normalized residuals inferior to 
 represent 23 per cent of the pixel distribution. 

PPENDIX  E:  BAYESIAN  INFERENCE:  PRIOR  

ollowing the non-linear least-square fit, we perform a Bayesian 
nference as detailed in Section 4.1.3 . For the prior, we use uni-
orm priors for all parameters. We reuse the bounds defined in
he previous section for most parameters except �∗

0 , rcut , h , and
0 ,n . For these last parameters, we compute their statistical errors 
rom the least-squares fit and redefine their bounds so that they 
re centred on the best-fitting solutions from the least-squares fit, 
The Author(s) 2026. 
ublished by Oxford University Press on behalf of Royal Astronomical Society. This is an Open 
 https://creativecommons.org/licenses/by/4.0/ ), which permits unrestricted reuse, distribution, a
ith a width on each side equal to 5 times their statistical errors.
e ensure that these bounds are included in the least-squares
ounds to avoid overestimating them when the statistical errors 
re large. 
As stated in Appendix C , some of the bounds are too large,
hich prevents convergence from reaching a good solution. 
ence, for some objects, we manually change the bounds asso- 
iated with the axis ratio and h or rcut . As all fits are independent,
hey do not affect neighbouring objects. 
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