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ABSTRACT

Context. Several recent studies have highlighted a discrepancy between the strong lensing (SL) properties of observed cluster galaxies
and the predictions of Λ cold dark matter (CDM) cosmological hydrodynamical simulations. This discrepancy can be interpreted as
the result of observed cluster members being more compact than their simulated counterparts.
Aims. In this work, we aim at a direct measurement of the compactness of a few selected galaxy-scale lenses in massive clusters,
testing the accuracy of the scaling laws adopted to describe the members in SL models of galaxy clusters.
Methods. We selected the multiply imaged sources MACS J0416.1−2403 ID14 (z = 3.221), MACS J0416.1−2403 ID16 (z = 2.095),
and MACS J1206.2−0847 ID14 (z = 3.753). Eight multiple images were observed for the first SL system, and six for the latter two.
We focused on the main deflector of each galaxy-scale SL system (identified as members 8971, 8785, and 3910, respectively), and
modelled its total mass distribution with a truncated isothermal sphere. To account for the lensing effects of the remaining components
of the cluster, we took the most accurate SL model of its mass distribution available. To include the uncertainty and the systematics
affecting the cluster-scale mass models, we explored the posterior probability distribution of its parameters and extracted 100 cluster
mass distributions. For each of them, we optimised the mass parameters of the galaxy-scale lens: the bootstrapping procedure allowed
us to obtain a realistic estimate of the uncertainty on their values.
Results. We measured a truncation radius value of 6.1+2.3

−1.1 kpc, 4.0+0.6
−0.4 kpc, and 5.2+1.3

−1.1 kpc for members 8971, 8785, and 3910, corre-
sponding to total mass values of M = 1.2+0.3

−0.1 × 1011 M�, M = 1.0+0.2
−0.1 × 1010 M�, and M = 6.3+1.0

−1.1 × 1010 M�, respectively. Alternative
non-truncated models with a higher number of free parameters do not lead to an improved description of the SL system and show
some parametric degeneracies. We measured the stellar-to-total mass fraction within the effective radius for the three cluster members,
finding 0.51 ± 0.21, 1.0 ± 0.4, and 0.39 ± 0.16, respectively.
Conclusions. We find that a parameterisation of the physical properties of cluster galaxies in SL models based on power-law scaling
relations with respect to the observed total luminosity cannot accurately describe the compactness of the members over their full
total mass range. Our results, instead, agree with recent modelling of the cluster members based on the Fundamental Plane relation.
Finally, we report good agreement between our predicted values of the stellar-to-total mass fraction within the effective radius and
those of early-type galaxies from the Sloan Lens ACS Survey. Our work significantly extends the regimes of the current samples of
lens galaxies, towards the mass range that will be probed by the Euclid, Rubin, and James Webb Telescopes.

Key words. gravitational lensing: strong – galaxies: clusters: general – galaxies: clusters: individual: MACS J0416.1−2403 –
galaxies: clusters: individual: MACS J1206.2−0847 – dark matter – cosmology: observations

1. Introduction

Gravitational lensing has recently become an extremely effec-
tive technique to study the dark-matter (DM) distribution in
galaxies and clusters of galaxies (e.g. Natarajan & Kneib 1997;
Treu 2010). The observed light deflection effects only depend
on the total gravitational potential of the lens, without any dis-

crimination between the baryonic and DM components. Due to
their high mass and deep gravitational potential well, clusters
often determine strong lensing (SL) of several tens of back-
ground sources. Strong lensing studies have led to measure-
ments of the cluster total mass profile with an uncertainty of
a few percent near the core, that is within a few hundreds
of kiloparsecs from the cluster centre (e.g. Grillo et al. 2015;
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Jauzac et al. 2015; Caminha et al. 2017a,b; Sharon et al. 2020;
Acebron et al. 2022). The mass budget of galaxy clusters is made
up by DM for up to more than 85% of the total mass, while
the remaining, baryonic, mass component is dominated by a
hot plasma, the intra-cluster medium (ICM), whose mass dis-
tribution can be estimated from X-ray data. Observations of SL
can thus be combined with baryonic mass diagnostics to dis-
entangle the number and mass distributions of the DM haloes
of galaxy clusters from the total mass profile of the lens (e.g.
Annunziatella et al. 2017; Sartoris et al. 2020).

Several Hubble Space Telescope (HST) photometric cam-
paigns have supported the effort to identify multiply imaged
sources in the cores of different samples of galaxy clusters, in
order to build detailed SL models. The most notable examples
are the Cluster Lensing And Supernova survey with Hubble
(CLASH, Postman et al. 2012), the Hubble Frontier Fields (HFF,
Lotz et al. 2017) programme, the Reionization Lensing Clus-
ter Survey (RELICS, Coe et al. 2019), and the Beyond Ultra-
deep Frontier Fields And Legacy Observations (BUFFALO,
Steinhardt et al. 2020). Spectroscopic follow-up campaigns on
the Very Large Telescope (VLT), carried out with multi-object
spectrographs, such as CLASH-VLT (dark matter mass dis-
tributions of Hubble treasury clusters and the foundations of
LCDM structure formation models, Rosati et al. 2014), com-
plemented with data from the integral-field Multi Unit Spec-
troscopic Explorer (MUSE, Bacon et al. 2010), have identified
and confirmed up to more than 1000 cluster members (e.g.
Mercurio et al. 2021) and more than 200 multiple images per
cluster (e.g. Bergamini et al. 2023a, hereafter B23). Thanks to
these data, lensing models have reached extremely high resolu-
tion in mapping the mass distribution of all the cluster compo-
nents, down to the scale of the single member galaxies.

In the framework of the currently adopted ΛCDM cosmo-
logical model, dominated by CDM and with a cosmological
constant Λ, cosmological simulations allow us to describe the
formation and evolution of DM haloes at different scales. They
show that haloes form hierarchically from subsequent merg-
ers of smaller structures (e.g. Tormen 1997; Moore et al. 1999;
Borgani & Kravtsov 2011): numerous less massive haloes, or
sub-haloes, are therefore found in the proximity of the most
massive ones. The accuracy of simulations has been signifi-
cantly increased in the last few years by the inclusion of baryons
and of the physical effects of their interplay with DM. Simu-
lations can therefore be used to obtain quantitative predictions
on the expected number and mass distributions of haloes and
sub-haloes in the Universe. Any significant discrepancy between
these results and what is inferred from observations may imply
that the formation of structures does not proceed as forecast by
the underlying cosmological hypotheses and therefore put into
question the ΛCDM paradigm and/or our current understanding
of the effects of baryons in shaping the mass distribution of the
DM haloes.

Comparing 25 clusters extracted from a suite of ΛCDM
hydrodynamical simulations (Planelles et al. 2014; Rasia et al.
2015) with 11 state-of-the-art SL models of massive clusters
observed in CLASH, Meneghetti et al. (2020) reported a discrep-
ancy of around an order of magnitude between the simulated and
observed probability for the clusters to produce galaxy-galaxy
strong lensing (GGSL) events (i.e. SL phenomena in which sev-
eral multiple images are observed around one or a few clus-
ter members). This discrepancy can be interpreted as a result
of simulated galaxy cluster members being less compact than
their observed counterparts. To investigate the possible impact of
the numerical setup chosen for the simulations, Meneghetti et al.

(2022, 2023), and Ragagnin et al. (2022) repeated the test by
Meneghetti et al. (2020) with different simulation resolutions and
baryonic feedback schemes, confirming the previously reported
tension with observations. Focusing, instead, on the possible
systematics affecting SL models, Granata et al. (2022, hereafter
G22), tested the impact on the discrepancy of the power-law scal-
ing relations used in lensing models to link the mass of the clus-
ter members to their luminosity, replacing them with the Funda-
mental Plane (FP, Dressler et al. 1987; Djorgovski & Davis 1987;
Bender et al. 1992) relation, defined in the three-dimensional
(logσ0, log Re, SBe) space, where σ0 is the central velocity dis-
persion, Re is the effective radius, and SBe is the average sur-
face brightness within Re in mag arcsec−2 units. The procedure
allows for a more complex description of the physical properties
of the members, but does not significantly reduce the observed
discrepancy.

In this work, we considered the reference sample of lens
clusters included in Meneghetti et al. (2020): Abell S1063
(AS1063), at z = 0.348, MACS J0416.1−2403 (MACS J0416),
at z = 0.396, and MACS J1206.2−0847 (MACS J1206), at
z = 0.439. The first two clusters were part of the HFF sam-
ple, while all three were CLASH and CLASH-VLT targets. We
examined all main GGSL events in the three clusters, looking
for systems with a clear morphology, in which several multi-
ple images are observed very close to a cluster member, pro-
viding us with stringent constraint on its total mass profile, and
therefore on its compactness. We selected two GGSL systems
in MACS J0416, identified as ID14 and ID16 in B23, and one
in MACS J1206, identified as ID14 in Bergamini et al. (2019,
hereafter B19). The first analysis of this system was performed
by Grillo et al. (2014).

Gravitational lensing, in combination with stellar dynam-
ics, has allowed for a considerable improvement of our under-
standing of the internal structure of galaxies, such as their
stellar-to-total mass fraction and the mass density distribution
of their DM haloes (see Shajib et al. 2022). In particular, obser-
vational campaigns such as the Lenses Structure and Dynamics
(LSD; Treu & Koopmans 2004), the Sloan Lens ACS Sur-
vey (SLACS; Bolton et al. 2006; Treu et al. 2006; Auger et al.
2010), the Strong Lensing Legacy Survey (SL2S; Gavazzi et al.
2012), and the Dark Energy Survey (DES; Abbott et al. 2019)
have mostly focused on isolated, massive early-type galaxies,
due to observational limitations. Their total mass distribution is
very well fit by an isothermal profile out to a large distance from
their centre (Treu et al. 2006). In the next few years, new, wide,
and deep surveys such as Euclid and the Rubin Observatory
Legacy Survey of Space and Time (LSST) will boost the number
of known galaxy-scale lenses by a few orders of magnitude, and
significantly extend the lower mass threshold of observed lenses
(Collett 2015).

The intense gravitational field of the cluster leads to sec-
ondary critical lines forming around several faint galaxies. In
this work, we build SL models for galaxies whose mass is too
low for current surveys of lens galaxies to detect them in the
field, probing a total lens mass range which will only be fully
explored by the upcoming surveys. Furthermore, SL models of
clusters favour truncated mass profiles for the cluster members,
with a half-mass radius a few times larger than the half-light
radius (G22). In this work, we evaluate the robustness of the
assumption of truncated mass profiles for the cluster members
and test possible alternative parametrisations.

The paper is organised as follows. In Sect. 2, we give details
on the reference SL models for MACS J0416 and MACS J1206,
published in B23 and B19, respectively. In Sect. 3, we present
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our observations and the layout of the three GGSL systems. In
Sect. 4, we build a SL model for the lens galaxies, and in the
following Sect. 5, we discuss their inferred properties, with a
special focus on their compactness. Finally, in Sect. 6, we sum-
marise our results. In this work, we use a flat ΛCDM cosmology
with Ωm = 0.3 and H0 = 70 km s−1 Mpc−1, in which 1′′ corre-
sponds to a scale of 5.34 kpc at z = 0.396, the redshift of MACS
J0416, and of 5.68 kpc at z = 0.439, the redshift of MACS J1206.
All magnitudes are expressed in the AB system.

2. Reference strong lensing models

As anticipated, we considered the most recent versions of
the SL models of MACS J0416 and MACS J1206 adopted
in Meneghetti et al. (2020). They were presented in B23 and
B19, respectively. Both models were built using the publicly
available code LensTool (Kneib et al. 1996; Jullo et al. 2007;
Jullo & Kneib 2009). All mass components were described with
a parametric dual pseudo-isothermal elliptical (dPIE) mass den-
sity profile (Limousin et al. 2005; Elíasdóttir et al. 2007), which
is the ellipsoidal generalisation of a truncated isothermal sphere
with a central core. The three-dimensional mass density profile
of a spherical dPIE is (Elíasdóttir et al. 2007)

ρ(r) =
ρ0

(1 + r2/r2
c )(1 + r2/r2

t )
, (1)

where r is the distance from the halo centre, while rc and rt
are the core and the truncation radii, respectively. Equation (1)
implies a smooth transition for the mass density between a cen-
tral flat core for r < rc, an isothermal behaviour (ρ(r) ∝ r−2)
for rc < r < rt, and a steeper profile (ρ(r) ∝ r−4) for r > rt. The
truncation radius can also be interpreted as the three-dimensional
half-mass radius (B19). The central density scale, ρ0, is related
to the isothermal velocity dispersion σ by (Limousin et al. 2005)

ρ0 =
σ2

2πG
rc + rt

r2
c rt

. (2)

The velocity dispersion parameterσ is connected to the observed
aperture-averaged stellar velocity dispersion by a projection
coefficient (see Appendix C of B19). The ellipticity is introduced
substituting the projected distance from the centre R with R̂ such
that (Elíasdóttir et al. 2007)

R̂2 =
x2(
2a

a+b

)2 +
y2(
2b

a+b

)2 , (3)

where a and b are the major and minor projected semi-axes of
the ellipsoid, and x and y are the coordinates along them1.

The diffuse DM haloes and the ICM were modelled with
cluster-scale dPIEs. The total mass distributions of each cluster
member was described with a spherical coreless dPIE. An exter-
nal shear term was taken into account while modelling MACS
J1206. Following Bonamigo et al. (2018), the ICM mass distri-
bution was fixed from X-ray observations, while all remaining
components were optimised. The optimisation of the free param-
eters in LensTool is driven by a χ2-based likelihood which
quantifies how well a given set of parameters reproduces the
observed positions of the multiple images. The function can be
written as
1 Equation (3) implies that, compared to the spherical case, the area
enclosed by a given iso-surface-density contour changes by a factor
(4ab)(a + b)−2.

Table 1. Reference lensing models of MACS J0416 (B23) and MACS
J1206 (B19): relevant parameters.

Cluster Nm (Ns
m) Ni (Ns) ∆rms

MACS J0416 213 (64) 237 (88) 0.43′′
MACS J1206 258 (58) 82 (27) 0.46′′

Notes. Nm and Ns
m indicate the number of cluster members included in

the model and the number of those with measured velocity dispersion,
respectively. Ni and Ns indicate the number of multiple images included
in the model and the number of sources, respectively.

χ2(θ) =

Nfam∑
j=1

N j
img∑

i=1

(
‖xobs i, j − xpred i, j(θ)‖

σx i, j

)2

, (4)

where xobs i, j and σx i, j are the observed position of the i-th image
of the j-th family and its uncertainty, respectively, and xpred i, j(θ)
is the position of the same image as predicted by the model
defined by the set of parameter values θ. The accuracy of a given
model at reproducing a given set of multiple images is usually
measured with the root mean square difference between their
model-predicted and observed positions (indicated as ∆rms).

A large sample of multiple images is therefore crucial to
increase the number of observational constraints for the deter-
mination of the best-fit set of parameters. The SL model of
MACS J0416 presented in B23 is based on the largest sample
of spectroscopically confirmed multiple images ever built for
such scope: 237 multiple images from 88 background sources
in the redshift range z = 0.94 − 6.63. The best-fit model has
∆rms = 0.43′′ and includes 213 cluster members. The SL model
of MACS J1206 from B19, on the other hand, includes 82 mul-
tiple images from 27 background sources in the redshift range
z = 1.01−6.01. The best-fit model has ∆rms = 0.46′′ and includes
258 cluster members. The values of ∆rms found by B23 and B19
summarised in Table 1, are significantly higher than the astro-
metric uncertainty on the positions of multiple images (typically
smaller than 0.01′′). They are however in line with the state of
the art of parametric SL models of massive clusters: in spite
of the availability of exquisite samples of spectroscopic multi-
ple images, models are still affected by systematics that have an
impact on their predicted image positions, such as the choice
of the parametrisation of the cluster total mass distribution and
the lensing effects of the cluster environment (Meneghetti et al.
2017; Acebron et al. 2017; Grillo et al. 2016; Johnson & Sharon
2016). For instance, as found by Chirivì et al. (2018), the line-of-
sight mass distribution of MACS J0416, which is not included in
B23, has a significant impact on the reconstruction of the mul-
tiple images, although its inclusion is not sufficient to reconcile
observations and model predictions. Galaxy-scale SL models are
not as affected by intrinsic systematics: we need to fully propa-
gate the uncertainty impacting the cluster-scale mass distribution
on the determination of the galaxy-scale parameters.

Modelling the mass distribution of the cluster members

As described in the previous sub-sections, the cluster members
of MACS J0416 and MACS J1206 were modelled with spher-
ical dPIEs with a vanishing core radius. Their total mass only
depends on two parameters: their velocity dispersion parameter
σ, and their truncation radius rt. In the case of a vanishing core
radius, the velocity dispersion parameter σ of a dPIE profile,
defined in Eq. (2), is well approximated by the measured stellar
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central velocity dispersion σ0 (B19). In order to reduce the num-
ber of free parameters during the model optimisation, power-law
scaling relations were calibrated between the two free parame-
ters and the total luminosity of the cluster members. These rela-
tions are usually expressed as

σi = σref
(

Li

L0

)α
, (5)

rt,i = rref
t

(
Li

L0

)β
, (6)

where L0 is the luminosity of the BCG. Cluster-scale SL models
are mostly sensitive to the total mass of the cluster members,
rather than to the way it is distributed on the scale of the single
galaxy, determining a clear degeneracy between σ and rt.

An important step forward in the reduction of the impact
of this degeneracy has been driven by the MUSE integral-field
spectroscopy, which allows for the measurement of the velocity
dispersion of several cluster members, thus obtaining an inde-
pendent (i.e. not related to the SL constraints) observational
prior on the values of α and σref , the slope and the normalisa-
tion of the first scaling law presented in Eq. (5); (also known
as the Faber-Jackson law, Faber & Jackson 1976). Respectively
64 and 58 measured velocity dispersions have been included in
the SL models of MACS J0416 and MACS J1206. This proce-
dure partly breaks the degeneracy between the two parameters
describing the cluster members. Using the SL forward modelling
code GravityFM (Bergamini et al., in prep.), B23 reconstructed
the original surface brightness profile of some sources lensed by
MACS J0416 and then traced back their images to the lens plane.
They showed that, despite the parametric degeneracies involved,
SL models can faithfully reproduce the observed morphology of
the GGSL images, and that the accuracy of the reconstruction is
enhanced by the inclusion of a larger sample of observed mul-
tiple images as a constraint for the optimisation of the model.
The degeneracy between the values of the velocity dispersion
and of the truncation radius of the cluster members has also
been addressed by G22 by replacing the Faber-Jackson law from
Eq. (5) with a newly-calibrated FP, a more complex scaling law
of which the Faber-Jackson is a projection. This allowed to esti-
mate the central velocity dispersion for all the cluster members
included in the model from their observed magnitude and half-
light radius.

Theσ−rt degeneracy has a very significant impact on the esti-
mate of the compactness of the cluster members. The same total
mass value for the cluster members can be obtained with different
combinations of the two parameters resulting in a more (or less)
compact mass distribution. On the other hand, in a GGSL system,
the positions of the multiple images are stringent constraints on
the critical lines around the lens galaxies, which strongly depend
on its compactness, thus breaking the degeneracy.

3. The galaxy-galaxy strong lensing systems

In this section, we lay out the structure of the three GGSL sys-
tems on which we focus our work, the data available for the
cluster members, and the procedure followed to obtain the mul-
tiple image identification which we later adopt in our lensing
analyses.

3.1. MACS J0416.1−2403 ID14

The source ID14, studied in detail by Vanzella et al. (2017), is
composed of a pair of faint, young, and compact stellar systems.

4h16m08.3s 08.2s 08.1s

-24°03'58"

59"

04'00"

01"

02"

03"

R.A.
De

c 8971

8980

1a

2a

2b
1b

1c (2c)

1d
2d

1 arcsec

Fig. 1. Hubble Frontier Fields RGB image of MACS J0416.1−2403
ID14. The two cluster members are identified as in B23. The two com-
ponents of the source are identified as 1 and 2. The four multiple images
are indicated with the letters a, b, c, and d.

It has been included in B23 with a spectroscopic redshift of
z = 3.221 (Balestra et al. 2016). It is split by the gravitational
potential of MACS J0416 into three images separated by up to
50′′. One of the three images, shown in Fig. 1, falls close to a
pair of elliptical cluster galaxies (members 8971 and 8980 in the
reference SL model) and is further split into four images. Fol-
lowing Vanzella et al. (2017), we refer to the two sources as 1
and 2, and to the four images as a, b, c, and d. Knots 1 and 2
have a very similar magnitude in images a and b. Image 1c is
the brightest observed, while 2c is much fainter and its position
is hard to measure precisely. A detailed photometric study of the
lensing system has been performed to build the most recent lens-
ing models: we therefore adopted the positions thereby reported
for the images a, b, and c. As such, we also chose to consider
2c in the same position as 1c for the purpose of SL modelling,
with a larger uncertainty on its value. In the case of image d,
unlike B23, where only image 1d was included in the model, we
identified the two components of the source and measured their
positions separately. The adopted multiple-image positions are
reported in Table 2.

3.2. MACS J0416.1−2403 ID16

The double source identified as ID16 in Bergamini et al. (2021),
at a spectroscopic redshift of z = 2.095 (Balestra et al. 2016), is
split into three multiple images by the gravitational potential of
the cluster main halo. One of the three images falls very close
to a pair of elliptical cluster members (8785 and 9129 in the
reference SL model, see Fig. 2). The light distribution in the
bluest of the HFF bands (ACS F435W) suggests that two fur-
ther multiple images might fall very close to the centre of cluster
member 8785, one of them being almost completely superim-
posed to it. In order to correctly measure the position of this
image and include it in our lensing model, we therefore sep-
arated its light from that of the cluster galaxy. We did this in
the HFF ACS F606W band, in which both the cluster member
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Table 2. Multiple image positions for the GGSL system MACS J0416
ID14.

Reference 64.034084 −24.066743
Position x (′′) y (′′)

1a −1.34 −0.77
2a −1.26 −0.42
1b −0.34 0.93
2b −0.74 0.70
1c (2c) 0.27 1.09
1d 0.49 −0.59
2d 0.38 −0.57
8980 −0.36 −1.20

Notes. We report the relative positions of the multiple images with
respect to the centre of the cluster member 8971, for which we pro-
vide the values of RA and Dec. The images are identified as in Fig. 1.
We also report the position of the centre of the cluster member 8980.

and the multiple image are visible. To perform this task, first,
we masked the light from the lensed image. The masked pix-
els are determined in the HST F435W band (where ID16 is less
affected by the light of the cluster member). This way, we could
run GALFIT (Peng et al. 2010) on the masked F606W image to
model the light of the cluster member and measure its structural
parameters. In the GALFIT run, the position of the cluster mem-
ber and its Sérsic index n = 0.5 (Gaussian light distribution)
were kept fixed. Parameters such as the magnitude and the half-
light radius of the cluster member were manually tuned and fixed
to minimise the residual image obtained after its subtraction. No
significant over- or under-subtraction regions were observed in
the residual image and the residual values are less than 20% of
the original image value in every pixel. We therefore used the
residual F606W image to measure the positions of all the multi-
ple images, determining their x and y coordinates with Gaussian
fits of the light profile. We refer to the two sources as 1 and 2 and
to the three images produced by the cluster member 8785 as c,
d, and e. We also included image b in the model, which is only
at a distance of around 1′′ from the cluster galaxy, and for which
we have also measured the positions of the two components. The
two sources are not clearly resolved in images d and e: we only
included the brightest source, identified as 2, in our model. In
Fig. 3, we confirm the new identification of two additional mul-
tiple images using the reference cluster-scale SL model. Even
when only images a, b, and c are included in the optimisation
process, the critical lines close to cluster member 8785 create
images d and e. As shown in B23, SL forward modelling of the
source ID16 performed with GravityFM allows us to very accu-
rately reproduce the observed multiple image configuration and
surface brightness distribution. As such, our new multiple image
catalogue, presented in Table 3, has been adopted by B23.

3.3. MACS J1206.2−0847 ID14

The double source ID14 was first included by Grillo et al. (2014)
in a similar galaxy-scale lensing study, before a cluster-scale
lensing model for MACS J1206 was available. It is treated by
B19 as a single source, with a spectroscopic redshift of z =
3.753 (Biviano et al. 2013; Caminha et al. 2017b). Five multi-
ple images are observed, three of them very close to the centre
of a cluster member (ID 3910), on which we focus our attention.
Their positions are also influenced by the deflection caused by

Table 3. Multiple image positions determined from HFF photometry
for the GGSL system MACS J0416 ID16.

Reference 64.032442 −24.068485
Position x (′′) y (′′)

1b −0.51 −0.44
2b −0.70 −0.64
1c 0.23 0.42
2c 0.09 0.25
2d −0.03 0.18
2e 0.05 −0.004
9129 −1.02 0.82

Notes. We report the relative positions of the multiple images with
respect to the centre of the cluster member 8785, for which we pro-
vide the values of RA and Dec. The images are identified as in Fig. 3.
We also report the position of the centre of the cluster member 9129.
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08"
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De
c

8785

9129
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Fig. 2. Hubble Frontier Fields RGB image of MACS J0416.1−2403
ID16. The two cluster members are identified as in B23.

the second brightest cluster member (ID 2541). We refer to the
two sources as 1 and 2 and to the three images as a, b, and c, as
shown in Fig. 4. We measured their x and y positions, reported
in Table 4, using CLASH photometry in the ACS F435W band.

4. Strong lensing modelling

Our main aim is to use galaxy-scale SL modelling to directly
constrain the compactness of the cluster members, and to com-
pare our results with those obtained with cluster-scale modelling,
to study their effectiveness at recovering the mass distribution of
the cluster sub-structures. In previous galaxy-scale SL studies in
clusters (e.g. Grillo et al. 2014; Parry et al. 2016), a simplified
description of the cluster-scale mass distribution was included in
the SL models to account for its effects on the image deflection.
An incorrect determination of the cluster-scale mass distribution
can significantly hinder the description of galaxy-scale lenses,
especially as far as their azimuthal structure is concerned. In our
case, instead, the cluster-scale mass distribution is constrained
with accuracy, owing to SL models based on up to more than
200 multiple images of background sources.
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Fig. 3. Hubble Frontier Fields imaging of MACS J0416.1−2403 ID16. Left panel: the two cluster members in the ACS F814W band. Right panel:
the multiple images in the ACS F435W band. The two components of the source are identified as 1 and 2. The four multiple images are indicated
with the letters b, c, d, and e. The critical lines predicted by the model by B23 for a source at redshift z = 2.095 (the same as ID16) are marked in
red.
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Fig. 4. CLASH RGB image of MACS J1206.2−0847 ID14. The two
cluster members are identified as in B19. The two components of the
source are identified as 1 and 2. The three multiple images are indicated
with the letters a, b, and c.

In SL models of massive galaxy clusters, the diffuse and
galaxy-scale mass components are jointly optimised with the
same set of constraints, as described in Sect. 2. The cluster-
scale DM haloes dominate the total mass budget and determine
the position of its primary critical lines, therefore the parame-
ters that describe their mass distribution have the largest impact
on the positions of the multiple images (Meneghetti et al. 2017;
Limousin et al. 2022). In addition, the scaling laws connect-
ing the parameters adopted to model the cluster galaxies are
mostly influenced by the properties of the most massive mem-

Table 4. Multiple image positions determined from CLASH photome-
try for the GGSL system MACS J1206 ID14.

Reference 181.566661 −8.804784
Position x (′′) y (′′)

1a 0.26 1.36
2a 0.40 1.10
1b 0.68 −0.04
2b 0.68 0.18
1c 0.61 −1.06
2c 0.70 −1.29
2541 5.02 −4.67

Notes. We report the relative positions of the multiple images with
respect to the centre of the cluster member 3910, for which we pro-
vide the values of RA and Dec. The images are identified as in Fig. 4.
We also report the position of the centre of the cluster member 2541.

bers, and power-laws can be too simple to describe the wide
mass and morphology range of the cluster members (see G22,
Beauchesne et al. 2023). The total mass distribution of the low-
and intermediate-mass cluster galaxies is therefore not entirely
constrained by cluster-scale SL models, as shown by the dif-
ference between the results obtained by describing them with
different scaling laws (G22). When modelling a galaxy-scale
lens, we thus only optimised the parameters defining the clus-
ter galaxies whose mass distribution significantly impacts the
positions of the multiple images, keeping fixed the mass distri-
bution of the rest of the galaxy cluster. To build the χ2 func-
tion driving the parametric optimisation (see Sect. 2), we only
included the multiple images close to the main galaxy-scale lens
(within 2′′ from its centre). More distant multiple images could
provide us with additional constraints the position of the source,
but their position is primarily determined by the mass distribu-
tion of other cluster mass components, whose description is sub-
ject to a higher uncertainty compared to the determination of the
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Table 5. Best-fit values and 1σ errors of the parameters describing the
cluster member 8971 in the SL model of MACS J0416 by B23.

Parameter Value

σ (km s−1) 134+7
−6

rt (′′) 18.6+8.5
−8.3

e 0.52+0.06
−0.11

θe (◦) −40+20
−15

mass profile of the galaxy-scale lens. As such, their inclusion
may propagate systematics affecting the total cluster mass onto
the determination of the galaxy-scale mass distribution.

To account for this uncertainty on the cluster mass distri-
bution, we did not limit ourselves to considering the best-fit
mass models, which may be affected by a systematic bias in
the studied region. Instead, we extracted 100 random sets of
parameter values from the Markov chain Monte Carlo (MCMC)
sampling of the posterior probability distribution of the refer-
ence cluster-scale SL model. We then fixed the mass distribution
of the cluster-scale components and of all the other members
to one of the 100 realisations thus obtained, and optimised the
galaxy-scale lenses. We repeated the optimisation for each of
the 100 mass models of the cluster. This bootstrapping proce-
dure also allowed us to estimate the uncertainty on the deter-
mination of the parameters of the galaxy-scale lenses, and the
degeneracies between them. Similarly to the reference models,
we modelled the main lens galaxy of each galaxy-scale SL sys-
tem as a spherical truncated dPIE. We also tested an elliptical
non-truncated dPIE mass distribution to understand whether the
preference for truncated models could arise from the insufficient
azimuthal complexity of the spherical total mass model adopted.
We performed all SL optimisations using LensTool.

4.1. MACS J0416.1−2403 member galaxy 8971

The galaxy-scale SL system MACS J0416 ID14 was described
in Sect. 3.1. Throughout the SL modelling procedure we adopted
the multiple image catalogue presented in Table 2, comprising of
eight multiple images from two background sources. All of the
multiple images of the source ID14 are observed close to the
cluster member 8971 (hereafter member 8971), at an average
angular distance of 1.07′′: we thus focused on constraining its
truncation radius. Cluster member 8980 significantly influences
the multiple-image configuration, so we also optimised its mass
distribution.

In B23, member 8971 was not included in the scaling rela-
tions adopted to describe the remaining cluster members, and
it was modelled separately as a truncated dPIE profile. The val-
ues of the parameters of its total mass distribution are reported in
Table 5, with an uncertainty provided by the MCMC sampling of
their marginalised posterior probability distribution. The elliptic-
ity of the halo converges to the upper limit of its prior, indicating
that it is poorly constrained and perhaps compensates for some
unaccounted shear.

As anticipated, we first described member 8971 as a spher-
ical truncated dPIE with vanishing core (hereafter SISt), whose
centre is fixed at the light centre. The two free parameters are
thus the velocity dispersion σ2 and the truncation radius rt. The

2 Included by LensTool via a fiducial velocity dispersion σLT =√
2/3σ.

Table 6. Best-fit values and 1σ errors of the parameters of our galaxy-
scale SL models of MACS J0416 ID14.

Parameter SISt SIE

Degrees of freedom 8 7
σ8971 (km s−1) 164.9+6.8

−7.5 132.0+1.5
−1.2

rt,8971 (′′) 1.14+0.43
−0.20 −

e − 0.20+0.03
−0.03

θe (◦) − 57.5+3.8
−3.5

σ8980 (km s−1) 67.2+3.5
−5.8 45.6+3.1

−4.4
〈∆rms〉 (′′) 0.08 0.04

Notes. In the first column 8971 is described as a SISt, in the second one
as a SIE.

alternative model, an elliptical non-truncated dPIE with a van-
ishing core (hereafter SIE), has three free parameters in σ, the
ellipticity e3, and the orientation angle θe

4. As we wish to focus
on studying the radial structure of member 8971, we considered
simpler models for the mass distribution of the cluster member
8980. We tested spherical truncated and non-truncated isother-
mal models, and we noticed some degeneracy between the value
of rt for member 8980 and the parameters describing member
8971. To avoid this, we chose to describe member 8980 with a
SIS mass profile.

We optimised the two galaxy-scale SL models that we just
outlined (with member 8971 parametrised as a SISt and a SIE
respectively) for each of the 100 cluster-scale total mass distri-
bution realisations obtained as described earlier. With this boot-
strapping procedure, we obtained a set of 100 best-fit values
for the parameters of the galaxy-scale SL system: we used the
median, the 16th, and the 84th percentiles of the resulting distri-
bution of best-fit values to obtain an estimate of their value and
its uncertainty. Studying the marginalised distribution of the 100
best-fit parameters also provides us with insights on the degen-
eracy between them. Unlike in B23, where LensTool struggled
to recover rt and the ellipticity of member 8971 at the same
time, all the parameters of the SISt and SIE models are well
constrained, with a low uncertainty. Their values are reported
in Table 6. In the case of the SISt mass profile, the total mass can
be obtained as

M =
πσ2rt

G
. (7)

We can thus estimate a total mass value of M = 1.2+0.3
−0.1×1011 M�

for 8971.
For each best-fit model, we estimate the value of ∆rms, and

we refer to the average value of ∆rms obtained for the 100 real-
isations of the model as 〈∆rms〉: we find 〈∆rms〉 = 0.08′′ for the
SISt models and 0.04′′ for the SIE model. We note that the SIE
model allows for lower values of ∆rms, which might be due to
having one additional parameter compared to the SISt model.
This may imply that a spherical mass distribution is too sim-
ple to describe the total mass distribution in the region, perhaps
also due to unaccounted shear from the cluster-scale mass dis-
tribution. This is also suggested by the high value of ellipticity
reported by B23.

3 e = (a2 − b2)(a2 + b2)−1, where a and b are the major and minor
semi-axes of the ellipse.
4 Counter clockwise sexagesimal degree between the semi-major axis
and the positive x axis on the lens plane.
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Fig. 5. Fitting of the LOSVD of the MUSE spectrum of member 8971
with pPXF. The observed spectrum is shown in black, the red curve is
the best-fit model, while the green points show the difference between
the data and the model. The blue shaded regions along the wavelength
axis were excluded in the fitting procedure, due to the presence of sky
subtractions around emission lines or laser lines in the spectrum.

Given the significant difference in the best-fit value of σ
between the models, we compare them with the measured stel-
lar line-of-sight velocity dispersion (LOSVD) for member 8971.
The NE region of MACS J0416 was included in the MUSE Deep
Lens Field Vanzella et al. (2021), a very deep (17.1 h integra-
tion time) MUSE observation with a seeing of approximately
0.6′′. The value of σ recovered by SL models is a central three-
dimensional mass density scale, while the value of LOSVD is
a projected stellar velocity dispersion, which depends on the
light distribution and on the point spread function of the obser-
vations, so the two values do not need to be exactly identical.
We extracted the spectrum of member 8971 within a circular
aperture centred in the centre of light of the galaxy and with a
radius equal to the seeing of 0.6′′, to probe the central regions
of the cluster galaxy. We measured the LOSVD using pPXF
(penalised pixel-fitting) by Cappellari & Emsellem (2004) and
Cappellari (2017, 2023), comparing the observed spectra with
a set of 463 UVB stellar templates from the X-shooter Spectral
Library (XSL) DR2 (Gonneau et al. 2020) with a signal-to-noise
ratio (S/N) greater than 100 Å−1, combined and convolved with
a LOSVD. The fit, whose results are shown in Fig. 5, minimises
a χ2 function between the observed spectrum and a model and
provides a measured LOSVD value of 178.0± 2.4 km s−1, for an
average S/N value of 64.6 over the spectrum. The very low error
on the measured value only includes the statistical uncertainty
of the final LOSVD fit and does not include possible system-
atics introduced by the choice of the stellar templates adopted
to fit the spectrum. The velocity dispersion value found by our
SISt galaxy-scale SL model is consistent within approximately
2σ with the measured LOSVD. The comparison with the value
found by our SIE model is less straightforward due to the change
in the surface area within a given iso-density contour at a fixed σ
determined by the introduction of the ellipticity through transfor-
mation defined in Eq. (3). However, we note that our ellipticity
value of e = 0.18 implies a change in iso-density areas of only
1% with respect to the spherical case, which allows us to com-
pare the two values in first approximation. While the SL and the
kinematic estimates of σ do not probe exactly the same physical

Table 7. Best-fit values and 1σ errors of the parameters of our galaxy-
scale SL models of MACS J0416 ID16.

Parameter SISt SIE

Degrees of freedom 5 4
σ8785 (km s−1) 57.6+0.3

−0.3 55.5+0.6
−1.2

rt,8785 (′′) 0.74+0.12
−0.08 −

e − 0.18+0.08
−0.06

θe (◦) − 110+10
−8

σ9129 (km s−1) 98.8+2.4
−2.2 88.3+1.6

−2.1
〈∆rms〉 (′′) 0.01 0.01

Notes. In the first column 8785 is described as a SISt, in the second one
as a SIE.

quantity, we would expect them to have similar values, and only
our SISt model seems to allow for that. This comparison is not
performed in the following sections for members 8785 and 3910,
whose spectra have low S/N values, probably due to a very faint
lens magnitude and a lower MUSE exposure time, respectively.
The determination of the S/N threshold for a reliable LOSVD
measurement requires further tests and larger samples, and will
be presented in an upcoming work (Granata et al., in prep.). The
predicted compactness of the cluster galaxy 8971 and the evi-
dence for a truncated total mass density profile are discussed in
Sect. 5.

4.2. MACS J0416.1−2403 member galaxy 8785

The galaxy-scale SL system MACS J0416 ID16 was described
in Sect. 3.2. Throughout the SL modelling procedure we adopted
our new multiple image catalogue, presented in Table 3 and com-
prising of six multiple images from two background sources.
All six of the multiple images of the source ID16 are observed
close to the cluster member 8785 (hereafter member 8785), at an
average angular distance of only 0.43′′ from its centre. We thus
focused on constraining the truncation radius of member 8785,
and optimised the mass distribution of member 9129, which sig-
nificantly influences the multiple-images configuration, as well.

In B23, member 8785 was modelled using the scaling rela-
tions (Eqs. (5) and (6)) leading to a velocity dispersion value
σ = 83.3+2.7

−6.7 km s−1 and a truncation radius rt = 0.8+0.2′′
−0.1 , result-

ing in a total mass M = 2.1+0.3
−0.2 × 1010 M�. We first described

member 8785 as a SISt, and we studied an alternative SIE model.
Again, we tested several models for member 9129, and we chose
a SIS mass profile to avoid degeneracies between parameters.

We ran the SISt and SIE models for each of the 100 cluster-
scale total mass distributions extracted from the MCMCs. In
Table 7, we present the results of our bootstrapping procedure:
the median values of the parameters of the best-fit galaxy-scale
lensing models, and the 1σ uncertainties derived from their 16th
and 84th percentiles.

The offsets between the observed and model-predicted posi-
tions of the multiple images are extremely small, with a value
of 〈∆rms〉, the average of ∆rms for the 100 model realisations, of
0.01′′ for both the SISt and the SIE models. This value is lower
than the observational uncertainty on the determination of the
positions of the multiple images. The distribution of the best-fit
values of the free parameters, for the 100 cluster-scale mass dis-
tributions we consider, suggests that they are well constrained,
with a low uncertainty and without clear degeneracies between
them. Comparing our results for the SISt model with those from
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Table 8. Best-fit values and 1σ errors of the parameters of our galaxy-
scale SL models of MACS J1206 ID14.

Parameter SISt SIE

Degrees of freedom 3 4
σ3910 (km s−1) 129.2+5.1

−3.6 113.8+2.5
−3.0

rt,3910 (′′) 0.90+0.20
−0.22 −

e − 0.77+0.06
−0.09

θe (◦) − 96.53+0.29
−0.21

σ2540 (km s−1) 347+18
−16 399+1

−5
¶

rt,2540 (′′) 1.75+0.20
−0.18 0.49+0.03

−0.02
〈∆rms〉 (′′) 0.01 0.03

Notes. In the first column 3910 is described as a SISt, in the second one
as a SIE. The parameter value tends to the upper prior.

B23, we find lower values for σ and rt, corresponding to a lower
total mass value of M = 1.0+0.2

−0.1 × 1010 M�. This discrepancy
may be due to a bias introduced by the scaling relations adopted
in B23: cluster-scale SL models that describe the sub-halo com-
ponent with the FP find that power-law scaling relations can
over-predict the total mass (G22) and the velocity dispersion
(Beauchesne et al. 2023) of low- and intermediate-mass clus-
ter galaxies. In Sect. 5, we discuss the inferred compactness of
member 8785.

4.3. MACS J1206.2−0847 member galaxy 3910

The galaxy-scale SL system MACS J1206 ID14 was described
in Sect. 3.3. Throughout the SL modelling procedure we adopted
our new multiple image catalogue, presented in Table 4 and com-
prising of six multiple images from two background sources. All
six of the multiple images of the source ID14 are observed close
to the cluster member 3910 (hereafter member 3910), at an aver-
age angular distance of 1.11′′ from its centre: we thus focused
on constraining its truncation radius. Cluster member 2541, at a
distance of 6.86′′ from the centre of 3910, is the second brightest
cluster galaxy, with a predicted total mass of 9.55 × 1011 M� in
B19. Closer to 3910 is the low-mass (M = 1.97×109 M�) cluster
member 3920. Due to its high total mass, we optimised the mass
distribution of cluster member 2541 as well, whereas we kept
the parameters describing 3920 fixed to the values predicted by
cluster-scale modelling.

Member 3910 was described by B19 with the two scal-
ing relations (Eqs. (5) and (6)), leading to best-fit values of
the velocity dispersion and of the truncation radius of σ =
136.6+7.7

−6.6 km s−1 and rt = 0.53+0.09′′
−0.07 , for a total mass M =

4.2+0.4
−0.4 × 1010 M�. Again, we first described 3910 as a SISt, and

we tested an alternative SIE model. With regards to cluster mem-
ber 2541, we note that in this case we are able to constrain its
truncation radius without unforeseen parametric degeneracies,
and thus we adopted a SISt model.

We ran the SISt and SIE models for each of the 100 cluster-
scale total mass distributions extracted from the MCMCs. In
Table 8, we present the median values of the parameters of the
best-fit galaxy-scale lensing models, as derived from the boot-
strapping procedure, with 1σ uncertainty derived from their 16th
and 84th percentiles.

As in the case of MACS J0416 ID16, we find very small off-
sets between the observed and predicted multiple images, with
an average ∆rms value of 〈∆rms〉 = 0.01′′ for the SISt model and

0.03′′ for the SIE model. In spite of having fewer free param-
eters, the SISt model allows for a more accurate reconstruc-
tion of the lensing observables, and all parameters are estimated
with a low statistical uncertainty, as clear from Table 8. On the
other hand, the SIE model cannot constrain well the value of the
velocity dispersion of member 2540, which tends to the upper
limit of our prior, and the predicted ellipticity of member 3910
is very high5, suggesting that it might be needed to compen-
sate for the lack of truncation in the total mass profile. Com-
paring our SISt model with B19, we find lower values for σ
and significantly higher values for rt, for a total mass value of
M = 6.3+1.0

−1.1 × 1010 M�, higher than the best-fit value from B19.
Again, the Faber-Jackson law adopted by B19 may be biasing
the value of σ and therefore of the truncation radius. Grillo et al.
(2014) use a one-parameter SIS mass profile to describe the clus-
ter member, finding σ = 97 ± 3 km s−1. The lower value of σ is
expected, given the lack of a truncation of the mass profile. In the
next section, we perform a more meaningful comparison, look-
ing at the mass value within the effective radius.

5. Analysis and discussion

5.1. Truncation radius of the cluster members

As detailed in the previous section, our galaxy-scale SL mod-
elling procedure was aimed at estimating the truncation radius of
three lens galaxies in massive clusters. The recovered values of
rt for members 8971, 8785, and 3910 are 6.1+2.3

−1.1 kpc, 4.0+0.6
−0.4 kpc,

and 5.2+1.3
−1.1 kpc, respectively. To better illustrate the radial scales

at play, we built a cumulative total mass profile of the three
members by comparing the 100 best-fit mass profiles obtained
with the bootstrapping procedure and by taking the 50th per-
centile at each projected radius. We also estimated the statistical
uncertainty on the total mass profile from the 16th and 84th per-
centiles. We performed the same procedure on the SL models of
the three cluster members by B23 and B19, using their MCMC
sampling of the parametric posterior probability distribution to
quantify the uncertainty on their total mass distributions. These
profiles are shown in Fig. 6. We note that this procedure only
accounts for the statistical uncertainty on the mass distribution
parameters, and not for the possible systematics.

As shown in Figs. 6 and 7, the measured values of the trun-
cation radius are, for all three members, within the range of the
observed positions of the multiple images. In this radial range,
SL allows for the highest accuracy in the reconstruction of the
total mass profile of a lens, and is therefore more sensitive to
its slope. In all three cases, we have tested an alternative non-
truncated SIE mass parametrisation to inquire whether the trun-
cated profile could actually be compensating for an insufficient
description of the lens azimuthal structure. Despite having 4 free
parameters, as opposed to the 3 of the SISt model, only in one of
the three cases (member 8971), the SIE model leads to a slightly
lower value of ∆rms. In one case (member 3910), the SIE model
predicts a very high value of the lens ellipticity, which is not
suggested by the light distribution. In conclusion, in all three
systems we find that a spherical truncated total mass distribution
for the lens galaxy is able to reproduce the SL observations with
a small ∆rms and provide the value of rt with a low statistical
error. In two out of the three cases, a non-truncated model with a
higher number of parameters does not improve the description of
the system, in one case leading to unrealistic parameter values.

5 As such, the value of σ3910 of the SISt model cannot be compared
directly to that of the SIE model.
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Fig. 6. Projected cumulative total mass profiles for the lens galaxies
studied in this work compared with the predictions of B23 and B19.
From the top to the bottom panel: member 8971, member 8785, and
member 3910. The vertical bars indicate the inferred values of the trun-
cation radius. Shaded regions indicate the 16th and 84th percentiles for
the mass profile and the truncation radius. The projected distances of the
observed multiple images from the lens centre are marked with vertical
black lines.

Suyu & Halkola (2010) performed a similar truncation
radius measurement for a satellite galaxy (z = 0.351) of the
massive elliptical lens SL2S J08544−0121, which influences
the shape of an Einstein ring determined by the main lens.
They find a value of rt close to its theoretically predicted
tidal radius. Figure 8 shows that the value of rt estimated in
Suyu & Halkola (2010) seems to agree with the σ-to-rt relation
found in our work. Monna et al. (2015) repeated the procedure
for the CLASH-VLT galaxy cluster Abell 383. They combined
SL with observational priors on the observed velocity disper-
sion for two high mass (total mass greater than 1012 M�) mem-
bers close to two lensed arcs of the same sources. The recovered
value of rt is greater than 50 kpc for both galaxies, significantly
higher than predicted by the scaling law calibrated for the other

cluster members of Abell 383. The authors suggest that very
bright members may have not undergone strong stripping as a
result of being a central galaxies prior to accretion on the clus-
ter. Both Suyu & Halkola (2010) and Monna et al. (2015) based
their SL modelling procedure on surface brightness reconstruc-
tion of extended arcs, finding that this significantly improves
the accuracy of the constraints on the value of the truncation
radius. In this work, we only used the centroid position of the
multiple images, rather than their full surface brightness. How-
ever, unlike in Suyu & Halkola (2010) and Monna et al. (2015),
the cluster-scale mass distribution determines several different
multiple images of the background source close to the galaxy-
scale lens, rather than a single extended lensed arc. In our case,
several multiple images are observed at different projected dis-
tances from the lens centre, providing us with detailed informa-
tion about the galaxy total mass profile and its slope.

Finally, we tested whether the inferred values of rt may be
biased by the parametrisation chosen by B23 and B19 for the
total mass profile of the haloes included in the model. To do
so, we built an alternative cluster-scale model for MACS J1206
in which all of the cluster members are described with singu-
lar isothermal sphere (SIS) mass profiles (i.e. with infinite rt)
and repeated the statistical analysis described above. We find
that this does not influence significantly the estimated parameter
values for the lens galaxy 3910, suggesting that our modelling
procedure is robust with respect to the parametrisation choices
adopted for the remaining cluster mass components.

5.2. Compactness of the cluster galaxies

Galaxy-scale SL events in massive clusters allowed us to infer
the physical properties of some selected cluster galaxies with-
out relying on the scaling laws typically adopted to describe
them. Cluster-scale SL modelling is mostly sensitive to the total
mass of the cluster galaxies, rather than to the details of their
mass density profiles. As such, σ and rt suffer from a strong
degeneracy and cannot be separately constrained in absence of
an observational prior: this significantly limits the insights on
the compactness of the cluster galaxies. To break the degeneracy
between σ and rt, B19 and B23 obtained a kinematic prior on
the value of the slope of the Faber-Jackson law (marked as α in
Eq. (5)). Assuming a total mass-to-light ratio M/L ∝ Lγ leads to
β = γ − 2α + 1 (β is defined in Eq. (6)). From Eq. (7), one can
then derive a total mass-to-σ scaling law

M ∝ σ
1+γ
α . (8)

B19 and B23 assumed γ = 0.2, as suggested by the FP. The refer-
ence values of the scaling laws (σref and rref

t in Eqs. (5) and (6))
are mostly determined by the high-mass cluster members, which
have a stronger influence on the positions of the observed mul-
tiple images. On the other hand, once γ is fixed, the value of
α fixes the slopes of the two laws, determining the description
of the total mass distribution of the low- and intermediate-mass
cluster members.

Considering the reference sample of clusters included in
Meneghetti et al. (2020), B19 find α = 0.28+0.02

−0.02 for MACS
J1206 and α = 0.27+0.04

−0.04 for AS1063, while Bergamini et al.
(2021) and B23 find α = 0.30+0.03

−0.03 for MACS J0416, correspond-
ing to M ∝ σ4.3, M ∝ σ4.4, and M ∝ σ4.0, respectively. The same
procedure was adopted by Bergamini et al. (2023b) for the HFF
cluster Abell 2744 (A2744), finding a value of α = 0.40+0.03

−0.03
(implying M ∝ σ3.0). In the top panel of Fig. 9, we compare the
M-to-σ scaling law for these four cluster scale SL models with
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the values of total mass and velocity dispersion for the galaxy-
scale SL systems. In cluster-scale models, only the values σref

and rref
t are optimised: we estimated the uncertainty on the deter-

mination of the M-to-σ relation based on the MCMC sampling
of the posterior probability distribution for these two parameters.
We notice that the scaling relations used in cluster-scale models
have significantly different normalisation and slope values. In
particular, the SL model of MACS J0416 consistently predicts
higher mass values at a fixed σ compared to those of MACS
J1206 and AS1063. On the other hand, the model of A2744 has
a significantly lower slope, predicting higher total mass values
at low σ. Looking at the three cluster members studied in this
work, only the M-to-σ relation found for A2744 seems to repre-
sent well their compactness.

In the SL model of AS1063 by G22, the values of σ were
fixed from the observed luminosity and half-light radius Re of
the cluster galaxies, while a proportionality law was calibrated
between the observed Re and rt. As such, the M-to-σ relation
is not a power-law and is able to include a realistic scatter.
As shown by the bottom panel of Fig. 9, the relation signifi-
cantly differs from those obtained with a power-law approach:
a bi-logarithmic fit of the relation predicts a slope of 2.0. The
panel also shows that the three galaxy-scale lenses that we have
modelled in this work lie within the scatter of the scaling relation
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Fig. 9. Comparison between the M-to-σ relation estimated by our anal-
ysis and those adopted for the cluster galaxies in the SL models of
MACS J0416 (B23), AS1063 (B19; G22), MACS J1206 (B19), and
A2744 (Bergamini et al. 2023b). Top panel: comparison with the SL
models describing the cluster galaxies according to Eqs. (5) and (6).
Bottom panel: comparison with the SL model of AS1063 by G22, based
on the FP.

derived by G22 using the FP. While a sample of three objects
is very small, it is interesting to note that the M-to-σ relation
for the galaxy scale lenses, derived exclusively with SL, is very
close to the predictions of G22, where lensing observables are
only used to estimate the ratio between Re and rt. A more com-
plex description of the cluster galaxies based on the FP leads
to inferred properties which are compatible with our analysis.
Beauchesne et al. (2023) recently modelled AS1063 adopting an
intermediate approach between B19 and G22, where galaxies are
described with the Faber Jackson law or the FP depending on
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the observations available for them. The value of α was opti-
mised together with the parameters of the FP to avoid inconsis-
tent slopes. Choosing γ = 0, they find α = 0.34, obtaining to
M ∝ σ3. On the other hand, fixed power-law scaling relations
do not seem to be able to correctly describe the spatial struc-
ture of the cluster galaxies on the whole mass range included in
SL models. As shown by Fig. 6, we predict significantly differ-
ent properties for members 8785 and 3910 compared to B23 and
B19: the former has a similar value of rt but a higher σ, while
the latter has a significantly larger rt.

These differences may have a non-negligible impact on the
magnification factor predicted close to the galaxy-scale lenses,
which connects the observed and the unlensed magnitude for the
multiply imaged sources. We measured the magnification pre-
dicted by the three galaxy-scale models. For each of them, we
used the 100 models from our boot-strapping procedure to esti-
mate the uncertainty on the magnitude value. In Fig. 10, we map

the value of ξ = log
(
µ−µCS
σµ

)
, where µ is the magnification pre-

dicted by our models, σµ is the uncertainty on its value, and µCS
is the magnification from the cluster-scale models (by B23 and
B19). The upper panel of Fig. 10 shows that our work and B23
predict significantly different magnifications close to member
8971. However, these differences are probably due to the differ-
ent mass parametrisation chosen by the two models and are less
pronounced close to the positions of the multiple images, where
the total mass distribution is better constrained. As expected,
close to members 8785 and 3910, the value of ξ is closer to
zero as a consequence of choosing the same mass parametrisa-
tion in the two models. In all three cases, with few exceptions,
the difference between the predicted values of the magnification
is relatively small close to the multiple images, where the total
mass distribution of the lens is better reconstructed. In conclu-
sion, the systematics related to the mass modelling of the cluster
members affect the predicted magnification map of lens clusters
close to member galaxies. These predictions are more robust in
proximity of the observed positions of the multiple images, but
a more realistic description of the total mass properties of lens
galaxies can benefit the accuracy of the studies of high-redshift
lensed sources.

5.3. Comparison with cosmological simulations

In this sub-section, we compare the compactness of the clus-
ter members as obtained from our galaxy-scale SL models with
the theoretical predictions of cosmological simulations. This
study offers an excellent opportunity to contrast the properties
of observed and simulated galaxy-scale lenses in massive clus-
ters (although we note that member 8785 is not the main lens
responsible for the secondary critical line that produces system
ID16). As in Meneghetti et al. (2020), we adopt the maximum
circular velocity of the cluster members, defined as

vmax = max


√

GM(< r)
r

 , (9)

where vmax =
√

2σ for an isothermal model, as a proxy for
the compactness of cluster galaxies (see Meneghetti et al. 2020,
2022, 2023; Ragagnin et al. 2022): more compact objects have
higher values of vmax at a fixed total mass. In Fig. 11, we
compare the vmax-to-M relation for our work with those found
in Ragagnin et al. (2022) for a set of zoom-in re-simulations
of the Dianoga suite (Planelles et al. 2014; Rasia et al. 2015)
of simulated galaxy clusters. These setups differ from one
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Fig. 10. Comparison between the magnification values close to the three
galaxy-scale lenses predicted in this work and in B23 and B19. The

colour map is based on the value of ξ = log
(
µ−µCS
σµ

)
close to mem-

bers 8971, 8785, and 3910, respectively. The red crosses indicate the
observed positions of the multiple images included in this work.

another in terms of their softening and feedback schemes. As
in Ragagnin et al. (2022), we refer to the three models con-
sidered as R15 (presented in Rasia et al. 2015), RF18 (pre-
sented in Ragone-Figueroa et al. 2018), and B20 (presented in
Bassini et al. 2020). The setups are also referred to as 1x or 10x
if they have the same mass resolution as the Dianoga suite, or a
ten times lower particle mass, respectively.

Figure 11 shows that members 8971 and 3910 both have a
maximum circular velocity value higher than those for simulated
sub-haloes with the same total mass, irrespective of the feedback
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Fig. 11. Comparison between the vmax-to-M relation obtained from our
analysis and those predicted by the cosmological hydrodynamical sim-
ulations described in Ragagnin et al. (2022). The naming convention for
the different suites is presented in the text.

scheme or the resolution considered in Ragagnin et al. (2022),
indicating a level of compactness higher than that predicted by
simulations. This seems to suggest that the discrepancy between
SL models and simulations cannot be entirely ascribed to sys-
tematics affecting the former, as a result of the adoption of
power-law scaling relations to describe the cluster members,
as noted already by G22. Member 8785 falls in a total mass
range (M < 1010 M�) which was excluded from the analyses of
Meneghetti et al. (2020), because the current cosmological sim-
ulations do not have enough mass resolution.

5.4. Stellar mass of the cluster members

In this sub-section, we study the stellar-to-total mass fraction
of the cluster members. Measuring its value within the effec-
tive radius is an important probe of the interplay between the
effects of the baryonic feedback processes and the gravitational
potential of DM during galaxy formation (see Shajib et al. 2022;
Smith 2020), and of stellar populations in early-type galax-
ies. These processes are particularly significant for lower-mass
galaxies, which should have a higher stellar-to-total mass frac-
tion compared to the very massive early-type galaxies that domi-
nate the samples of lens galaxies. Our work significantly extends
the typical mass range of current studies, similarly to what will
be performed with the upcoming samples of galaxy-scale lenses
unveiled by Euclid and LSST.

The values of the total stellar mass of the three lens galax-
ies have been measured in recent works. For members 8971
and 8785, we followed the best-fit relation between the stel-
lar mass and the magnitude in the HST F160W band found by
Grillo et al. (2015), log (M∗(M�)) = 18.541−0.416 × F160W,
where M∗ is the stellar mass of the cluster member. To consider
the scatter about this mean relation, we chose a 40% uncertainty
on the derived stellar mass values of (2.4 ± 1.0) × 1010 M�, and
(4.0±1.6)×109 M�, respectively. For member 3910, we adopted
the value measured by Grillo et al. (2014) of (1.7±1.0)×1010 M�.
In both cases, the stellar mass measurements were based on
the HST spectral energy distribution (SED) of the lens galax-
ies, using composite stellar population models, and a Salpeter
(Salpeter 1955) stellar initial mass function (IMF). In Fig. 12, we
show the relation between the stellar mass and the velocity dis-
persion for the three cluster members studied in this work and for

the 85 SLACS lenses presented in Auger et al. (2009), which are
representative of the currently known population of lens galax-
ies. We note that the SLACS lenses were modelled with non-
truncated total mass profiles, which could affect the recovered
values of the velocity dispersion. The figure showcases the sig-
nificant extension of the range of stellar mass and velocity dis-
persion values probed in this work compared to current samples
of lens galaxies.

Using GALFIT on the HFF (for MACS J0416) or CLASH
(for MACS J1206) F814W band images, we measured the effec-
tive radii, Re, of the three galaxies, finding 1.41 ± 0.02 kpc6,
0.77 ± 0.03 kpc, and 2.13 ± 0.09 kpc, respectively. They corre-
spond to a ratio between the truncation and the half-light radius
rt
Re

of 4.3 ± 1.6, 5.13 ± 0.72, and 2.77 ± 0.47, all higher than the
average value of 2.3 found by G22 for the cluster members of
AS1063, although they fall within the scatter around their mass-
to-σ relation. From the total mass profile derived for each of
the 100 best-fit models of the three galaxies, we obtained the
total mass enclosed within the effective radius M(<Re) and its
uncertainty. The stellar-to-total mass fraction within the effec-
tive radius for the three members is therefore

f ∗(< Re) =
M∗/2

M(< Re)
. (10)

We find 0.51±0.21, 1.0±0.4, and 0.39±0.16, for members 8971,
8785, and 3910, respectively.

We compare our values of the stellar-to-total mass fraction as
a function of the stellar mass with the analogous relation found
for the 85 SLACS lens galaxies presented in Auger et al. (2009;
similar results had previously been obtained by Grillo et al.
2008). We take their stellar mass values measured with a Salpeter
stellar IMF and the stellar-to-total mass fraction within the effec-
tive radius measured in the rest-frame V-band (comparable with
the F814W band for the two clusters considered in this work). As
clear from Fig. 12, we probe a lower stellar mass range, but find
compatible values between the two samples. Our values agree
with the results of G22 for the cluster members of AS1063. We
also included in Fig. 12 the values found, starting from the same
hypotheses, by Grillo (2010) for a selected sample of 2 × 105

SDSS early-type galaxies, which we find to be compatible both
with our work and with that by Auger et al. (2009). These results
suggest that the tidal truncation to which the three lens galax-
ies are subject to, by virtue of the dense cluster environment in
which they reside, only marginally affects their structure within
the effective radius. This is in agreement with the conclusions of
Grillo & Gobat (2010), Grillo et al. (2014), Parry et al. (2016),
and G22, who compared the stellar fraction within the effective
radius of cluster and field early-type galaxies.

6. Conclusions

In this article we have presented the measurement with SL of
the truncation radius of three cluster galaxies. We considered the
reference sample of galaxy clusters included in the analysis by
Meneghetti et al. (2020) and selected galaxy-scale SL systems
with a clear morphology and several multiple images close to
one or a few member galaxies. We chose to focus on members
8971 and 8785 of MACS J0416, and member 3910 of MACS
J1206. We built galaxy-scale SL models for the three cluster
members and for the neighbouring galaxies which influence the
lensing system the most.

6 Compatible with the value measured by Tortorelli et al. (2023).
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We accounted for the lensing effects of the remaining mass
components of the cluster according to the predictions of the
most recent and accurate SL models of MACS J0416 and MACS
J1206, presented in B23 and B19, respectively. To properly con-
sider the uncertainty on the total mass distribution of the two
clusters, we sampled the posterior probability distribution of the
parameters of the two models, and extracted 100 points, corre-
sponding to 100 realisations of the cluster-scale mass distribu-
tion. For each of them, we optimised the models of the mass
distribution of the three galaxy-scale lenses. This bootstrapping
procedure allowed us to obtain a realistic estimate of the uncer-
tainty on the lens parameters and of the degeneracy between
them. We described the three members on which we focus our
analysis with spherical truncated profiles and test alternative
ellipsoidal non-truncated models. The main conclusions of our
analyses are summarised as follows:
1. We measured a truncation radius value of 6.1+2.3

−1.1 kpc,
4.0+0.6
−0.4 kpc, and 5.2+1.3

−1.1 kpc for members 8971, 8785, and
3910, respectively. These values correspond to a total mass
of M = 1.2+0.3

−0.1 × 1011 M�, M = 1.0+0.2
−0.1 × 1010 M�,

and M = 6.3+1.0
−1.1 × 1010 M�, respectively, and to velocity

dispersion values of 164.9+6.8
−7.5 km s−1, 57.6+0.3

−0.3 km s−1, and
129.2+5.1

−3.6 km s−1, respectively.
2. The values of rt are well constrained, with a low statis-

tical uncertainty. We compare our results with those of
Suyu & Halkola (2010) for the satellite galaxy of the lensing
system SL2S J08544−0121, finding very similar rt values for
galaxies in the same total mass range.

3. In the case of member 8971, the SIE model leads to a lower
value of ∆rms, but the comparison between the SL-derived
σ and the measured LOSVD value of 178.0 ± 2.4 km s−1

strongly favours the SISt model.
4. In the other two instances, SIE models do not lead to an

improved accuracy of the description of the SL observations,
in spite of their more complex azimuthal structure and a
higher number of free parameters. In the case of member
3910, the parameters of the non-truncated models are not
well constrained and show clear degeneracies.

5. Our inferred values of σ and rt for the three cluster galaxies
differ significantly from the results of B23 and B19, espe-
cially in the case of members 8785 and 3910, where they
were derived with power-law scaling relations with respect
to the galaxy total luminosity.

6. We compare our results with the total-mass-to-σ relations
for MACS J0416, MACS J1206, AS1063, and A2744 from
B23, B19, and Bergamini et al. (2023b), obtained with the
power-law approach. We find that the scaling relations can-
not consistently describe all three members studied in this
work. Our results instead agree with the mass-to-σ relation
derived by G22 for AS1063, based on the FP relation and
showing a larger scatter.

7. We juxtapose the estimated compactness of the three lens
galaxies with the predictions of the hydrodynamical cosmo-
logical simulation suites presented in Ragagnin et al. (2022),
which differ in feedback and softening scheme, and mass
resolution. Members 8971 and 3910 fall in the total mass
range included in the analyses performed on the simulations.
Their measured compactness is higher than what is found for
simulated sub-haloes of the same total mass, independently
of the simulation set-up considered, confirming the discrep-
ancy between observations and simulations first reported in
Meneghetti et al. (2020).

8. We measured the stellar mass and the effective radius, and
the stellar-to-total mass fraction within the effective radius
for the three cluster galaxies. For the latter parameter, we
find 0.51±0.21, 1.0±0.4, and 0.39±0.16 for members 8971,
8785, and 3910, respectively. Our values span the same range
as those observed for the members of AS1063 by G22, for
the 85 SLACS lens galaxies presented in Auger et al. (2009),
and for a selected sample of early-type SDSS galaxies by
Grillo (2010), suggesting that the tidal truncation of cluster
galaxies does not significantly affect their structure within
the effective radius.

As clear from Fig. 12, our work significantly extends the mass
range probed by current SL studies of early-type galaxies,
towards the regimes that will be systematically explored by the
upcoming lens surveys with the Euclid and the Rubin telescopes.
On-going integral-field observations with the James Webb Space
Telescope Near Infrared Spectrograph will provide us with spa-
tially resolved kinematic constraints of galaxy-scale lenses in
clusters, allowing for a more detailed reconstruction of the mass
structure of member galaxies.
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