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14Institut dÁstrophysique de Paris (UMR 7095: CNRS & UPMC - Sorbonne Universités), 98 bis bd Arago, F-75014 Paris, France
15Laboratoire AIM-Paris-Saclay, CEA/DSM/IRFU, CNRS, Univ. Paris VII, F-91191 Gif-sur-Yvette, France
16BIPAC, Department of Physics, University of Oxford, Keble Road, Oxford OX1 3RH, UK

Accepted 2017 October 2. Received 2017 October 2; in original form 2016 October 3

ABSTRACT
We derive a free-form mass distribution for the unrelaxed cluster A370 (z = 0.375), using the
first release of the Hubble Frontier Fields images (76 orbits) and GLASS spectroscopy. Starting
from a reliable set of 10 multiply lensed systems, we produce a free-form lens model that
identifies ≈80 multiple images. Good consistency is found between models using independent
subsamples of these lensed systems, with detailed agreement for the well-resolved arcs. The
mass distribution has two very similar concentrations centred on the two prominent brightest
cluster galaxies (or BCGs), with mass profiles that are accurately constrained by a uniquely
useful system of long radially lensed images centred on both BCGs. We show that the lensing
mass profiles of these BCGs are mainly accounted for by their stellar mass profiles, with a
modest contribution from dark matter within r < 100 kpc of each BCG. This conclusion may
favour a cooled cluster gas origin for BCGs, rather than via mergers of normal galaxies for
which dark matter should dominate over stars. Growth via merging between BCGs is, however,
consistent with this finding, so that stars still dominate over dark matter. We do not observe
any significant offset between the positions of the peaks of the dark matter distribution and
the light distribution.

Key words: gravitational lensing: strong – galaxies: clusters: individual: A370 – galaxies:
elliptical and lenticular, cD – dark matter.

1 IN T RO D U C T I O N

The Hubble Frontier Fields program1 (or HFF hereafter, Lotz
et al. 2017) provides the most remarkably detailed examples of

� E-mail: jdiego@ifca.unican.es
1 http://www.stsci.edu/hst/campaigns/frontier-fields/

gravitational lensing by galaxy clusters, registering hundreds of
multiply lensed galaxies for charting galaxy formation to unprece-
dented depths (see e.g. Jauzac et al. 2014, 2015a,b; Lam et al. 2014;
Zitrin et al. 2014; Diego et al. 2015b,c, 2016; Kawamata et al. 2016;
Limousin et al. 2016; Mahler et al. 2017). Furthermore, most of
these HFF clusters are in a state of collision, enhancing their value
for assessing the collisionality of dark matter (DM), a basic as-
sumption of the standard particle interpretation of DM (Markevitch
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et al. 2002, 2004; Springel & Farrar 2007; Randall et al. 2008).
Many clusters exhibit significant, but modest, offsets between the
peak of the DM distribution and the centroid of the X-ray emission
(Markevitch et al. 2004; Clowe et al. 2006; Mahdavi et al. 2007;
Dawson et al. 2012; Menanteau et al. 2012), which is expected if
DM is collisionless. These observations can provide a constraint on
the DM cross-section (Markevitch et al. 2004; Randall et al. 2008).
It is important that these differences are evaluated with the guid-
ance of hydrodynamical models, as complex multibody interactions
may also separate the DM from the plasma that can be explained
without new physics, as is clearly evident in extreme cases of
the bullet cluster (Mastropietro & Burkert 2008), and like the El
Gordo cluster (Molnar & Broadhurst 2015), where high-speed col-
lisions between pairs of clusters are ongoing. More direct evidence
for collisional DM would be concluded from differences between
the stellar and DM distributions as the stars behave like collisionless
particles and we should expect the collisionless DM to follow the
gravitational potential in the same way. Offsets between the posi-
tion of the DM central peak and the peak of the luminous matter
are difficult to explain with a standard �cold dark matter but are
naturally produced for reasonable values of the DM cross-section
(Rocha et al. 2013). A difference of this nature has been claimed
recently based on detailed lensing data in the centre of a cluster
that contains four bright member galaxies (Massey et al. 2015). In
case of the HFF clusters, it is interesting that our free-form analysis
of MACS0146 also indicates a possible offset between the lensing-
based centroids of the brightest galaxies and their luminous stellar
centroids. These differences are subtle and it will be important to
look at a larger sample and the model dependencies, and systematic
uncertainties, in detail to support any claim of new physics.

In this paper, we explore the cluster A370 (z = 0.375, Mahdavi &
Geller 2001) using our free-form code WSLAP+ (Diego et al. 2005a,
2007, 2016; Sendra et al. 2014). Our algorithm does not rely on
assumptions on the distribution of the DM and seems to perform
equally well in clusters that are more or less symmetric (Diego
et al. 2015a) as clusters that present a complex morphology. The
performance of the code was explored in a recent paper (Meneghetti
et al. 2017) together with other codes that have been applied to the
HFF clusters (see also Priewe et al. 2017). As expected, the model
is more biased in regions where there are no lensing constraints but
reproduces with relative accuracy the lensing potential in the zones
where lensing constraints are present. A370, the final cluster to be
completed in the HFF program (in 2016 September), contains two
very large elliptical galaxies with extended cD light profiles sepa-
rated by roughly 190 kpc. The HFF data reveal that long radial arcs
point towards each of these galaxies (although not quite precisely)
suggesting that A370 is a double cluster with two overlapping cores
that are clearly in the process of merging. The current X-ray data
will be improved upon as part of the related HFF campaign, but cur-
rently possible substructure is not very significant in the relatively
shallow X-ray images available at present which shows only that
the generally elliptical distribution of member galaxies is similar in
shape to the X-ray emission.

This cluster has been studied intensively in the context of gravi-
tational lensing, since the discovery of cluster lensing based on the
giant arc in this cluster (Paczynski 1987; Soucail et al. 1987, 1988;
Kneib et al. 1993; Richard et al. 2010), including the magnification
of record breaking high-redshift galaxies (Hu et al. 2002). Pre-
vious work on this cluster has identified a set of multiple lensed
images with their redshifts and produced reliable lens models
(Johnson et al. 2014; Monna et al. 2014; Richard et al. 2014; Zitrin
et al. 2015; Umetsu et al. 2016). To date, ∼12 multiply lensed

galaxies have been reliably identified (Johnson et al. 2014; Richard
et al. 2014) in the redshift range 0.8 < z < 6. We can also make use of
the recent redshift catalogues compiled by Grism Lens-Amplified
Survey from Space2 (Schmidt et al. 2014; Treu et al. 2015) or
GLASS hereafter, to examine and in some cases update redshifts
adopted in earlier work. GLASS data are useful for both goals, con-
firming the cluster members and identifying new multiply lensed
images. The data from the HFF and GLASS programs are com-
plemented with X-ray data from Chandra to trace the hot baryonic
component in the core of the cluster.

The free-form nature of our method means we can objectively
determine the relative distances of any set of multiple images with
respect to any other, providing geometric estimates of the source
distance for comparison with the independently determined pho-
tometric redshifts (the same can be said for most lensing methods
once enough lensing constraints are used and the lens model can
be unambiguously determined to some precision). We have applied
this approach increasingly, since it was first demonstrated in A1689
(Broadhurst et al. 2005) because the accuracy of the free-form lens-
ing is now sufficiently reliable for this purpose given the relatively
high surface density of multiply lensed images reached in the HFF
and allows us to confidently measure our own geometric redshift
estimates (Lam et al. 2014) including photometrically ambiguous
high-redshift galaxies at z � 10 (Zitrin et al. 2014; Chan et al. 2017).

This paper is organized as follows. In Section 2, we introduce
the HFF and GLASS data used in this study and briefly describe
the X-ray data. In Section 3, we present the initial lensing data used
to constrain our preliminary (or driver) model. Section 4 describes
the algorithm used to derive the lens models. Section 5 discusses the
reference (or driver) model and alternative models that are presented
in the paper. Results based on the driver model applied to new HFF
and GLASS data and a discussion of the new systems that we are
able to uncover using the driver model are presented in Section 6.
In Section 7, we compare our results with simulations from the
MUltidark SImulations of galaxy Clusters (MUSIC) project.3 Our
results are discussed in Section 8 and we conclude in Section 9.

Throughout the paper, we assume a cosmological model with
�M = 0.3, � = 0.7, and h = 70 km s−1 Mpc. For this model,
1 arcsec = 5.16 kpc at the distance of the cluster (z = 0.375). In
all images (except when noted otherwise), we adopt the standard
convention where north is up and east is left.

2 H FF, G LASS, AND X-RAY DATA

2.1 HFF

We use the reduced public imaging data obtained from the ACS and
WFC3 Hubble instruments, retrieved from the Mikulski Archive
for Space Telescope4 (MAST). For the optical data (filters: F435W,
F606W, and F814W), we used the recently released data that in-
cludes the first 76 orbits of HFF data on this cluster (ID 14038, PI: J.
Lotz) plus six orbits from previous programs (ID 11507, PI: K. Noll
and ID 11591, PI: J.-P. Kneib). For the infrared (IR) data, we used
data collected in the HFF program (two orbits in the filter F140W,
ID 14038, PI: J. Lotz) as well as previous programs in the filters
F105W (one orbit, ID 13459, PI: T. Treu), F140W (three orbits, ID
11108, PI: E. Hu and ID 13459, PI: T. Treu), and F160W (three

2 https://archive.stsci.edu/prepds/glass/
3 http://music.ft.uam.es/
4 https://archive.stsci.edu/prepds/frontier/
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orbits, ID 11591, PI: J-P. Kneib and ID 14216 PI: R. Kirshner) to-
taling 92 orbits in all six bands. From the original files, we produce
two sets of colour images by combining the optical and IR bands.
The first set is based on the original data, while in the second set we
apply a high-pass filter to reduce the diffuse emission from member
galaxies and a low-pass filter to increase the signal-to-noise ratio
(S/N) of small compact faint objects. The second set is particularly
useful to match colours in objects that lie behind a luminous mem-
ber galaxy where the light from the foreground galaxy affects the
colours of the background galaxy.

2.2 GLASS

We make use of the spectroscopic redshifts of (multiply) lensed
sources behind A370 as well as cluster members, including
the publicly available GLASS (ID 13459, PI: T. Treu (Schmidt
et al. 2014; Treu et al. 2015) v001 redshift catalogue available
at https://archive.stsci.edu/prepds/glass/. The GLASS data include
Hubble Space Telescope (HST) grism spectroscopy in the WFC3
G102 and G141 grisms at 10 and 4 orbits depth, respectively, to
obtain comparable 1σ flux limits of 5 × 10−18 erg s−1 cm2 per po-
sition angle over the full-wavelength range of the two grisms (0.8–
1.7µm). Before each grism exposure, short pre-imaging in F105W
and F140W was obtained for optimal alignment and extraction.
These data are included in the imaging mosaics described above.
The GLASS v001 redshift catalogue of A370 was generated by
careful vetting and visual inspection of the GLASS grism spectra of
emission line sources and objects with a continuum H-band mag-
nitude brighter than 23. As opposed to the majority of the GLASS
v001 redshift catalogues, the A370 redshifts were determined with-
out any photometric prior, as the HFF data were incomplete at the
time the A370 redshift catalogue was assembled. Each redshift was
assigned a quality (Qz) from 1 (worst) to 4 (best) corresponding to
a redshift determined based on tentative low-S/N spectral features,
and multiple high-S/N emission lines, respectively. For detailed gen-
eral information on the GLASS v001 redshift catalogues, see Treu
et al. (2015). The improved photometric information presented in
this study, has led to improved spectroscopic redshift estimates for a
few objects as described in Sections 4 and 5.5 The GLASS near-IR
footprint is shown in Fig. 1 and the redshift distribution of GLASS
sources is shown in Fig. 2. The peak in the redshift distribution at
z ≈ 1 is discussed in Section 8.

2.3 Chandra

To explore the dynamical state of A370, we also produce an X-
ray image using public Chandra data. In particular, we used data
from the ACIS-I and ACIS-S instruments with the Obs IDs 7715
and 555 (PI: Garmire) totaling 85 ks. The X-ray data are smoothed
using the code ASMOOTH (Ebeling, White & Rangarajan 2006). A
false colour image from the HFF imaging overlaid contours of the
smoothed X-ray data is shown in Fig. 1. The distribution of X-rays
seem to follow a smooth distribution with no obvious peak at the
centre although some substructure may be present near the centre
that shows some correspondence with the position of the brightest
cluster galaxies (BCGs) and may become more clear with deeper
planned X-ray data.

5 See also the new spectroscopic redshifts in Lagattuta et al. (2017) that were
published while this paper was under review.

3 LENSI NG DATA

For the lensing data, we follow the multiple-image system identifi-
cations from Richard et al. (2010, 2014) and Johnson et al. (2014)
that include between 9 and 12 multiply lensed systems (see compi-
lation in Table A1 in Appendix A). From these papers, we also adopt
the numbering scheme (except for system 10 that is redefined in this
work) as well as the spectroscopic redshifts. Some of the redshifts
are updated with the recent estimates from GLASS (see Section 2).
We redefine image 8.3 in Richard et al. (2010, 2014) and Johnson
et al. (2014) which now is part of our new system 22. We find a new
candidate for the third counter image of system 8 (8.3) that is hidden
behind one arm in a spiral galaxy that is itself lensed by a promi-
nent member galaxy. We also redefine system 7 with a new counter
image, 7.5, that is incorrectly identified in Richard et al. (2010) and
Johnson et al. (2014). Note that Richard et al. (2014) did not include
the original 7.5 from Richard et al. (2010) in their 2014 analysis.
Table A1 compiles all systems (and their redshifts) used in this work.
Support material including postage stamps of all system images are
available at http://max.ifca.unican.es/diego/Public/A370.

In addition to the centroid position of the multiply lensed systems,
we can also use the position of individual knots present in the well-
resolved arcs, that are now much more readily identified between
counter images thanks to the depth of the HFF data. In particular,
systems 2, 3, 4, 5, 6, 7, and 16 contain distinguishing features
that can be easily identified within their multiple images. In the
context of our free-form method, the addition of extra knots in
well-resolved systems greatly improves the accuracy and stability
of the derived lensing solutions (Diego et al. 2016) due to the large
extension of the giant arcs. In addition, some of the elongated arcs
that are not necessarily multiply lensed may be incorporated into the
reconstruction as additional constraints by requiring that these arcs
should focus to a small region in the source plane. This additional
information is especially useful in the regions beyond the critical
curves where the density of multiply lensed images drops. Systems
25 and 26 fall in this category.

4 L E N S I N G R E C O N S T RU C T I O N A L G O R I T H M ;
WSLAP+

We use our method WSLAP+ to perform the lensing mass reconstruc-
tion with the lensed systems and internal features described above.
The reader can find the details of the method in our previous papers
(Diego et al. 2005a, 2007, 2016; Sendra et al. 2014). Here, we give
a brief summary of the most essential elements. Given the standard
lens equation,

β = θ − α(θ, 	), (1)

where θ is the observed position of the source, α is the deflection
angle, 	(θ ) is the surface mass density of the cluster at the posi-
tion θ , and β is the position of the background source. Both the
strong- and weak-lensing observables can be expressed in terms of
derivatives of the lensing potential.

ψ(θ ) = 4 GDlDls

c2Ds

∫
d2θ ′	(θ ′)ln(|θ − θ ′|), (2)

where Dl, Ds, and Dls are the angular diameter distances to the lens,
to the source, and from the lens to the source, respectively. The
unknowns of the lensing problem are in general the surface mass
density and the positions of the background sources in the source
plane. The surface mass density is described by the combination
of two components; (i) a soft (or diffuse) component (parametrized
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Figure 1. A370 as seen by HST (red=IR bands, green = F814W band, and blue = F415W+F606W bands) with Chandra contours overlaid. The field of view
is 3.2 arcmin. The circles mark the positions of the multiply lensed systems with spectroscopic, reliable photometric, and/or reliable geometric redshift used to
build the preliminary driver lens model. The grey central rectangular region marks the area with the highest density of reliable lensing constraints. The yellow
and magenta square regions mark the field of view of the GLASS data at two position angles.

as superposition of Gaussians) and (ii) a compact component that
accounts for the mass associated with the individual haloes (galax-
ies) in the cluster. For the diffuse component, we find that Gaussian
functions provide a good compromise between the desired com-
pactness and smoothness of the basis function. A Gaussian basis
offers several advantages including a fast analytical computation
of the integrated mass for a given radius, a smooth nearly constant
amplitude between overlapping Gaussians (with equal amplitudes)
located at the right distances and a orthogonality between relatively
distant Gaussians that help reduce unwanted correlations. However,
we should note that the choice of basis is not free of arbitrariness
and that other basis functions can be used instead of Gaussians (see
Diego et al. 2007, for a discussion of alternative basis functions
including polynomial, isothermal models or power laws). For the
compact component, we adopt directly the light distribution in one
of the bands with the highest S/N (F814W). To each galaxy, we as-

sign a mass proportional to its surface brightness. This mass is later
re-adjusted as part of the optimization process. The compact com-
ponent is usually divided in independent layers, each one containing
one or several cluster members. The separation into different layers
allows us to constrain the mass associated with special haloes (such
as the giant elliptical galaxies) independently from more ordinary
galaxies. This is useful in the case where the light-to-mass ratio
may be different, like for instance in the BCG.

As shown by Diego et al. (2005a, 2007), the strong- and weak-
lensing problem can be expressed as a system of linear equations
that can be represented in a compact form ,

� = �X, (3)

where the measured strong-lensing observables (and weak lensing
if available) are contained in the array � of dimension N� = 2NSL,
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Figure 2. The redshift distribution of the publicly available GLASS v001
redshift catalogue of A370. Qz refers to the quality of the individual redshifts
(Qz = 1 worst and Qz = 4 best). Cluster members at z ∼ 0.375 (vertical
dashed line) are clearly separated from the rest of the sample. A second
overdensity of objects is apparent at z ∼ 1. This overdensity is discussed in
Section 8.

the unknown surface mass density and source positions are in the
array X of dimension

NX = Nc + Ng + 2Ns (4)

and the matrix � is known (for a given grid configuration and fidu-
cial galaxy deflection field) and has dimension N� × NX. NSL is the
number of strong-lensing observables (each one contributing with
two constraints, x, and y), Nc is the number of grid points (or cells)
that we use to divide the field of view. Each grid point contains a
Gaussian function. The width of the Gaussians are chosen in such
a way that two neighbouring grid points with the same amplitude
produce a horizontal plateau in between the two overlapping Gaus-
sians. In this work, we consider only regular grid configurations.
Irregular grids are useful when there is a clear peak in the mass
distribution, for instance when the cluster has a well-defined cen-
tre or a single BCG. In the case of A370, there are two similarly
bright ‘cD-like’ galaxies, suggesting that the general mass distri-
bution may be bimodal with two similarly massive clusters that
have recently merged to form A370. In these situations, the regular
grid is a safer approach as it implicitly assumes a flat prior for the
mass distribution. The default regular grid used in this work has
Nc = 25 × 25 = 625 grid points. In addition to the grid, we model
the small-scale fluctuations around the cluster members. We take
advantage of the GLASS data to select the most prominent galaxies
in the cluster that lie within 0.36 ± 0.06 (the interval is defined to
include prominent cluster members like the BCG in the north that
has a lower z = 0.32 as discussed below). Although some of these
galaxies may not be dynamically linked with the cluster, given their
redshift and mass their small-scale effect should still be noticeable
if they are close to the line of sight of one of the observed lensed
images. Among these, we correct the GLASS redshift (z = 0.380
with Qz = 2) of a bright foreground galaxy with a reliable photo-z
of zmean = 0.168. The low redshift of this galaxy means it is in-
trinsically of relatively low luminosity and so unimportant for the
lens model. The northern BCG in the cluster has a lower redshift
in GLASS (z = 0.32), but with a low quality flag (Qz = 2) due
to a lack of emission lines. Independent photometric redshifts with
two different codes BPZ (Benı́tez 2000) and EAZY (Brammer, van
Dokkum & Coppi 2008) result in z = 0.385 and 0.36, respectively,
in agreement with being a cluster member. Chandra data also sup-

port this hypothesis since a small X-ray peak is found at the position
of this galaxy suggesting a local gas density enhancement/gas cool-
ing (of the intracluster gas) around this galaxy. Ng (in equation 4)
is the number of deflection fields (from cluster members) that we
consider.

Ng can be seen as a number of mass layers, each one containing
one or several galaxies at the distance of the cluster. In this work,
we set Ng equal to 1, 2, or 3 to explore different configurations.
In the case where Ng = 1, all the individual galaxies in the lens
model are assumed to follow the same light-to-mass ratio and are
rescaled by the same parameter (that is, they are all in the same
layer). In a second scenario, we assume Ng = 2 where all galaxies
are in the same layer except the BCG that is in the southern part
of the cluster (near the giant arc). The reason for this configuration
is that the northern BCG seems to be poorly constrained by the
lensing data so by adopting Ng = 2 we can explore the case where
the mass-to-light ratio of the northern BCG is fixed together with
the cluster members’ mass-to-light ratio and we let the southern
BCG be constrained by the lensing data. In the case where Ng = 3,
each BCG is enabled to have its own mass-to-light ratio and the
remaining galaxies are placed in the third layer (and hence forced
to have the same mass-to-light ratio). Ng = 3 results in models
where the northern BCG contains a significantly larger mass (a
factor ≈2 larger) and predicts new arcs that are not observed in the
data making this model less favoured by the data. The particular
configuration of the galaxies in our lens model is shown in Fig. 4.

Finally, Ns in equation (4) is the number of background sources
(each contributes with two unknowns, βx, and βy) which in our par-
ticular case ranges from Ns = 10 when only the subset of reliable
systems are used to Ns = 30 when all systems in Table A1 are used
in the reconstruction.The solution, X of the system of equations (3)
is found after minimizing a quadratic function of X (derived from
the system of equations (3) as described in Diego et al. 2005a).
The minimization of the quadratic function is done with the con-
straint that the solution, X, must be positive. Since the vector X
contains the grid masses, the renormalization factors for the galaxy
deflection field and the background source positions, and all these
quantities are always positive (the zero of the source positions is
defined in the bottom left corner of the field of view), imposing
X > 0 helps constrain the space of meaningful solutions and to
regularize the solution as it avoids large negative and positive con-
tiguous fluctuations. The quadratic algorithm convergence is fast
(a few minutes) allowing for multiple solutions to be explored in a
relatively short time. Different solutions can be obtained after mod-
ifying the starting point in the optimization and/or the redshifts of
the systems without spectroscopic redshift. A detailed discussion of
the quadratic algorithm can be found in Diego et al. (2005a). For a
discussion of its convergence and performance (based on simulated
data), see Sendra et al. (2014).

5 L E N S MO D E L S

The different lens models depend mainly on the assumptions made
on (i) the background sources and (ii) the lens plane. In the follow-
ing, we discuss these two assumptions and how they impact the lens
model.

(i) Variability in the lens models linked to the definition of the
background sources. The assumptions made on the background
sources refer to the number of multiply lensed systems and their
redshifts used to constrain the lens model. A370 shows a number of
multiply lensed systems. Among these, seven have reliable redshifts
that make them easily identifiable as multiple images of the same
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source. Other systems however lack the redshift confirmation and
are matched based on their morphology and colours (and photo-
metric redshifts). Although most of the systems in the second group
are probably multiple images of the same background source, the
uncertainty in their redshift translates into an uncertainty in the lens
model. This uncertainty can be reduced by restricting the analysis to
the systems that are the most reliable. We identify 10 such systems
to which we assign rank A in Table A1. Most of these systems have
robust spectroscopic redshifts. Among these, we update the redshift
of system 3 with the new estimate from GLASS (zGLASS=1.95) from
detection of the [O III] doublet at ∼1.48 µm. Previously this system
was assumed to be at redshift 1.42 (Johnson et al. 2014). Systems 7,
14, and 16, have no spectroscopic redshifts, however, their redshift
estimate is very robust based on both photometric and geometric
redshifts (from a lens model derived using only the systems with
spectroscopic redshift). This robust set of 10 systems is used to de-
rive a reliable preliminary lens model (the driver model) that is used
to confirm/identify additional multiply lensed systems. For system
7, there is one candidate counter image (7.6) that is not considered
as part of the robust subset as it presents a different colour than
the other counter images. However, the colour variation may be a
consequence of this counter image being behind a very red object
(system 6). On the other hand, the morphology and location of can-
didate image 7.6 agrees remarkably well with the prediction from
the model (see Fig. 5). Both systems 14 and 16 are new systems that
are confirmed with a high reliability by a version of the lens model
that relies solely on the seven systems with spectroscopic redshift.
A very similar version of the lens model (that excluded also system
15 from the constraints) predicted system 4 with zgeom = 1.55 that
was confirmed by GLASS data with zspect = 1.52. We adopt the
GLASS estimate for this system. Table A1 compiles the systems
used to define the driver model and the systems that were either
confirmed or discovered by the driver model. These systems can be
included in the lens model to add more constraints in the reconstruc-
tion. Depending on what systems are included in the reconstruction
the derived solution may vary.

(ii) Variability in the lens models linked to the definition of the
lens plane. In our reconstruction, the lens plane is divided into
two fundamentally different components. A soft component that
is described by a grid of 2D Gaussians and a compact component
that is modelled following the light of the largest galaxies in the
cluster. The grid component dominates over the compact component
in terms of total mass and hence contributes most to the global
deflection field.

Based on the differentiation made above, we consider three dif-
ferent scenarios or cases to derive the lens model

Case 1: The driver lens model. This model is based on the robust
set of 10 systems described above having rank (A) in the column
Rank in Table A1. We assume a regular grid with 25 × 25 grid
points and that all galaxies have the same light-to-mass ratio (i.e.
Ng = 1).

Case 2: Like above but using an extended sample with nine addi-
tional systems listed in Table A1 as rank (B). These nine additional
systems are highly compatible with the lens model and have mor-
phological features that increase their confidence. Some of these
systems are useful to constrain the lens model in the regions where
the high-confidence (rank A) constraints are scarce.

Case 3: Like above but using the full sample of 30 systems
listed in Table A1 [ranks (A), (B), and (C)]. Systems with rank (C)
are in good agreement with the driver lens model but the lack of
morphological features or more precise redshift estimates reduces
their confidence with respect to systems having ranks (A) and (B).

Table 1. Different cases assumed in the reconstruction of the lens models.
Each column corresponds to a different set of background sources. Rank A
has the most reliable systems, rank B is less reliable but still highly confident,
and rank C is the least reliable (but still consistent with the driver model). Ns

denotes the number of multiply lensed systems used in the reconstruction.
Ng denotes the number of layers in the lens plane used to model the small
component. All cases assume a uniform grid with Nc = 25 × 25 = 625 grid
points except for case 10 (or shallow model) for which we use an adaptive
grid. This model (case 10) is described in more detail in Section 8.1.

Ns=10 (A) Ns=19 (A,B) Ns=30 (A,B,C)

Ng=1 Case 1 Case 2 Case 3
Ng=2 Case 4 Case 5 Case 6
Ng=3 Case 7 Case 8 Case 9
Ng=1 Case 10

Cases 4–6: Like cases 1,2, and 3, respectively, but allowing the
southern BCG to have its own mass-to-light ratio (that is, we assume
two layers for the compact component or Ng = 2).

Cases 7–9: Like cases 4–6, respectively, but also allowing the
northern BCG to have its own mass-to-light ratio, that is, we assume
three layers for the compact component or Ng = 3.

Cases 1–9 are tabulated in Table 1. In addition to these models,
in Section 8.1, we introduce a new model, case 10, to explain the
radial arcs near the two BCGs. We refer to this additional model as
the shallow model.

6 R ESULTS

Using the robust set of 10 systems discussed in Section 3 (and
marked with rank A in Table A1), we derive the driver lens model.
Seven of these robust systems are concentrated in a narrow rectan-
gular area of less than 100 kpc in width between the two BCG (see
Fig. 1). The constraints in this part of the lens plane are therefore
expected to be better than anywhere else. Fig. 3 shows the accuracy
of the driver lens model in this region by comparing the observed
multiply lensed images (top panel) with the prediction based on
the driver model (middle panel). The predicted images appear very
close to the correct positions with errors ∼1 arcsec in this portion
of the image plane (see Vega et al. in preparation, for a more de-
tailed discussion of the errors where, based on 100 reconstructions
of the lens model, it is found that the distribution of errors peaks at
≈0.6 arcsec and has an rms≈1 arcsec) . The morphology and orien-
tation of all arcs is also well reproduced. The bottom panel shows
the projection (along the vertical direction) of the surface mass
density in the rectangular region. The most remarkable feature is
the plateau in the smooth component between 100 and 200 kpc in
the bottom panel. On this side of the lens plane, we find a group of
prominent galaxies whose associated DM halo could be responsible
for this plateau in the mass distribution. The peak in the soft distri-
bution coincides with the line connecting the two BCG (see Fig. 1)
suggesting that each BCG is at the centre of either a nearly symmet-
rical halo or a halo that is oriented in the direction of the other BCG
since the distribution of the DM in the rectangular region must be
the result of the overlap of these haloes. The orientation of one halo
pointing towards the other is observed in N-body simulations ow-
ing to tidal forces and conservation of angular momentum (Zhang
et al. 2009), originating from the tidal field due to the surrounding
DM (White 1984).

The relative orientation of the two main haloes can be inferred
also from the 2D map of the surface mass density shown in Fig. 4
in units of the critical surface mass density at z = 3 (or κ). The
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Figure 3. The top panel shows the rectangular sector highlighted in Fig. 1. The middle panel shows the predicted lensed images based on the driver model.
The bottom panel shows the average total mass projected along the vertical direction within the rectangular region.

Figure 4. Contours of the grid component of the mass (solid lines) for
the driver model compared with the X-ray contours from Chandra (dashed
lines). The thick solid line contour corresponds to κ = 1 at z = 3. The
galaxies used to model the small-scale component are also shown. Note
how the peak of the DM from the grid component is very close to the region
that is well constrained by the model.

soft component shows a clear alignment connecting the two BCGs.
A ‘plateau’ to the east is seen to extend towards a small group of
galaxies in that region. Interestingly, the X-ray emission as observed
by Chandra seems to indicate a small excess of X-ray emission (al-
though with low significance) in this region. In previous work (Lam
et al. 2014), we found a correlation between the reconstructed sur-
face mass density and the X-ray emission in regions relatively far
from the cluster centre and where such a correlation was not antici-
pated. A small shift of ≈40 kpc is observed between the location of
the peak in the soft component of the DM distribution and the BCG
in the south. This shift is worthy of a fuller dedicated investigation

given its potential significance, but for the present we do not draw
any firm conclusions.

Based on the systems with rank (A), we vary the configuration
in the lens plane by allowing the BCGs to have their own mass-to-
light ratio (cases 4 and 7 in Table 1). For case 4, we find that the
southern BCG prefers a light-to-mass ratio that is similar to the rest
of the galaxies. Hence, the solutions in cases 1 and 4 turn out to
be very similar. For case 7, we find that the mass-to-light ratio of
the southern BCG does not change significantly compared to the
driver model. The northern BCG, on the other hand, increases its
mass considerably (by a factor ∼2). This increase in mass results
in additional predicted counter images around the northern BCG
that are not observed. Indirectly this is telling us that the DM in the
vicinity of this BCG must have a softer (or shallower) core that is
not well represented by the solution in case 7, which instead has a
pronounced cusp at that position. The remaining cases in Table 1
imply the use of additional images. This is discussed in the next
subsection.

6.1 New systems. Beyond the driver model

Using the driver model from case 1 above, we confirm previ-
ously known systems as well as uncovering new candidate sys-
tem with our model. The new systems are checked for consistency
with photometric redshift estimates, and for consistency with the
lens model in terms of morphology, parities, and positions. The
new systems that pass these checks are listed in Table A1 and
shown in Fig. 6 and stamps of all systems are provided at http://
max.ifca.unican.es/diego/Public/A370.

For those new additional systems that are not as secure as those
above, we divide them into two categories. Rank (B) contains the
systems that are highly reliable based on their morphology/parity
but the redshift is more imprecise than in the systems with rank (A).
Rank (C) contains system candidates that are highly compatible with
the lens model but lack identifying morphological features (they
are mostly nearly unresolved) and/or accurate redshifts prevents us
from unambiguously identifying these systems. In most cases, the
driver model predicts with a high level of accuracy the observed
images. Some cases are not reproduced in such detail indicating
deficiencies in the lens model. Such systems tend to group also in
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Figure 5. The driver model generally predicts the observed data with a high level of accuracy (Fig. 3). This figure compiles some of the exceptions where the
model does not perform as well (see the text for a detailed discussion of each case). The image candidate labelled as 7.6 is included in this figure is an example
of the success of the model given the accurate agreement of the appearance and location of this image with our prediction (note its somewhat redder colour is
due to the incomplete current coverage of the IR data used in making this colour figure).

similar regions of the lens plane implying in these regions the driver
lens model is less accurate. A few examples of the systems that are
less compatible with the driver lens model are given in Fig. 5. Stamps
of all the predicted images centred at the location of the observed
images are also provided in the dedicated webpage. In this figure, we
see how systems that lie close to an overdensity of member galaxies,
like system 2, makes modelling more challenging. Despite this, the
driver model is able to reproduce the main features of system 2
and other systems. System 5 is predicted to be at z ≈ 1.1 by the
driver lens model as opposed to z > 1.2 inferred from photometric
redshift. The presence of a spiral galaxy (a cluster member with
z = 0.37 and Qz = 3 from GLASS) between the counter images
of the system, with a probable different light-to-mass ratio than
the elliptical galaxies, makes this system hard to model without a
specific model for the spiral galaxy.

System 7 is of particular interest and will be studied in more de-
tailed in Section 8.1. It has five robust counter images and probably
a sixth one (shown in the bottom right panel of Fig. 5) including
an elongated radial arc (marked 7.2 and 7.3) relatively close to
the southern BCG composed of two images. We will also see that
small changes in the lens model brings the new system 19 (similar
in colour and morphology to system 7) into full consistency with
being part of system 7, as described fully in Section 8.1. In detail,
the radial arc (7.2, 7.3) is not pointing directly to the BCG but to a
position ≈15 kpc west of the BCGs centre (the northern BCG has a
similar elongated arc pointing also to a position ≈18 kpc west of the
northern BCGs centre). The driver model predicts a curved shape
for this radial arc, bending towards the BCG (see Fig. 5) at odds
with the straightness observed for this arc. The mismatch between
the observed and predicted morphologies of the radial arc may be
telling us that either there is a smaller amount of DM in the BCGs
(see, for instance Sand, Treu & Ellis 2002, to see how steep cusps

suppress radial arcs) or that the position of the peak of the DM
is offset from the BCG which could have profound implications
for the nature of DM. These offsets are predicted in simulations
when the DM particles are enabled to interact with each other and
exchange momentum (Kahlhoefer et al. 2015). Alternatively, if the
total mass profile centred in the southern BCG is relatively shallow,
then the minimum of the cluster potential need not coincide with
the peak of the BCG mass distribution and hence offset with respect
to the southern BCG. This is be possible if the southern BCG has
a significantly lower mass-to-light ratio than adopted in the driver
lens model, as we shall explore in Section 8.1.

System 10 is highly consistent with the driver model except its
central image (see bottom-left panel of Fig. 5). The driver model
predicts a very elongated arc in the central region of the cluster
that could be broken into several smaller arcs. 10.2 is in full agree-
ment with the remaining counter images (in terms of colour and
morphology). A possible new counter image 10.5 may be buried
behind a member galaxy. System 8 (redefined in this work) is a
robust system based on its morphology and colours. The driver lens
model however predicts the location of one of the counter images
at a position that is ≈8.5 arcsec from the position of the observed
counter image. System 12 is also in the vicinity and has a simi-
lar offset indicating that the driver lens model lacks the accuracy
in this region of the lens. The new system 15 shown in Fig. 5 is
well reproduced by the lens model when the redshift of the back-
ground source is assumed to be z ≈ 0.8. The redshift measured
by GLASS for this galaxy is z = 1.035 (Qz = 3). In this case,
the error is due to a larger mass assigned to the individual mem-
ber galaxy. Since the deflection field scales linearly with the mass
normalization, assigning a mass 20 per cent smaller to this galaxy
brings the predicted redshift to exact agreement with the measured
value.
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Figure 6. Critical curves at zs = 3 for the case 1 (blue), case 2 (green), and case 3 (red) lens model in Table 1. The systems used in this work are marked in
their location (with small shifts in some of them to avoid overlap).

Despite the apparent lower precision in the reproduction of the
systems shown in Fig. 5, particularly the area around the northern
BCG, the driver model performs remarkably well with most of the
lensed systems, so here we make use of the driver model to seek
new multiply lensed images and to correct earlier work. All the new
systems that we uncover are shown in Fig. 6 where we also show
the critical curve of the driver model (in blue) and of two alternative
models (cases 2 and 3). The critical curves show generally good
agreement. The difference between cases 2 and 3 are smaller than
the differences with the driver model (case 1). Cases 2 and 3 are
part of the six additional lens models (cases 2, 3, 5, 6, 8, and 9 in
Table 1) that we derive by varying the assumptions made on both
the lens plane and the set of background sources.

We compare quantitatively the nine models in Table 1 by com-
puting radial profiles of total (i.e. baryons plus DM) surface mass
density for each model. Since the cluster contains two BCGs, we
derive the profiles after centring on each BCG in turn. The results
are summarized in Fig. 7 with the profiles around the south BCG
in the top panel and around the north BCG in the bottom panel.
For the BCG in the south, the total mass density profile is relatively
shallow between R = 20 and 200 kpc and is well reproduced by

an NFW profile (Navarro, Frenk & White 1997) with a very small
concentration parameter of C = 2. At large radii (R > 200 kpc),
the profiles are not to be trusted since there are no lensing con-
straints and the solution remains close to the initial condition of the
minimization (memory effect). The shallowness and small concen-
tration parameter are probably due to the overlap of the two cluster
profiles at intermediate radii (R ∼ 100 kpc). Alternatively, the pro-
file can be well reproduced by a gNFW profile (Nagai, Kravtsov &
Vikhlinin 2007) with a larger concentration (C = 4), but a smaller
inner slope of γ = 0.9 (the standard NFW profile has an inner slope
of γ = 1). In the range R = [20 − 200] kpc, all the solutions have
very similar profiles. At small radii, the profiles are more poorly
constrained. For the BCG in the north, the reduced number of con-
straints translates into a larger variation between models, especially
at R < 30 kpc where the lensing constraints are the weakest. For
cases 8 and 9, the northern BCG prefers a significantly larger mass
(∼2 times larger) probably as a consequence of the addition of new
systems in the northern region that were not well reproduced by the
driver model (like systems 8, 12, and 19). The profile in the bottom
panel suggests also that the northern mass peak is slightly less mas-
sive than the southern peak, although both are very similar. Note,
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Figure 7. The total mass density (convergence) profile at z = 3 for the
models centred on the BCG in the south (top panel) and centred on the BCG
in the north (bottom panel). The coloured solid lines are for the cases 1,4,
and 7 in Table 1, the dashed lines are for cases 2, 5, and 8 and the dotted
lines are for cases 3, 6, and 9. The black solid lines correspond to an NFW
model (thick solid line) and a gNFW model (thin solid line). The NFW has
a low concentration (C = 2) and a virial radius = 3 Mpc. The gNFW model
has the same virial radius but a larger concentration (C = 4) compensated
by a smaller inner slope (γ = 0.9). The short solid line represents a power-
law R−0.3. The NFW and gNFW models are the same in both panels for
comparison purposes. The thick dark blue solid line (labelled adaptive)
corresponds to the alternative lens model discussed in Section 8.1 (case 10
in table 1). The black dashed line corresponds to the total mass (gas plus
DM) profile of a simulation discussed in Section 7. The total mass profile
of the simulation below 10 kpc (2 arcsec) is not shown as it is below the
smoothing length of the simulation.

in both cases (top and bottom panels), the second BCG appears in
the radial profile as a bump at R � 200 kpc, corresponding to the
separation between the two BCGs.

7 C O M PA R I S O N W I T H SI M U L ATI O N S

We have extracted a cluster-size halo from the MUSIC data set of
resimulated clusters (Sembolini et al. 2013). In particular, we ex-
amined the non-radiative run (DM plus gas) of the MUSIC-2 data
set looking for a cluster-size halo resembling a similar projected
mass distribution to that of A370. The MUSIC-2 data set consti-
tutes a mass-limited sample of cluster-like haloes selected from
the low-resolution version of the MultiDark 1 h−1 Gpc simulation
(https://www.cosmosim.org). The MUSIC-2 haloes have been res-
imulated in spheres of 6 h−1 Mpc radius centred in each cluster-size
halo. Therefore, the mass resolution (or mass per particle) of the
MUSIC-2 haloes is increased by a factor of 8 with respect to the
parent simulation. After projecting the haloes along different lines
of sight, we found an unrelaxed halo at z = 0.333 with two massive
clumps separated ∼400 kpc in projection. The spherical virial mass
of the halo is Mvir = 1.25 × 1015h−1 M� and, for the projection
selected, it produces an elongated tangential critical line with an

Figure 8. Total mass density distribution in the MUSIC simulated halo at
z = 0.333. The field of view is 1 Mpc2 and the colour coding indicates the
mass density in 109 M� kpc−2. The rectangular sector marks the region in
which we compute the sector projected mass shown in Fig. 8.

Einstein radius of ∼40 arcsec (for zs = 2.0). It should be noted that
(when projecting the haloes), we only considered particles within
a parallelepiped of 6 h−1 Mpc centred in the halo centre. Fig. 8
shows the projected mass density as seen from an angle such that
the apparent separation between the two clumps is similar to that
of A370. The rectangular region marks the sector over which we
compute the projected profile (shown as a dashed line in Fig. 3).
The projected profile in the rectangular region agrees remarkably
well with the derived profile of the DM of A370 in a similar inter-
mediate region (see Fig. 3). In terms of radial profiles, the simulated
cluster resembles also the observed profiles at radii between 80 and
300 kpc as shown in Fig. 7 (thick black dashed lines). At smaller
radii, the profile from the simulation is steeper than the observed
one resulting in significantly denser central regions.

8 D I SCUSSI ON

The models presented in the previous sections are generally able to
reproduce the observed data. However, we observe some deviations
that can give us useful information. As shown in Fig. 7, the total
mass distribution around the northern BCG is not constrained as
well as around the southern BCG. This may be a consequence of the
smaller number of constraints in the northern part. Another possible
explanation may be projection effects that could be affecting the
northern part of the cluster more than the southern part. The GLASS
data, with its abundant redshift information, can be used to study the
distribution of galaxies in the field of the cluster. Not surprisingly,
we find that most of the GLASS galaxies are cluster members at
z ∼ 0.37. The second most prominent peak is at z ∼ 1.05 (see
Fig. 2). When plotting the positions of the galaxies in this second
peak, we find that they are not distributed in an homogeneous way
but rather concentrated in a smaller region in the northern part of
the cluster centre. The concentrated nature of these galaxies is made
even more evident after we compute their original position in the
source plane (see Fig. 9). The galaxies at z ∼ 1.05 seem to form
a filamentary structure that lies behind the northern BCG of the
cluster. It is reasonable to ask whether this structure at z ∼ 1.05
may play a significant role in the lens model and if it does, then we
may expect this impact to be larger in the northern part of the lens.
More importantly, the impact should be larger on the higher redshift
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Figure 9. The red circles mark the observed positions of the galaxies in the
narrow redshift interval z ∈ [1.0, 1.1] in the GLASS data. The 80 per cent
of the GLASS data in this interval have Qz > 2. The squares mark the
corresponding original positions in the source plane after deprojecting
the observed positions with the driver lens model. A filament-like struc-
ture (marked with a yellow ellipse) can be hinted closer to (and behind) the
northern BCG.

lensed systems at z > 2 found in the northern region while the central
and southern region has more lensed systems with z ∼ 1 (or even
z < 1) which would be unaffected by this structure. This structure
may be the reason behind the relatively poorer performance of the
lens model in the northern part of the lens. The second limitation
of the lens models presented above is related to the reproduction of
the systems near the BCG. Both BCGs have long radial arcs nearby
that are not satisfactorily reproduced by the models in the previous
sections. Here too, we can turn the problems that the lens models
have in the central regions into an opportunity to gain some insight
into the distribution of the DM around the BCGs. We do this by
focusing on system 7 that is sensitive to the distribution of DM in
the central region.

8.1 System 7

System 7 (and in particular the counter images 7.2 and 7.3, see
Fig. 5) is interesting for several reasons. The elongated radial arc
in system 7 (7.2 and 7.3) confirms indirectly that the projected
total mass profile is relatively shallow in that region of the lens
(Sand et al. 2002). Its orientation points in a direction which does
not coincide with the position of the BCG. As mentioned earlier,
this could be explained if the mass around the southern BCG is
relatively small and shallow. Also, the presence of other nearby
compact clumps/galaxies may introduce small distortions in the
potential around the BCG affecting the orientation of the radial
arcs. The presence of nearby massive galaxies to the south-west of
the BCG supports this possibility. Another interesting possibility is
that the peak of the DM is not coincident with the BCG. As shown
by N-body simulations, an offset between the peak of the DM and

Figure 10. Multiresolution grid used to derive case 10. The BCG galaxies
are located at the position of the big cross symbols. Small crosses mark the
peak position of the Gaussians.

the position of the BCG is possible after a collision of two clusters
if the DM particles have a certain probability of interaction with
other DM particles.

To test these two scenarios, we produce a new model that min-
imizes the role of the two BCGs in the lens model and instead
increases the resolution of the grid as it approaches each BCG. The
new grid is adaptive and doubles the resolution of the grid in the
driver model (and the other models) near the position of the BCGs
while gradually decreasing the resolution at larger distances (the
resolution at the edge of the field of view is ≈75 per cent worse than
in the driver model). The grid is shown in Fig. 10 with small crosses
marking the positions of the Gaussians and the big crosses marking
the positions of the two BCG galaxies . The number of grid points
in the adaptive grid is reduced by almost 50 per cent with respect
to the driver model (lowering the number of degrees of freedom of
the lens model). The mass-to-light ratio of the two BCGs is set to
20 per cent of the value used in the driver model. As in the driver
model, we also consider only one layer, thus forcing the two BCGs
to adopt a secondary role in the minimization. Finally, as in the case
of the driver model, for case 10 we use only the systems with rank
(A). In summary, the settings of the case 10 model are similar to
the ones for the driver model except for the grid (adaptive for case
10 and regular for the driver model), and the light-to-mass ratio of
the BCGs.

The increased resolution of the grid around the BCGs should
produce an alternative model to those presented above, but where
the mass distribution in the central region has more freedom to
change to accommodate the observations. The solution obtained
with the multiresolution model resembles the previous models
with small differences. One of these differences is, as expected,
around the BCGs where the new model is shallower than the cases
1–9 models in Table 1. The profiles are shown in Fig. 7 as a solid
thick dark-blue curve. The position of the peaks in the DM are still
consistent with being coincident with the BCG with no obvious off-
set, but the amplitude of the total mass at the position of the BCGs
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Figure 11. Central counter images of system 7 as predicted by the driver model (top), as seen in the data (middle) and as predicted by the alternative
multiresolution model with reduced contribution from the BCGs (bottom). Note how the multiresolution model straightens up the arc 7.2–7.3. The images are
rotated 90◦ (clockwise) with respect to the original image.

is smaller. We find that the multiresolution model (case 10) predicts
a straight radial arc, whereas the driver model produced a curved
radial arc (see Fig. 11). The arc predicted by the multiresolution
grid points towards another prominent galaxy to the south-west of
the BCG for which the mass-to-light ratio is set to the same value
as in the driver model. The observed arc lies somewhere in between
the predictions made by the driver model and the multiresolution
model so it is reasonable to assume that the profile of the true under-
lying mass is also somewhere in between the profiles of the driver
model and the multiresolution model. Both these models predict an
additional counter image for system 7 that matches the position and
morphology of the image labelled as 7.6 in Figs 5 and 11. In addi-
tion, the multiresolution model demonstrates that system 19 actually
belongs to system 7. The morphology and location of the pair of
radial images of system 19 are accurately predicted. It is important
to realize that only part of the image of system 7 is being multiply
lensed here, that does not include the bright blue central part of the
source as the caustic which bisects the radial image 19 includes only
one end of the source. The detail with which we can reproduce this
system 19 leaves us in little doubt about its membership of system
7. The driver model hinted already at this possibility of the relation
between systems 7 and 19 but although a counter radial counter
image is predicted at the location of system 19, the match in shape
is not accurate, as shown in Fig. 11. The multiresolution grid, with
its shallower less massive BCGs predicts elongated arcs in detailed
agreement with the data. Spectroscopic confirmation that systems

7 and 19 have the same redshift would clearly then support the
lower mass profiles for the BCGs favoured by the multiresolution
model.

We inspected the GLASS data at the positions of systems 7 and
19. For system 7, GLASS data reveal a tentative line in three of
the counter images of this system at around 14 000A. This would
correspond to a redshift z ∼ 2.75 for system 7 for the (unresolved)
[O II] doublet. System 19 does not show any lines in the spectra.
Photometric redshifts derived for system 19 using the codes BPZ and
EAZY result in zBPZ ∼ 0.3 and zEAZY ∼ 0.6, respectively. For these
redshifts, the lens models predict no radial arcs at the position of
system 19 suggesting that the photometric redshifts may be affected
by the nearby BCG. We note that while this paper was under review,
Lagattuta et al. (2017) published the spectroscopic redshifts of sys-
tems 7 and 19. They found that both systems have exactly the same
redshift, z = 2.7512, in agreement with the GLASS estimate and
confirming that they are indeed the same system (with evidence that
the counter image 7.6 has also the same redshift). The confirmation
that systems 7 and 19 form part of the same system clearly favours
a model where the amount of DM in the BCGs is minimal.

8.2 BCG stellar mass and dark matter profiles

Inspired by the multiresolution model discussed in the previous sub-
section, we take this as the best representation of the projected mass
around the two BCGs and we now estimate the contribution of the
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stellar mass to the lensing mass profiles shown in Fig. 7. The stellar
mass distribution of the two BCGs is directly taken from the light
profile using GALFIT, where all bright objects around the two BCGs
are masked in making a 2D fit. For each BCG, we use a double
Sérsic profile to model their cores and extended light profiles. With
this BCG light profile, we can convert it into a stellar mass distribu-
tion by using the observed spectral energy distribution (or SED) of
each BCG. Our SED fitting procedure includes the following: (i) the
Bruzual & Charlot (2003) stellar population synthesis model, (ii) the
Chabrier (2003) initial mass function (IMF), (iii) an exponentially
declining star formation history, (iv) the Kriek & Conroy (2013)
dust law, (v) a fixed redshift of z = 0.375, and (vi) solar metal-
licity Z = 0.02. For the remaining parameters (e.g. star formation
time-scale, age, extinction, etc.), we sample a range of values with
Monte Carlo to cover a fuller range of possible parameter choices in
this context. The confidence levels are estimated by performing 100
Monte Carlo simulations. We obtain a best-fitting value for the total
stellar mass of both BCGs combined of MBCG = 1.15 ±1.73

0.17 ×1012

M� (3σ interval). We use the above set of solutions for the BCG
light profiles together with a simple parametrization for the DM in
a joint fit to the mass profile, to provide an underlying distribution
of projected DM to associate with the two BCGs. For this we adopt
a model with a flat core and a scale radius of this form:

κ = 1.75

1 + R
160kpc

(5)

for the southern BCG and a slight lower normalization for the
northern BCG:

κ = 1.60

1 + R
160kpc

(6)

This is because we aim to obtain a total mass that approximately
matches our lens model profiles above from the multiresolution
modelling, as the projected mass distribution from lensing of course
is a total mass including stars and DM.

These models are shown as dotted lines in Fig. 12. The combined
profile of the total mass, from our DM profile and stellar mass
profile (from GALFIT) matches very well the observed lensing profile
from the multiresolution model described in Section 8.1 for both
BCGs, as shown in Fig. 12. This figure demonstrates that within
the ∼50 kpc radius, where the stellar mass profile is derived, stars
account for the lensing mass with little contribution from DM in
either of the BCGs. Comparing Fig. 12 with Fig. 7, we can infer
the stellar-to-total mass ratio. For cases 1–9, this ratio is about
30 per cent increasing to ≈ 100 per cent (or even higher) for case
10. Additional constraints, like dynamical data in the two BCG
galaxies, would be required to improve the estimation of the mass
around the BCG galaxies.

We should note that the discussion above is based on a Chabrier
IMF. If a Salpeter IMF is assumed instead, the total stellar mass
increases to MBCG = 2.00 ±3.37

0.48 ×1012 M� (3σ interval) making
the argument above even more stringent. There is evidence that
the IMF in massive galaxies is perhaps closer to Salpeter than to
Chabrier (Treu et al. 2010; Cappellari et al. 2012; Conroy & van
Dokkum 2012; Newman et al. 2013a; Newman, Ellis & Treu 2015).
A Salpeter IMF could be still accommodated (while maintaining a
constant density of DM in the central region) but would require that
the total mass profile is indeed in between the driver model and the
multiresolution model as suggested by Fig. 11.

Figure 12. Stellar mass contribution to the BCGs. The solid lines corre-
spond to the alternative model discussed in Section 8.1 (shown also as thick
dark blue solid lines in Fig. 7). The top panel shows the main BCG in the
south and the bottom panel shows the secondary BCG in the north. The blue
shaded region is the profile (3σ interval) from adding the estimated stellar
mass to a DM toy model with a flat core (dotted lines). For comparison
purposes, we also show as dashed lines the NFW profile (with concentration
parameter c = 2) of Fig. 7.

8.3 Possible interpretations

The accurate model that we find for the radial arcs near the two
BCGs perhaps provides one of the best constraints to date on the
mass profiles of BCGs. Such detailed information is scarce and
usually restricted to rare counter images that are small by compar-
ison, so that the radial profile is not uniquely constrained (Gavazzi
et al. 2007). Radial arcs have been used in the past to infer the
inner slopes of the mass profiles in galaxy clusters and they are nor-
mally linked to shallow profiles in the centre of clusters (Miralda-
Escude 1995; Bartelmann 1996; Sand et al. 2002). As discussed in
Section 8.1, the predicted arcs 7.2 and 7.3 do not match perfectly
the observed arcs so there is still some room to improve the model.
However, the multiresolution model described above suggests that
a model with a small amount of DM inside the BCG galaxies can
describe better the observed arcs than a model with a significant
enhancement of DM in the central region. If the multiresolution
solution is confirmed in the future (by independent lensing models
or by confirming that systems 7 and 19 are the same system6), this
would imply that the density of DM flattens inside the BCGs in con-
trast with predictions from N-body simulations although the total
mass (including the stellar component) may be in better agreement
(Newman et al. 2013b,a). Simulations show that flattening of the
central DM slope (below the canonical slope γ = 1 from the NFW
profile) is possible but only at distances below half-light radii of
the BCGs (Laporte & White 2015). BCGs typically present a con-
centration of DM that grows towards their centres. The projected
constant density of DM inferred from Fig. 12 suggests that these

6 This was confirmed recently by Lagattuta et al. (2017).
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galaxies have a very small amount of DM inside them with a DM
density similar to the density observed outside these galaxies.

Scouring by supermassive black holes or ejection of the cen-
tral supermassive black hole (or SMBH) has been proposed as one
mechanism to flatten the inner light profile of massive galaxies
(Postman et al. 2012, and DM), but this will only temporarily affect
the inner few kpc at most. Binary black holes can eject stars through
three-body interactions, resulting in flat cores in the luminosity pro-
files as stars are also ejected (however we do not see evidence here
of any particularly flat core in the stellar light profile). Perhaps the
most extreme case is the BCG in Abell 85 (López-Cruz et al. 2014;
Bonfini, Dullo & Graham 2015) with the largest known stellar core
(∼5 kpc) and that may be hosting an SMBH with M ∼ 1010 M�
though Madrid & Donzelli (2016) discovered a small nucleus inside
this BCG that may challenge this interpretation. Self-interacting
DM is known to reduce the slope in the central region of clusters
beyond 15 kpc (Rocha et al. 2013; Harvey et al. 2015; Kahlhoe-
fer et al. 2015). For cross-sections σ/m ∼ 1cm2g−1, Rocha et al.
(2013) find that in haloes of masses Mvir = 2 × 1014 M� DM
profiles flatten with core scales of ∼150 kpc.

The success of collisionless DM more generally means we may
seek a less exotic interpretation involving gas cooling and the for-
mation of stars within galaxy clusters as has been debated for
many years but never conclusively shown. Other mechanisms such
as active galactic nucleus (AGN) feedback (Martizzi, Teyssier &
Moore 2013), supernova explosions (Pontzen & Governato 2012)
or core heating by infalling baryons followed by a transfer of
orbital energy to the DM particles (El-Zant et al. 2004) have been
discussed as possible mechanisms. Perhaps the least explored possi-
bility is sporadic AGN feedback that drives violent bulk gas motions
(Peirani, Kay & Silk 2008) which heat the central DM, in analogy to
the SN-driven bulk motions responsible for shallow cores in dwarfs.
AGN feedback triggered by an SMBH is an interesting possibility
as both BCGs are likely to host such SMBH. Chandra data reveal
a small X-ray source in the northern BCG that could be a sign of
AGN activity. The BCG in the south shows no evidence of associated
X-ray emission. As discussed in for example Martizzi et al. (2013),
gas gets ejected by the AGN and returns after cooling. This cycle
generates gravitational potential fluctuations that modify the DM
mass profile, resulting in a depletion in the galaxy of vast amounts
of baryons and DM from the BCG. This mechanism works up to
distances of ∼20 kpc and effectively produces a plateau of constant
DM density at the position of the BCG.

9 C O N C L U S I O N S

Using the latest optical images of the cluster A370 from the HFF
program (in the F435W, F606W, and F814W filters), we have un-
covered many new multiply lensed systems and constrained their
redshifts geometrically, bringing the total number of (candidate)
lensed background galaxies to 30 and the number of multiply lensed
images to ≈80. We derive a set of mass models for the cluster,
spanning a range of the most important variables, and compare
the resulting mass profiles, projected mass distributions and critical
curves. The models agree well with each other. An NFW model
with a small concentration parameter C ≈ 2 agrees well with the
observations (or a gNFW with C ≈ 4 and inner slope γ = 0.9). A
detailed analysis of the radial arcs near the BCGs points towards
profiles with even smaller concentrations. We estimate the contri-
bution to the mass density from the stellar component in the BCGs
and find that in order to reproduce the observations, the inner slope
of the DM density profile must be close to zero. We conclude that

some mechanism must be acting in the two BCGs in order to expel
most of the DM from them, or to avoid the formation of a cusp, or
that DM is collisional.
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A P P E N D I X A : C O M P I L AT I O N O F A R C
POSI TI ONS

This appendix presents the sample of secure and likely lensed mul-
tiple images detected behind A370 using the updated imaging from
the HFF program, and spectroscopic redshifts from GLASS and the
literature. Table A1 lists the complete sample of images and their
redshifts assigning IDs to each of them.

The first column shows system ID following the original notation
of Richard et al. (2014) and Johnson et al. (2014) (ID1.ID2.ID3
= System.Image.Knot) and ranks (A, B, and C). Systems 1–13
were initially presented by Richard et al. (2014). Johnson et al.
(2014) only worked with systems 1–9. Systems 14–30 are additions
from this work. The redshifts zspect are obtained from Richard et al.
(2010, 2014) and Johnson et al. (2014). GLASS redshifts are given
in the column zGLASS, while the photometric redshifts are given in
column zBPZ. The systems having spectroscopic redshift are marked
with bold face. Redshifts predicted by the lens model are given in
column zmodel. The column labelled Rank shows the quality of the
system. Systems marked with rank (A) are very reliable and are used
to derive the driver model. Systems marked with (B) are used to
derive (together with systems having rank A) an alternative model.
Systems with rank (B) are still reliable but their redshifts may be less
precise than systems with rank (A). Systems marked with (C) are
less reliable but still highly consistent with the driver lens model. In
the last column, 1, 2, and 3 refer to previous work where these sys-
tems are defined. 1 stands for (Richard et al. 2010), 2 for (Richard
et al. 2014), and 3 for (Johnson et al. 2014). Numbers in bold under
the Comments column indicate the new spectroscopic redshifts of
Lagattuta et al. (2017) which were published while this paper was
under review. Note the good agreement between the predicted ge-
ometric redshifts (zmodel) and the new spectroscopic redhifts. When
the spectroscopic redshift of the different candidates (from the same
system) are different this is indicated (see for instance system 28).
Note how the new redshifts discard system 24 as a lensed system
and it is instead a lucky alignment of 3 member galaxies consistent
with the lensed position of a background source at z = 0.88. See
also the issue with counter images 27.3 and 28.2.
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Table A1. Full strong-lensing data set. See the text for description of the columns. For the photometric redshifts, we indicate the range of redshifts (from
multiple images) after excluding extreme values.

KnotID RA Dec. zused Old zspect zGLASS zBPZ zEAZY zmodel Rank Comments

1.1.1 2 39 54.310 −1 34 33.75 0.806 0.806 0.8 0.805–0.83 0.78–0.8 (A) 1,2,3
1.2.1 2 39 52.100 −1 34 36.86 (A) 1,2,3
1.3.1 2 39 52.484 −1 34 35.75 (A) 1,2,3
1.1.2 2 39 54.333 −1 34 33.40 (A) 1,2,3
1.2.2 2 39 52.209 −1 34 36.38 (A) 1,2,3
1.3.2 2 39 52.352 −1 34 35.92 (A) 1,2,3
2.1.1 2 39 53.724 −1 35 03.21 0.725 0.725 0.71 0.58–0.73 0.5–1.0 (A) 1,2,3
2.2.1 2 39 53.029 −1 35 06.17 (A) 1,2,3
2.3.1 2 39 52.499 −1 35 04.27 (A) 1,2,3
2.4.1 2 39 52.662 −1 35 05.04 (A) 1,2,3
2.5.1 2 39 52.715 −1 35 05.43 (A) 1,2,3
2.1.2 2 39 53.608 −1 35 03.64 (A) 1,2,3
2.1.3 2 39 53.629 −1 35 03.90 (A) 1,2,3
2.1.4 2 39 53.523 −1 35 04.43 (A) 1,2,3
2.1.5 2 39 53.718 −1 35 03.70 (A) 1,2,3
2.1.6 2 39 53.782 −1 35 03.71 (A) 1,2,3
2.1.7 2 39 53.835 −1 35 03.46 (A) 1,2,3
2.1.8 2 39 53.819 −1 35 02.70 (A) 1,2,3
2.1.9 2 39 53.749 −1 35 02.06 (A) 1,2,3
2.1.10 2 39 53.528 −1 35 03.64 (A) 1,2,3
2.2.2 2 39 53.383 −1 35 05.41 (A) 1,2,3
2.2.3 2 39 53.305 −1 35 05.83 (A) 1,2,3
2.2.4 2 39 53.429 −1 35 05.25 (A) 1,2,3
2.3.2 2 39 52.379 −1 35 03.34 (A) 1,2,3
2.3.3 2 39 52.429 −1 35 04.14 (A) 1,2,3
2.3.4 2 39 52.332 −1 35 03.29 (A) 1,2,3
2.3.9 2 39 52.422 −1 35 02.97 (A) 1,2,3
2.3.10 2 39 52.253 −1 35 02.08 (A) 1,2,3
3.1.1 2 39 54.543 −1 34 01.89 1.95 1.42 1.95 1.4–2.0 1.7–1.9 (A) 1,2,3
3.2.1 2 39 52.447 −1 33 56.92 (A) 1,2,3
3.3.1 2 39 51.756 −1 34 00.68 (A) 1,2,3
3.1.2 2 39 54.546 −1 34 01.79 (A) 1,2,3
3.2.2 2 39 52.335 −1 33 57.22 (A) 1,2,3
3.3.2 2 39 51.813 −1 34 00.26 (A) 1,2,3
3.1.3 2 39 54.431 −1 34 01.23 (A) 1,2,3
3.2.3 2 39 52.509 −1 33 56.65 (A) 1,2,3
3.3.3 2 39 51.487 −1 34 03.19 (A) 1,2,3
3.1.4 2 39 54.607 −1 34 02.07 (A) 1,2,3
3.2.4 2 39 52.155 −1 33 58.03 (A) 1,2,3
3.3.4 2 39 51.883 −1 33 59.74 (A) 1,2,3
4.1.1 2 39 55.116 −1 34 34.99 1.27 1.27 1.272 1.13–2.4 1.3–1.7 (A) 1,2,3
4.2.1 2 39 52.973 −1 34 34.57 (A) 1,2,3
4.3.1 2 39 50.865 −1 34 40.57 (A) 1,2,3
4.1.2 2 39 55.137 −1 34 35.51 (A) 1,2,3
4.1.3 2 39 55.089 −1 34 34.21 (A) 1,2,3
4.2.2 2 39 52.956 −1 34 35.09 (A) 1,2,3
4.2.3 2 39 52.984 −1 34 33.79 (A) 1,2,3
4.3.2 2 39 50.879 −1 34 41.04 (A) 1,2,3
4.3.3 2 39 50.851 −1 34 39.90 (A) 1,2,3
5.1.1 2 39 53.632 −1 35 20.58 1.25 1.22–1.53 1.3–1.6 1.1 (B) 1,2,3, 1.2775
5.2.1 2 39 53.048 −1 35 21.21 (B) 1,2,3
5.3.1 2 39 52.563 −1 35 20.61 (B) 1,2,3
5.1.2 2 39 53.614 −1 35 20.61 (B) 1,2,3
5.1.3 2 39 53.658 −1 35 20.49 (B) 1,2,3
5.2.2 2 39 53.155 −1 35 21.25 (B) 1,2,3
5.2.3 2 39 52.928 −1 35 21.10 (B) 1,2,3
5.3.2 2 39 52.459 −1 35 20.33 (B) 1,2,3
5.3.3 2 39 52.711 −1 35 20.82 (B) 1,2,3
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Table A1. – continued

KnotID RA DEC zused Old zspect zGLASS zBPZ zEAZY zmodel Rank Comments

6.1.1 2 39 52.662 −1 34 37.94 1.063 1.063 1.32 1.0–1.2 1.0–1.2 (A) 1,2,3
6.2.1 2 39 51.439 −1 34 41.63 (A) 1,2,3
6.3.1 2 39 55.115 −1 34 37.53 (A) 1,2,3
6.2.2 2 39 51.477 −1 34 42.04 (A) 1,2,3
6.2.3 2 39 51.372 −1 34 41.87 (A) 1,2,3
6.1.2 2 39 52.645 −1 34 38.29 (A) 1,2,3
6.1.3 2 39 52.737 −1 34 37.87 (A) 1,2,3
6.3.2 2 39 55.137 −1 34 37.89 (A) 1,2,3
6.3.3 2 39 55.031 −1 34 37.64 (A) 1,2,3
7.1.1 2 39 50.770 −1 34 48.02 3.0 2.9–3.3 0.3–0.8 2.8 (A) 1,2,3, 2.7512
7.2.1 2 39 52.769 −1 34 50.78 (A) 1,2,3
7.3.1 2 39 52.746 −1 34 49.55 (A) 1,2,3
7.4.1 2 39 52.514 −1 35 08.28 (A) 1,2,3
7.5.1 2 39 56.773 −1 34 39.29 (A)
7.6.1 2 39 52.569 −1 34 38.92 (C)
7.1.2 2 39 50.759 −1 34 47.29 (A) 1,2,3
7.2.2 2 39 52.815 −1 34 53.33 (A) 1,2,3
7.3.2 2 39 52.706 −1 34 47.50 (A) 1,2,3
7.4.2 2 39 52.544 −1 35 08.19 (A) 1,2,3
7.5.2 2 39 56.773 −1 34 38.93 (A)
7.6.2 2 39 52.569 −1 34 37.93 (C)
8.1.1 2 39 51.473 −1 34 11.37 3.0 2.9–3.1 1.6–3.0 2.0 (B) 1,2,3
8.2.1 2 39 50.856 −1 34 25.10 (B) 1,2,3
8.3.1 2 39 56.650 −1 34 25.38 (B)
9.1.1 2 39 50.976 −1 34 40.39 1.52 1.52 1.6–1.8 1.8–1.9 1.55 (A) 1,2
9.2.1 2 39 52.676 −1 34 34.56 (A) 1,2
9.3.1 2 39 55.684 −1 34 35.52 (A) 1,2
10.1.1 2 39 55.515 −1 34 41.37 3.1 3.0–3.2 2.4–3.2 2.8 (B) 3.1277
10.2.1 2 39 53.348 −1 34 40.74 (B)
10.3.1 2 39 53.804 −1 35 08.19 (B)
10.4.1 2 39 49.841 −1 34 49.61 (B)
10.1.2 2 39 55.508 −1 34 41.68 (B)
10.2.2 2 39 53.348 −1 34 41.67 (B)
10.3.2 2 39 53.832 −1 35 08.09 (B)
11.1.1 2 39 51.313 −1 34 09.70 5.9 – – >3 (B) 2
11.2.1 2 39 50.585 −1 34 26.93 (B) 2
12.1.1 2 39 56.188 −1 34 15.09 3.45 3.4–3.5 3.3–3.4 3.5 (B) 2, 3.4809
12.2.1 2 39 52.703 −1 33 59.85 (B) 2
12.3.1 2 39 50.213 −1 34 30.88 (B) 2
13.1.1 2 39 55.089 −1 34 18.44 4.0 3.97–4.02 3.97–4.02 >3 (B) 2, 4.2467
13.2.1 2 39 54.043 −1 34 07.77 (B) 2

New systems
14.1.1 2 39 51.706 −1 34 40.88 1.3 1.1–1.6 0.9–1.8 1.3 (A) 1.2777
14.2.1 2 39 52.304 −1 34 38.45 (A)
14.3.1 2 39 55.751 −1 34 37.11 (A)
15.1.1 2 39 51.259 −1 33 56.28 1.035 1.035 1.022 – 0.9 (A)
15.2.1 2 39 51.110 −1 33 58.00 (A)
15.3.1 2 39 51.210 −1 33 57.43 (A)
16.1.1 2 39 50.868 −1 34 59.41 3.75 3.7–3.9 3.6–3.9 >3 (A) 3.8084
16.1.2 2 39 50.809 −1 34 59.57 (A)
16.1.3 2 39 50.816 −1 34 58.37 (A)
16.2.1 2 39 56.958 −1 34 43.92 (A)
16.2.2 2 39 56.900 −1 34 44.77 (A)
16.2.3 2 39 56.947 −1 34 43.54 (A)
17.1.1 2 39 54.328 −1 34 55.92 1.0 0.60–0.65 0.868–0.871 1.0 (C)
17.2.1 2 39 51.046 −1 34 56.08 (C)
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Table A1. – continued

KnotID RA Dec. zused Old zspect zGLASS zBPZ zEAZY zmodel Rank Comments

18.1.1 2 39 55.602 −1 34 46.87 3.2 3.21–3.23 2.2–3.0 3.0 (B) 3.1277
18.2.1 2 39 53.858 −1 35 09.96 (B)
19.1.1 2 39 52.321 −1 34 15.15 2.5 0.332 0.68 >2 (C) 2.7512
19.2.1 2 39 52.456 −1 34 18.34 (C)
20.1.1 2 39 51.147 −1 34 14.14 4.7 4.71–4.74 3.1–4.2 >3 (C) 4.9153
20.2.1 2 39 50.887 −1 34 20.41 (C)
20.1.2 2 39 51.137 −1 34 14.52 (C)
20.2.2 2 39 50.930 −1 34 19.55 (C)
20.1.3 2 39 51.182 −1 34 13.29 (C)
20.2.3 2 39 50.813 −1 34 22.47 (C)
21.1.1 2 39 51.238 −1 34 56.21 2.8 0.3–3.2 0.4–0.7 2.8 (C) 2.9112
21.2.1 2 39 52.094 −1 35 04.41 (C)
22.1.1 2 39 50.908 −1 34 30.90 2.15 1.85–2.15 1.81–1.87 2.2 (B)
22.2.1 2 39 56.173 −1 34 24.08 (B) 8.3 in refs 1,2,3
22.3.1 2 39 51.975 −1 34 10.81 (B)
23.1.1 2 39 50.676 −1 34 30.91 2.3 0.275–0.3 2.15–2.25 2.3 (C)
23.2.1 2 39 56.110 −1 34 22.42 (C)
23.3.1 2 39 52.198 −1 34 08.29 (C)
24.1.1 2 39 54.714 −1 34 33.15 0.88 1.49 0.125 –0.495 0.42–0.48 0.88 (C) 0.3788
24.2.1 2 39 52.544 −1 34 32.90 (C) 0.3721
24.3.1 2 39 51.901 −1 34 35.45 (C) 0.3749
25.1.1 2 39 54.652 −1 34 58.05 2.45 2.43–2.525 2.0 1.8 (C)
25.2.1 2 39 54.395 −1 35 00.97 (C)
26.1.1 2 39 52.092 −1 35 05.46 1.2 2.7 1.4 1.0–1.4 (C) 1.2567
26.2.1 2 39 52.172 −1 35 06.10 (C)
26.3.1 2 39 51.978 −1 35 04.61 (C)
27.1.1 2 39 53.386 −1 34 01.78 2.9 1.2–2.9 0.3–1.3 3.1 (B) 3.0161
27.2.1 2 39 55.366 −1 34 16.02 (B) 3.0161
27.3.1 2 39 50.254 −1 34 23.94 (B) 1.2754
28.1.1 2 39 52.344 −1 33 53.37 4.5 4.5–5.6 3.4–4.4 >3 (C) 4.4897
28.2.1 2 39 55.261 −1 34 00.35 (C) 5.9386
28.3.1 2 39 50.618 −1 34 08.47 (C) 4.4897
29.1.1 2 39 51.665 −1 35 16.09 5.5 – – >5 (C) 5.7505
29.2.1 2 39 51.266 −1 35 12.78 (C)
30.1.1 2 39 54.517 −1 34 25.65 2.3 – – 2.3 (C) 3.1563
30.2.1 2 39 54.015 −1 34 25.65 (C)
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