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ABSTRACT

In the cold dark matter (CDM) paradigm, an association between the hypothetic dark matter (DM) and its stellar counterpart is
expected. However, parametric strong-lensing studies of galaxy clusters often display misleading features: DM components on the
group or cluster scale without any stellar counterpart, offsets between the two components that are larger than what might be allowed
by CDM or self-interacting DM models, or significant unexplained external shear components. This is the case in the galaxy cluster
Abell 370, whose mass distribution has been the subject of several studies that were motivated by a wealth of data. The cluster
was described parametrically with strong-lensing techniques by a model with four dark matter clumps and galaxy-scale perturbers,
and with a significant external shear component, whose physical origin remains a challenge. The dark matter distribution features
a mass clump without a stellar counterpart and a significant offset between one of the dark matter clumps and its associated stellar
counterpart. This paper is based on buffalo data, and we begin by revisiting this mass model. Sampling this complex parameter
space with Markov chain Monte Carlo (MCMC) techniques, we find a solution that does not require any external shear and provides
a slightly better root mean square (RMS) than previous models (0.7′′ compared to 0.9′′). Investigating this new solution further, in
particular, by varying the parameters that lead the mcmc sampler, we present a class of models that can accurately reproduce the
strong-lensing data, but whose parameters for the dark matter component are poorly constrained. This limits any insights into its
properties. We then developed a model in which each large-scale dark matter component must be associated with a stellar counterpart.
This model with three dark matter clumps cannot reproduce the observational constraints with an rms smaller than 2.3′′, and the
parameters describing this dark matter component remain poorly constrained. Examining the total projected mass maps, we find a
good agreement between the total mass and the stellar distribution, which are both bimodal to first order. We interpret the misleading
features of the mass model with four dark matter clumps and the failure of the mass model with three dark matter clumps as being
symptomatic of the lacking realism of a parametric description of the dark matter distribution in such a complex merging cluster. We
encourage caution and attention on the outputs of parametric strong-lensing modelling. We briefly discuss the implications of our
results for using Abell 370 as a gravitational telescope. With the class of models that reproduce the strong- lensing data, we computed
the magnifications for background Lyα emitters, and we present the critical curves obtained for the redshift of the Dragon arc, whose
recent observations with the James Webb Space Telescope prompted interest. Finally, in light of our results, we discuss the strategy of
choosing merging (multi-modal) clusters as gravitational telescopes compared to simple (unimodal) clusters.

Key words. dark matter – large-scale structure of Universe

? Corresponding author; marceau.limousin@lam.fr
?? Based on observations obtained with the Hubble Space Telescope.

Open Access article, published by EDP Sciences, under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

This article is published in open access under the Subscribe to Open model. Subscribe to A&A to support open access publication.

A33, page 1 of 18

https://doi.org/10.1051/0004-6361/202451969
https://www.aanda.org
http://orcid.org/0000-0002-0443-6018
http://orcid.org/0000-0001-9065-3926
http://orcid.org/0000-0003-1974-8732
http://orcid.org/0000-0002-6610-2048
http://orcid.org/0000-0003-3266-2001
http://orcid.org/0000-0002-6039-8706
http://orcid.org/0000-0001-5492-1049
http://orcid.org/0000-0001-6278-032X
http://orcid.org/0000-0003-1625-8009
http://orcid.org/0000-0002-5554-8896
mailto: marceau.limousin@lam.fr
https://www.edpsciences.org
https://creativecommons.org/licenses/by/4.0
https://www.aanda.org/subscribe-to-open-faqs
mailto:subscribers@edpsciences.org


Limousin, M., et al.: A&A, 693, A33 (2025)

1. Introduction

Observations and numerical simulations both support the associ-
ation between mass and light at the galaxy cluster scale. We refer
to mass as the largely dominating dark matter (DM) component
whose existence remains to be confirmed. We refer to light as
the associated stellar component, which in most cases is in the
form of the brightest cluster galaxy (BCG). Observationally, no
cluster-scale DM clump without any associated light concentra-
tion has been reliably detected so far. In addition, stars in hydro-
dynamical simulations form in the potential well of DM haloes.
This results in the hierarchical formation of a bright galaxy at
the centre of the underlying DM halo.

If DM is collisionless, as proposed in the cold dark mat-
ter (CDM) scenario, the association between mass and light
should be perfect, that is, the offset between the peaks of each
component should be equal to zero (Roche et al. 2024). If DM
is self-interacting, this offset is possible and should be of the
order of a few dozen kiloparsec at most, according to simula-
tions (Kim et al. 2017; Robertson et al. 2017; Tulin & Yu 2018;
Fischer et al. 2021; Adhikari et al. 2022).

The observation of offsets between DM and light would
therefore be an interesting probe of the DM properties, in par-
ticular, its possible self-interaction. Since DM is more likely to
interact in colliding clusters than in relaxed clusters, offsets are
more likely to be found in merging clusters. DM should experi-
ence a drag force (similar to the one experienced by the X-ray
emitting gas, but with a much smaller amplitude) that does not
affect the stellar component, and will therefore cause a separa-
tion between the stellar and the DM components. This configu-
ration has recently been studied numerically by quantifying this
offset for different values of the self-interaction cross section of
DM particles (Sirks et al. 2024). For a vanishing cross section
(corresponding to the CDM case), a spatial offset consistent with
zero was retrieved. For cross sections equal to 0.1 and 1 cm2/g,
a mean offset of 5 and 12 kpc, respectively, was derived by these
authors. This is the same order of magnitude as was found in
recent El Gordo-like simulations by Valdarnini (2024): 28 kpc,
with a cross section equal to 1 cm2/g.

Observationally, no such offset has been reliably detected so
far. In practice, we need to be able to constrain the position of
the peak of the DM component with sufficient accuracy, that is,
smaller than the typical offset we aim to detect. Gravitational
lensing is a useful method in this respect. The typical positional
uncertainty of weak gravitational lensing is still ∼10′′ (which
translates into ∼45 kpc for a cluster at redshift 0.3) using the
currently available data (Kim et al. 2017, 2021). Strong lens-
ing (SL) is much more promising in this respect. The current
typical uncertainties are at the sub-arcsec level. However, multi-
ple image misidentification can complicate the situation (see the
works by Massey et al. 2015, 2018, in Abell 3827), together with
the assumed lens properties (see Lin et al. 2023, in Abell 3827).

In the case of the merging Bullet cluster, where the positions
of the DM clump are well constrained by SL, no such offset has
been detected. This provides an upper limit on the self- inter-
acting cross section of DM equal to 1.25 cm2/g (Randall et al.
2008). The non-detection of this offset in a sample of 72 collid-
ing clusters by Harvey et al. (2015) led to an upper limit equal to
0.47 cm2/g.

Beyond the offset between a DM clump and its associ-
ated stellar component is the notion of a dark clump, that is, a
group- or cluster-scale DM clump without an associated lumi-
nous counterpart. As mentioned earlier, a dark clump has never
been reliably detected so far, but these features are seen in para-

metric SL mass modelling of clusters, both unimodal and multi-
modal. The physical interpretation of these dark clumps can be
misleading and limits the advantages of parametric SL mod-
elling, which are that the description of the mass clumps can
be inferred through a SL analysis and compared with the the-
oretical expectations. We therefore consider it worthwhile to
study the details of SL mass models for which these misleading
features are reported. In Limousin et al. (2022, L22 hereafter),
we revisited three parametric mass models for which previous
(sometimes independent) analyses displayed dark clumps. The
three clusters in that study were AS 1063, MACS J0416, and
MACS J1206. We presented competitive mass models that did
not require the inclusion of dark clumps. We proposed a work-
ing hypothesis in which each DM clump should coincide with
the associated stellar component within a few dozen kiloparsec,
which is the typical offset allowed by SIDM models.

Following this approach, we revisit the mass model of
Abell 370 here, for which parametric studies suggest the pres-
ence of DM that is not associated with light. Our aim is to deter-
mine whether we can propose a mass model in which the DM
component is traced by light.

We begin by reviewing the parametric mass modelling that
was performed on Abell 370 in Sect. 2, and we revisit the current
mass model with four DM clumps in Sects. 3 and 4. We then
propose a mass model with three DM clumps in which mass is
traced by light in Sect. 5. We discuss our results and conclude in
Sect. 6, and we briefly present the implication of our findings for
high-redshift studies in Sect. 7.

2. Mass and light in Abell 370

Abell 370, a rich galaxy cluster located at z = 0.375,
is of historical relevance when it comes to strong lens-
ing, since in this cluster, the first giant gravitational arc
was discovered (Lynds & Petrosian 1986; Soucail et al. 1987;
Lynds & Petrosian 1989). A first look at an optical image of the
core of Abell 370 reveals a complex light distribution that sug-
gests a complex underlying mass distribution (see Fig. 1, as well
as the smoothed light map presented in Lagattuta et al. 2017)
caused by an ongoing merger (Molnar et al. 2020).

The light distribution is dominated by the light associated
with two dominant bright galaxies, which we refer to as the
northern and southern BCG (BCG-N and BCG-S hereafter). We
also observe a crown of bright galaxies that surrounds BCG-N,
a light concentration in the east (east component hereafter), as
well as another one farther north.

Parametric mass models based on the observation of multi-
ple images have been proposed in the past. We review those that
are most relevant for this work, in particular, for the description
of the smooth dark matter distribution. As is usually done, clus-
ter members are added to this smooth component, using scal-
ing laws to relate their total mass to their luminosity (see, e.g.
Limousin et al. 2007).

Advanced Camera Survey multi-band images were obtained
as part of the Early Release Observation that followed the
Hubble Service Mission 4. Based on these data, Richard et al.
(2010), reported nine multiply imaged systems. Describing the
cluster with a bimodal mass distribution, that is, two DM clumps
associated with each BCG, they were able to reproduce the mul-
tiple images with an RMS equal to 1.76′′. The northern DM
clump was found to be located at ∼10′′ from BCG-N.

Richard et al. (2014) analysed new WFC3 data and reported
12 systems. The description of the mass distribution remained
bimodal. The SL optimisation was performed in the source
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plane. This mass model was constructed in light of the forth-
coming Hubble Frontier Fields (HFF) data.

The wealth of new constraints revealed by the depth of the
HFF data motivated several groups to propose new mass models.
In particular, Lagattuta et al. (2017) proposed a mass model that
compared to pre-HFF data included two additional DM haloes.
This resulted in a mass model with four DM clumps. One of
them is associated with BCG-S, one with BCG-N, and one with
the eastern light component. The fourth clump is not associated
with any light concentration and ends up between BCG-S and
BCG-N. It is called “the bridge”. As in Richard et al. (2010), the
DM clump associated with BCG-N lies at ∼10′′ from BCG-N.
They reported an RMS equal to 0.94′′.

Additional data obtained with MUSE provided more con-
straints, and the number of spectroscopically confirmed images
doubled. The mass model was revisited by Lagattuta et al. (2019,
L19 hereafter). It still consisted of four large-scale DM clumps.
They also individually optimised a few cluster members: BCG-
S and BCG-N, as well as four cluster members (green circles
in Fig. 1) that are located close to multiple images and that are
important for reproducing their observed positions accurately.
The authors also introduced a strong external shear component
(with an amplitude of about 0.1) in order to lower the RMS. They
failed to find a physical origin for this external shear component.
They also tried to add another DM clump associated with the
light distribution located farther north, but its velocity dispersion
converged towards zero, suggesting that it is not required.

Niemiec et al. (2023, N23 hereafter), used buffalo
(Steinhardt et al. 2020) data in order to pursue a combined
strong- and weak-lensing analysis of Abell 370. On the SL side,
the main difference between N23 and L19 are small changes
in the multiple image and cluster member catalogues. N23
considered the gold buffalo catalog of multiple images (the
best, most confident, multiply imaged systems, with a very low
positional uncertainty and definite spectroscopic detection), as
well as the buffalo cluster members catalogue. The description
of the mass distribution and the number of optimised compo-
nents was the same as in L19. They reported an RMS equal to
0.90′′. Using WL, they detected substructures in the outskirts.
The inclusion of these substructures in the outskirts did not help
them to explain the external shear component, which remained
in their model. Using extensive spectroscopic data covering the
buffalo field of view, Lagattuta et al. (2022) also failed to find
any clear origin for this shear component, and we question this
in this work.

Recently, Gledhill et al. (2024) reported an updated model
using JWST data. They reported no new spectroscopically con-
firmed multiply imaged systems and found that the overall shape
of the critical curve is similar to previous models. Their paramet-
ric model features five large-scale DM haloes whose positions
are not given in the paper.

More recently, Li et al. (2024) proposed a new mass model in
order to study the transient events detected in the giant arc in the
new JWST data. They first constructed a preliminary lens model
using the same set of multiple images as L19. They reported
that a mass model composed of two (NFW) large-scale DM
haloes (plus individual galaxies) cannot reproduce the multi-
ple images. These observational constraints are well reproduced
(RMS equal to 0.88′′) by a mass model with three clumps, how-
ever, and they reported that including a forth clump provided no
improvement, in contrast to what was claimed by L19 and N23.
Their model included an external shear component with a much
smaller amplitude (0.03) than was required by L19 and N23.
The positions of these three NFW DM mass clumps show that

none of them is associated with a luminous counterpart. How-
ever, since they added the cluster members in their model, the
total mass distribution might follow the light distribution, but
this information is not given in the paper, which concentrates on
the giant arc. Their second NFW mass clump has a concentration
parameter equal to 0.28, which never happens in any numerical
simulation. At the same time, they also individually optimised
the mass associated with both BCGs. If the halo associated with
BCG-S has a position coincident with the light peak of the lat-
ter, the halo associated with BCG-N has a position that is at 12′′
from the light peak of BCG-N, coincident with the position of
their third DM halo. They then added multiple images located in
the giant arc to improve their model in this area.

To summarise, if parametric mass modelling is able to repro-
duce the wealth of spectroscopically confirmed multiple images
with a good accuracy (RMS< 1′′), none of these models fully
associates DM with light.

3. Revisiting the mass model with four DM clumps

3.1. Starting point

The starting point of this study is the SL model described in
N23 and illustrated in Fig. 1. It reproduces the observational
constraints with an RMS equal to 0.90′′, which is comparable
with that of L19 (0.78′′). It has been optimised in the image
plane. We use the same sets of multiply imaged systems and
cluster members as in N23 throughout. In addition, all models
are optimised in the image plane using the Lenstool software
(Jullo et al. 2007).

3.2. Rerunning the N23 model

We first repeated exactly the same run as was presented in N23
twice, that is, we used the very same Lenstool input files
(parameter file, cluster members catalogue, and multiple image
file). We reached an RMS equal to 0.76′′ and 0.80′′. The val-
ues of the individual parameters describing the DM distribution
differed. We return to this issue below.

This model displays significant external shear, with an ampli-
tude of about 0.1, which is comparable to that of N23. To
place this in context, this shear amplitude would be experi-
enced at ∼150′′ from the centre of the galaxy cluster Abell 1689
(Limousin et al. 2007). When this external shear component is
removed from the model, we obtain an RMS equal to 1.01′′. We
refer to this last model (without external shear) as model (i) in
the following.

3.3. Priors on the galaxy-scale component

The degeneracies between the smooth DM component and the
galaxy-scale component in SL studies are well known. We refer
to Limousin et al. (2016) and L22 for a discussion. By measur-
ing the mass associated with the cluster members, this degener-
acy can be broken, as proposed by Bergamini et al. (2019, B19
hereafter) and more recently by Beauchesne et al. (2024).

Using MUSE spectroscopy, B19 were able to provide pri-
ors on the scaling laws used in the SL modelling that relate
the mass associated with a given cluster member with its lumi-
nosity. No similar study is yet available for Abell 370, and we
extrapolated the results by B19 to Abell 370. From the sample
of three clusters studied by B19, we used the results derived for
MACS 0416. Located at z = 0.39, this cluster of the B19 sam-
ple is closest in redshift to Abell 370 (z = 0.37). In the B19
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Fig. 1. Core of Abell 370 from buffalo data (F814/F606/F435 filters). The cyan circles correspond to the location of the four DM clumps from
N23, and the magenta circles show their locations from model (ii) (Sect. 3.5). We draw in yellow the critical curve for z = 2 generated from
model (ii). The white squares show the location of each clump in the mass model with three DM clumps (Sect. 5). The green ellipses show the
cluster members that were optimised individually. We show in red the Lyman-α emitters from Claeyssens et al. (2022), for which we computed a
magnification (Sect. 7). North is up, and east is left. The horizontal bar represents 20′′, which corresponds to ∼100 kpc at the redshift of Abell 370.

sample, the dynamical state of this cluster is also closest to that
of Abell 370, that is, it presents a multimodal light and mass
distribution.

B19 proposed a Gaussian prior on the velocity dispersion of a
mag = 17.05 (F160W) magnitude equal to σ = 248 ± 28 km s−1.
We imposed a Gaussian prior equal to 248 ± 50 km s−1, which
broadened the error bar in order to account for the differences
between each cluster galaxy populations. To be consistent with
B19, we modified the galaxy catalogue of N23 and assigned an
F160W magnitude to each member galaxy. In the following, we
refer to this prior on the galaxy scale component as the spectro-
scopic prior. In this way, we obtained an RMS equal to 0.86′′,
which is slightly larger than but similar to the run with broad
priors on the galaxy-scale perturbers. A significant external shear
component is favoured, equal to 0.1, similar to the previous mod-
els discussed above. The values of the individual parameters
describing the DM distribution differ. Even though imposing this
spectroscopic prior slightly degrades the RMS, we considered it
worthwhile to include it since it is physically and observationally
motivated.

Following L19 and N23, we also individually optimised four
cluster members as well as BCG-N and BCG-S for all models in
this paper (green circles on Fig. 1).

3.4. Removing the external shear component

Keeping the spectroscopic prior, we then removed the exter-
nal shear component in the modelling. We obtained an RMS
of 0.70′′, finding that the inclusion of an external shear compo-
nent is not necessary. We refer to this model as model (ii) in the
following. Once again, the values of the individual parameters
describing the DM distribution differ.

3.5. Comparing models

We recall that the reference model was obtained by rerunning the
N23 files, and its RMS is equal to 0.76′′ and the external shear
is ∼0.1. Then we derived the following models:

Model (i) is the reference model without external shear, with
an RMS equal to 1.01′′.

Model (ii) is the reference model without external shear
including the spectroscopic priors, with an RMS equal to 0.70′′.
It constitutes the best model we were able to derive in this paper
in terms of RMS. Moreover, it does not require a significant
external shear component that cannot be physically explained,
and it incorporates a physically motivated prior on the galaxy-
scale component.
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It is interesting to note that model (ii) is contained in model
(i). In model (i), the priors on the galaxy-scale component are
large enough to contain the spectroscopic priors incorporated in
model (ii). Therefore, in model (i), the sampler could have con-
verged towards model (ii), but it did not, although the fit is better.
The priors in the L19 and N23 mass models were large enough
to find model (ii). This is puzzling and interesting, and motivates
further investigations in order to understand the situation better.
This is the subject of the next section.

4. Further investigating the mass model with four
DM clumps

Motivated by these findings, we decided to further investigate
the mass model with four DM clumps. We recall that for the
different models investigated above, the values of the individual
parameters describing the four DM mass clumps differ. These
are indications that the convergence of the Monte Carlo Markov
chain (MCMC) sampler needs to be verified.

Dark matter mass clumps are described using a dual pseudo-
isothermal elliptical mass distribution (dPIE profile). We refer to
Limousin et al. (2005) and Elíasdóttir et al. (2007) for a descrip-
tion of this mass profile and only give a brief overview here. The
geometrical parameters are the position, ellipticity, and position
angle. The mass profile is then parametrised by a fiducial veloc-
ity dispersion, σ, a core radius, rcore, and a scale radius, rs, which
are usually fixed to a high value for cluster-scale DM haloes
since SL cannot constrain it. Between r = 0 and r = rcore, the
mass density is constant. Then, between r = rcore and r = rs, the
mass density is isothermal (r−2), then it falls as r−4 beyond rs.

4.1. rate and Nb

Two key parameters matter for the convergence of the
LenstoolMCMC sampler (Jullo et al. 2007): the rate param-
eter, associated with the burn-in phase, and the number of itera-
tions (Nb), which is associated with the sampling phase.

The burning phase is made of a sequential Monte Carlo
process that gradually samples the priors to the posterior by
means of a tempered likelihood LT = L

1
T , where T is the like-

lihood temperature. T progressively decreases from infinity to
one. Between each Monte Carlo process, T−1 was updated based
on the likelihood estimate at that temperature and the hyperpa-
rameter of the sampler rate. The lower the rate, the more slowly
the move of the sampler to the high-likelihood areas, and the less
prone it is to missing a mode of the posterior. The larger Nb, the
larger the number of iterations of the MCMC chains, and the
better the sampling of the parameter space. It is good practice to
lower the rate and to increase Nb until the results obtained on
the parameters are stable, in the sense that they remain consistent
with each other. This suggests that the runs are not biased by the
sampler hyperparameters. The problem is that lowering the rate
and increasing Nb can become computationally very expensive,
and this limits our ability to thoroughly investigate the parameter
space in an acceptable amount of time.

The N23 mass model was run with a rate equal to 0.1 and
Nb equal to 200, as were our own models presented in Sect. 2,
in particular, model (ii). We therefore investigated model (ii) fur-
ther by lowering the rate and increasing Nb as long as we could
afford it. In practice, we required a run to last three weeks at most
on a dedicated modern machine with 12−24 cores.

We show in Table 1 the values of rate and Nb we investi-
gated, and the corresponding RMS. Two runs had the same rate,

Table 1. Results for model (ii).

rate Nb RMS (′′)

0.1 200 0.70
0.1 200 0.70
0.05 200 0.73
0.05 1000 1.04
0.05 1000 1.16
0.05 1000 1.28
0.05 1000 1.35
0.05 1000 1.37

Notes. RMS obtained for the best-fit model (ii) given different values of
rate and Nb.

Nb, and RMS (0.7′′). However, the parameters differ, as shown
in Figs. A.1 and A.2, where we present the corner plots for the
parameters of each of the four mass clumps describing the mass
distribution in Abell 370 for the different values of rate and Nb
we investigated. Table 1 shows that the best-fit model in terms
of the RMS is not found using the values of rate and Nb that
allowed the most precise sampling, and that the RMS ranged
from 0.70′′ to 1.37′′. It might be expected that the best RMS
would be associated with the lower rate and the larger Nb, but
this is not the case here. We argue that this is due to the fact
that our parametric description is not adapted to Abell 370. In
addition, the parameter space likely has several minima, and we
may not be able to properly sample it numerically in order to
converge to the global minimum. Figures A.1 and A.2 show that
the parameters of the DM clumps are very unstable from one run
to the next being significantly different. Considering the variance
between each run, we conclude that the constraints are very loose
for all parameters. Therefore, we do not present the parameters
of the best-fit model in a dedicated table, as is usually done in
SL studies. We can split this class of eight mass models into four
models for which the RMS is smaller than or equal to 1′′, and
another four models for which the RMS is larger than 1′′. How-
ever, we see no trends of the inferred values of the parameters of
the mass clumps with respect to this dichotomy.

We also further investigated the reference model by N23 in
the same way, lowering the rate and increasing Nb, to deter-
mine how this influences the parameters of the DM clumps.
The results are presented in Appendix C. We also present in
Appendix B the results of this exercise performed on galaxy
cluster AS 1063, which illustrate the behaviour of a run that
has converged properly. In short, we find that the results for
the parameters that describe AS 1063 are very stable with a
decreased rate and increased Nb, and that the corresponding
RMSs are equal.

4.2. Galaxy-scale component

In the case of model (i), where no spectroscopic prior was
included, we derived a velocity dispersion of 153 km s−1 (for
a magnitude of 17.05), which is half of what was derived in
model (ii), where a spectroscopic prior was considered (σ =
307 km s−1, which is at the higher end of what is allowed by
the spectroscopic prior). The properties of the individually opti-
mised galaxies, in particular the BCGs, are different from the
property we would obtain following the spectroscopic prior.
BCG-S and BCG-N have a similar magnitude (17.05 and 16.95,
respectively), which would correspond to a velocity dispersion in
the range 248± 50 km s−1 if we followed the spectroscopic prior.
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The optimised velocity dispersions are the following: For BCG-
S, σ = 190 ± 23 km s−1 (model (ii)) and σ = 144 ± 31 km s−1

(model (i)). For BCG-N, σ = 431 ± 8 km s−1 (model (ii)) and
σ = 462 ± 23 km s−1 (model (i)). Therefore, the two BCGs,
which display a similar magnitude, have very different opti-
mised velocity dispersions. BCGs in clusters constitute a par-
ticular class of galaxies that are not representative of the whole
cluster member population and may not follow the same scaling
relation. Regardless of whether these BCGs follow the spectro-
scopic prior, they should have a similar velocity dispersion given
their similar magnitude. This shows that when spectroscopically
measured velocity dispersions become available for Abell 370, it
will be relevant to consider them as additional constraints in the
mass model.

4.3. DM and light

The working hypothesis proposed in L22 is clearly not verified
in the mass models with four clumps that we discussed here
(Fig. 1). Of these four DM clumps, a first clump is associated
with the bright cluster galaxy located in the south (BCG-S). The
shape and orientation of the historical giant arc farther south
clearly indicate that BCG-S dominates the total mass distribu-
tion in this area, fully justifying a DM clump sitting there. Then,
a second DM clump is associated with the bright cluster galaxy
located in the north (BCG-N). Slightly farther north, a long thin
arc indicates that BCG-N dominates in this area, justifying the
inclusion of a DM clump there. These two mass distributions are
dominant in Abell 370, as illustrated by a gravitational arc that
is rather straight, located between BCG-S and BCG-N. A third
DM clump is located in the eastern part of the cluster, which we
can associate with a bright galaxy that is located there (Fig. 1).
Then, a fourth DM clump is introduced in between BCG-S and
BCG-N, without a luminous association. If the positions of the
first and third DM haloes coincide with the associated light dis-
tribution, the second halo is located at ∼50 kpc from BCG-N,
which is on the higher end of what is allowed by alternative DM
models such as SIDM (see L22).

We then studied the total projected mass, the quantity that is
constrained by SL. We present in Fig. 2 the maps of the mean
mass1 obtained for the four mass models that lead to an RMS
smaller than or equal to 1′′ (Table 1). As expected, they all agree
very well. We note that the mass map associated with the larger
RMS (1.04′′) deviates from the others (whose RMS is equal to
0.73′′ and 0.70′′), which are almost indistinguishable from each
other.

4.4. Conclusion on the mass model with four clumps

We conclude that a mass model with four DM clumps is able
to accurately reproduce the observational constraints, with an
RMS equal to 0.70′′. Like previous models (L19 and N23), its
DM distribution does not follow the stellar component (Fig. 1,
magenta circles). It features a dark clump and a significant off-
set between DM and light in the north. In addition, we showed
that the parameters of each clump as inferred from the different
models reproducing the multiple images are poorly constrained.
Still, the total projected mass is well constrained by the multi-
ple images, but these multiple images are not able to provide
much insight into the properties of DM in Abell 370, such as the
number of DM clumps and their properties. As for the external

1 The mean mass map is generated from averaging the individual mass
maps computed for each iteration of the MCMC sampler.

Table 2. Results of the mass model with three clumps.

rate Nb RMS (′′)

0.1 500 3.07
0.1 1000 3.36
0.1 2000 2.24

Notes. RMS obtained for the mass model with three clumps for different
values of rate & Nb.

shear that was reported in former studies, we consider that in
such a complex and unconstrained parameter space, it is easy to
accommodate for an additional component as an external shear.
The external shear components included in SL modelling are not
always “shear” (Etherington et al. 2024), and different effects
inherent to SL modelling can give rise to an effective external
shear (see, e.g. Wagner 2019; Lin et al. 2022).

5. Mass model with three DM clumps

Following the working assumption proposed in L22, we investi-
gated a mass model in which each large-scale DM clump is asso-
ciated with a luminous counterpart. We propose that the total
mass distribution in Abell 370 can be described by three DM
clumps: one clump that is associated with BCG-S, another clump
that is associated with BCG-N, and a final clump that is associ-
ated with the bright galaxy located in the east. The position of
each clump was allowed to vary in a square of size 6× 6 arcsec2

centred on the corresponding bright galaxy (Fig. 1), which is typ-
ical of what is allowed by SIDM scenarios. We also considered
the galaxy-scale perturbers using the spectroscopic priors dis-
cussed above. No external shear component was included in the
modelling. As before, we investigated different values of rate
and Nb. These values, as well as the corresponding RMS, are
shown in Table 2. We present in Fig. A.3 the corner plots for
the parameters of each of the three mass clumps describing the
DM distribution in Abell 370 for the different values of rate and
Nb we investigated. Because the positions of these mass clumps
were forced to be coincident with their luminous counterpart, we
do not show theses parameters in the figures for clarity.

The best RMS we found, equal to 2.24′′, is larger than in the
mass model with the four clumps (0.70′′). Similar to the behavior
seen in the mass model with the four clumps, individual param-
eters in the model with three clumps are very unstable from one
run to the next, and the constraints are very loose. Moreover, an
external shear component does not improve a three DM clumps
mass model.

Substructures that are located outside the SL area can have
an impact on the SL study, as discussed in Acebron et al. (2017).
N23 studied in a weak-lensing analysis of the buffalo data the
surroundings of the core of Abell 370 and detected several sub-
structures. They provided both a grid and a parametric descrip-
tion of these substructures. We tried to take these substructures
into account in our SL modelling, but this did not improve the
situation, and the parameters of the main DM clumps remain
loosely constrained. It is likely that adding more parameters in
this already complex and unconstrained parameter space cannot
help. We reach the same conclusion in the mass model with four
clumps.

Following L22, we included a mild perturbation in the form
of a B-spline surface in the lensing potential (Beauchesne et al.
2021) to determine whether this could improve the fit. In con-
trast to L22, we were unable to find a set of parameters for the
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1.04" 0.73"

0.70"0.70"

Fig. 2. Maps of the mean total projected mass derived from the models leading to an RMS that is smaller than or equal to 1′′, as reported on each
map.

B-spline surface that reduced the RMS. To ensure that this was
not due to a numerical issue with respect to the complexity of
the A370 model, we tried to find such a surface while fixing the
parametric model to the best-fit solution, but without more suc-
cess.

To conclude, a description of the mass distribution with a
mass model with three DM clumps whose positions are coinci-
dent with the light leads to an RMS larger than 2′′. This is three
times the RMS that is obtained with a mass model with four
DM clumps. Moreover, the parameters of these three clumps are
ill defined. The situation is therefore worse than when the RMS
is as large as this, but three mass clumps are well defined. We
therefore consider that we have failed to describe Abell 370 with
a parametric model in which the DM is traced by light.

We compared the maps of the mean total projected mass
computed from this mass model with three DM clumps with the
map corresponding to our best mass model with four DM clumps
(Fig. 3). We find small deviations between these mass maps. We
also present the results corresponding to the N23 mass model in
this figure. They agree very well with our best-fit mass model.

6. Discussion and conclusion

6.1. Comparison with other studies

We compared our results with two other studies that used buf-
falo data: the study using Wslap+ (Diego et al. 2018), and the
study using Grale (Ghosh et al. 2021). The authors shared their
(total) convergence maps (which are proportional to the two-

dimensional surface mass density) on the dedicated buffalo
website. We generated the same quantity from our best-fit model
and compare the three maps in Fig. 4.

In the south, the three reconstructions agree well, with a peak
that is coincident with BCG-S. In the north, our result agrees
well with the Wslap+ result, with a peak that is coincident
with BCG-N, while the Grale reconstruction features a peak
that is slightly offset from BCG-N. The eastern component is
clearly sub-dominant in the total mass/light budget in all recon-
structions. In this region, our reconstruction agrees well with the
Wslap+ result, while the Grale reconstruction is slightly dif-
ferent.

The Wslap+ and Grale methods are both non-parametric,
but used different modelling schemes that are described in detail
in the corresponding publications. We just report one of the basic
differences between the methods to facilitate understanding of
the results of the comparison. In Grale, no assumption is made
about a relation between mass and light. In Wslap+, the surface
mass density is described by the combination of a soft compo-
nent describing the DM and a compact component that accounts
for the mass associated with individual cluster galaxies. There-
fore, some mass is associated with cluster galaxies by construc-
tion. When the smooth DM component alone is considered, then
the study by Diego et al. (2018) displays an offset between DM
and the associated BCG. This offset disappears when the total
mass is considered, which is similar to what we find in this work.

We also compared our results with the result obtained by
Cha & Jee (2023) based on HFF data and the non-parametric
algorithm Mars. This approach is closer to Grale than to
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3 Clumps

This Work

N23

Fig. 3. Contours of the mean total projected mass derived from the
following models: The mass model with three DM clumps (cyan), the
best mass model with four DM clumps (red), and the N23 mass model
(green). The contour values are the same for all three models.

WSLAP

GRALE

This Work

Fig. 4. Convergence contours corresponding to the following models:
the Grale model (red), the best model with four DM clumps (green),
and the Wslap+ model (cyan). The contour values are the same for all
three models.

Wslap+ since it does not use the galaxy distribution as a prior.
In their Fig. 4, the authors report the total mass contours inferred
from their analysis. The reconstruction in the south agrees well
with the other reconstructions discussed in this section. In the
north, their reconstruction displays a mass peak that is offset
from BCG-N. This offset is slightly larger than the one found
using Grale.

6.2. Constraints on the DM distribution and interpretation of
our results

A mass model with four DM clumps is favoured over a mass
model with three DM clumps. The former DM distribution does

not follow the stellar component, whereas the latter does by
construction. In both cases, the parameters of individual DM
clumps are poorly constrained. We showed that in such a com-
plex parameter space, the degeneracies between these param-
eters are large and little insight into the properties of DM in
Abell 370 is gained.

Still, the total projected mass is well constrained and is
linked to the stellar component, the two main total mass peaks
being coincident with the two BCGs (Fig. 3). We therefore con-
clude that the total mass is traced by light in Abell 370.

We therefore aim to discuss the underlying DM distribu-
tion, which, taken as such, might be misleading. Our questions
are about the interpretation of this dark clump, and whether we
detect a dark clump. We also determine the interpretation of the
offset between the northern DM clump and BCG-N, which is on
the higher end of what is allowed by alternative DM models such
as SIDM.

These interesting features (the dark clump and the offset) are
clearly required by the data in order to reproduce the observed
positions of the multiple images with a sub-arcsecond precision.
We interpret these as not real, but rather necessary to compen-
sate for the lack of realism in our parametric description of DM
clumps during a cluster merging process. We describe the DM
component indeed using idealised parametric mass profiles (e.g.
dPIE or NFW). This description, though simple, can sometimes
be reliable, which is remarkable. In the example of AS 1063
given in Appendix B (a unimodal cluster), the observed positions
of the multiple images are well retrieved and the parameters of
the DM component are well constrained. In Abell 370, this sim-
ple description of the different DM components involved in the
merging process might not fully capture the complex underlying
physics. Some features such as those reported here are therefore
needed to account for the deviations from our idealised paramet-
ric descriptions. In L22, we revisited three mass models featur-
ing misleading features in former studies, and we were able to
propose competitive mass models that did not require these fea-
tures. This is not the case for Abell 370. Despite this, we were
able to remove the external shear component that was present in
former Lenstool models. The last parametric study by Li et al.
(2024) goes in this direction, in the sense that their DM descrip-
tion contains misleading features, as listed in Sect. 2, that are
needed to accurately reproduce the multiple images. Some pre-
vious works on Abell 370 reported these features, as summarised
in Table 2 by Ghosh et al. (2021).

Even in the JWST era, where hundreds of multiple images
are observed, SL mass reconstructions still suffer from degenera-
cies (Lasko et al. 2023; Liesenborgs et al. 2024), in particular, in
merging clusters, and caution and attention should be taken when
reading and interpreting the results of any SL model. Further-
more, the authors could discuss the limitations of their models
in more detail and help in the understanding and interpretation
of their results. We therefore encourage caution and attention on
the outputs of parametric SL modelling. This is our main con-
clusion. We conclude this paper by discussing the implications
of our results for using Abell 370 as a gravitational telescope.

7. Implication for high-z studies

The findings of Sect. 4 might have implications for using
Abell 370 as a gravitational telescope, since the different mod-
els reproducing the SL constraints are likely to provide different
magnification estimates for background-lensed objects as well
as different critical curves.
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Table 3. Lyα emitters.

ID RA Dec z

53 39.962233 −1.57206 4.916
47 39.974424 −1.58609 3.130
90 39.975065 −1.57212 3.159
84 39.975825 −1.56444 6.173

Notes. Coordinates and redshift of the four Lyα emitters for which we
computed magnification values.

7.1. Magnification estimates

Quantifying this effect on global properties such as the luminos-
ity function derived for background objects is clearly beyond the
scope of this paper and might be addressed in a forthcoming pub-
lication. To illustrate our claim, however, we computed the mag-
nification derived on a few background galaxies. We considered
4 objects selected from the sample of 100 Lyman-α emiters that
are lensed by Abell 370 as reported by Claeyssens et al. (2022).
Their coordinates and redshifts are given in Table 3, and their
locations are shown in Fig. 1. This selection is rather arbitrary;
these objects do not have any particular characteristics within the
sample. We computed the magnification experienced by these
objects using the different mass models investigated in this paper
that present an RMS smaller than or equal to 1.0′′, that is, those
that reproduce the SL constraints with the greatest accuracy. This
corresponds to the six models constituting the N23-like class of
models (Appendix C), and four models out of the eight mod-
els presented in Sect. 3. This makes a total of ten mass models.
The results are shown in Fig. 5. The magnification for a given
object depends on the mass model that is used, and depending
on whether one was to consider a class of models that reproduce
the SL constraints instead of one single model, the uncertain-
ties on the magnification estimate would increase. For object 53,
we only have five instead of ten curves. For the five mass mod-
els that we do not show here, the magnification is unconstrained
and has error bars larger than a few hundred. It is therefore not
shown for clarity. This is typical of the types of objects that
would not be used to study the high-redshift Universe, since the
computed magnification values are very unstable. This criterion
clearly depends on the mass model considered: depending on the
mass model used, one would accept or reject such an object. The
uncertainties on the magnification are much larger (sometimes
unconstrained) for the mass model with three DM clumps and
are not shown.

7.2. Critical curves: Dragon arc

The historical giant arc at z = 0.725, dubbed the Dragon arc,
has been the subject of recent interest since JWST observa-
tions have led to the discovery of ∼50 microlensed stars in
this strongly lensed galaxy (Kelly et al. 2022; Fudamoto et al.
2024). Considering the class of models leading to an RMS
smaller than or equal to 1′′, we computed the critical curves at
z = 0.725 and present them in Fig. 6, together with the location
of the microlensing events and the critical curves obtained using
Wslap+. This illustrates the difference in the critical curves
from one model to the next. The distribution of microlensing
events mostly depends on (i) the position of the critical curve,
(ii) the surface mass density of microlenses, (iii) the presence of
millilenses (e.g. unresolved globular clusters in the lens plane),
and (iv) the bright-end slope of the stellar luminosity function

Fig. 5. Magnification computed for the four background Lyα-emitters
using all models with an RMS smaller than or equal to 1′′.

Fig. 6. Critical curves at z = 0.725 computed for the class of mod-
els leading to an RMS smaller than or equal to 1′′, both from the
N23 class of models (cyan) and from model (ii) in white. In red we
plot the critical curves derived with Wslap+. All these models use
the N23 constraints. We show the location of the microlensing events
reported by Fudamoto et al. (2024) as white circles and those reported
by Kelly et al. (2022) in yellow.

of the background-lensed galaxy (see for instance Diego et al.
2024). Future observations of new transients in this arc will sig-
nificantly increase the statistics of microlensing events, which
will allow us to reverse-engineer the distribution of microlensing
events and narrow down the precise location of the macromodel
critical curve. This in turn can be used to improve the precision
of the lens models in this portion of the cluster.
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7.3. Clusters as gravitational telescopes

Related to this issue is the uncertainty on the derived mag-
nification maps in multi-modal clusters such as Abell 370 or
MACS 0717 (for which similar conclusions where drawn, see
Limousin et al. 2016), and the implications for high-redshift
studies in cluster fields. One is tempted to select complex dis-
turbed clusters since they provide a larger area with a high mag-
nification than simple relaxed clusters. This has been the strategy
of the Hubble Frontier Fields initiative, where five of the six
targets are complex clusters. The problem associated with this
approach is that modelling uncertainties do translate into large
uncertainties on the magnification estimates, and the area in
which the magnification can be considered to be reliable drops
significantly (see the discussion by Limousin et al. 2016 in the
case of MACS 0717). Therefore, dedicated programs targeting
simple clusters might also be considered to build an interesting
strategy. The answer cannot be definite, and both populations
(complex multi-modal and simple regular clusters) are worth
observing, as long as we are aware of the advantages and disad-
vantages, in particular, as long as we not largely underestimate
the errors on the magnifications in the case of complex clusters.
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Table B.1. Results on AS 1063.

rate Nb RMS (′′)
0.1 200 0.68
0.1 2000 0.67
0.1 10000 0.67

0.05 2000 0.67
0.03 2000 0.67

RMS obtained on AS 1063 for different values of rate & Nb.

Appendix A: Additional figures

Appendix B: AS 1063: Example of a run that has
converged

We consider the mass model published in L22, imposing the
working hypothesis proposed in this paper (positions of the DM
clumps coinciding with the light and ellipticity lower than 0.7)
and vary rate& Nb. Table B.1 shows the results in term of RMS
for the different values investigated, and we show in Fig. B.1
the corner plots inferred for each parameter of the mass model,
obtained for each value of rate & Nb. These parameters are the
following: position, ellipticity, position angle, core radius and
velocity dispersion of the main dominant large-scale DM clump
associated with the BCG. Then, we have the scale radius and
velocity dispersion of the galaxy scale perturbers (rpot and σpot
respectively). We see that the results are very stable, and do not
depend on the rate & Nb: RMS for all runs are similar, and
PDFs for all parameters are consistent with each other.

Appendix C: Investigating the N23 model further

We consider the mass model proposed by N23, with rate=0.1
& Nb=200, RMS=0.90′′. We then vary rate & Nb as sum-
marised in Table C.1, where we report the RMS of each run: this
constitutes the N23 like class of models. We show in Fig. C.1
and Fig. C.2 the corner plots obtained for each of the four DM
clumps parameters.

The best model in terms of RMS is not found for the best
values of rate & Nb, but the RMS values are stable. The cor-
ner plots show that the parameters of the DM clumps are very
unstable from one run to another, similar to what is found in the
investigation of model (ii) exposed in Sect. 3.1.

We then come to the comparison of the total projected mass
distributions derived from these models, presenting in Fig. C.3
the results for the N23 and the N23 like class of models, showing
a very good agreement between the mass maps. This agreement
is expected, given that SL is sensitive to the total projected mass.

Table C.1. N23-like models.

rate Nb RMS (′′)
0.1 200 0.90 (N 23)
0.1 200 0.80
0.1 200 0.76
0.05 200 0.74
0.05 1000 0.80
0.05 1000 0.86

RMS obtained for N23 like models, for different values of rate & Nb.
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Fig. A.1. Corner plots obtained for the parameters of the mass model, for the values of rate & Nb indicated on the legend. Top: South clump;
bottom: north clump. Parameters are significantly different.
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Fig. A.2. Corner plots obtained for the parameters of the mass model, for the values of rate & Nb indicated on the legend. Top: East clump;
bottom: dark clump. Parameters are significantly different.
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Fig. A.3. Corner plots obtained for the parameters of each of the three mass clumps, for the values of rate & Nb indicated on the legend.
Parameters are significantly different.

A33, page 14 of 18



Limousin, M., et al.: A&A, 693, A33 (2025)

Fig. B.1. Corner plots obtained for the parameters of the mass model, for the values of rate & Nb indicated on the legend.
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Fig. C.1. Corner plots obtained for the parameters of the mass model, for the values of rate & Nb indicated on the legend. Top: South clump;
bottom: north clump.
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Fig. C.2. Corner plots obtained for the parameters of the mass model, for the values of rate & Nb indicated on the legend. Top: East clump;
bottom: dark clump.
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N23

Fig. C.3. Maps of the total projected mass derived from the N23 (lower right), and the N23 like class of models.
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