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ABSTRACT

Euclid is currently mapping the distribution of matter in the Universe in detail via the weak lensing signature of billions of distant galaxies. The
weak lensing signal is most prominent around galaxy clusters and can extend up to distances well beyond their virial radius, thus constraining their
total mass. Near the centre of clusters, where contamination by member galaxies is an issue, the weak lensing data can be complemented with
strong lensing data. Strong lensing information can also diminish the uncertainty due to the mass-sheet degeneracy and provide high-resolution
information about the distribution of matter in the centre of clusters. Here we present a joint strong and weak lensing analysis of the Euclid Early
Release Observations of the cluster Abell 2390 at z = 0.228. Thanks to Euclid’s wide field of view of 0.5 deg?, combined with its angular resolution
in the visible band of 0”13 and sampling of 0”1 per pixel, we constrained the density profile in a wide range of radii, 30 kpc < r < 2000 kpc, from
the inner region near the brightest cluster galaxy to beyond the virial radius of the cluster. We find relatively good consistency with earlier X-ray
results based on assumptions of hydrostatic equilibrium and thus indirectly confirm the nearly relaxed state of this cluster. We also find consistency
with previous results based on weak lensing data and ground-based observations of this cluster. From the combined strong + weak lensing profile,
we derive the values of the viral mass Msy = (1.48 + 0.29) x 10" My, and virial radius r,09 = (2.05 = 0.13 Mpc), with error bars representing
one standard deviation. The profile is well described by a Navarro-Frenk-White model with a concentration ¢ = 6.5 and a small-scale radius
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of 230kpc in the 30 kpc < r < 2000 kpc range that is best constrained by strong lensing and weak lensing data. Abell 2390 is the first of many
examples where Euclid data will play a crucial role in providing masses for clusters. The large coverage provided by Euclid, combined with the
depth of the observations and high angular resolution, will allow us to produce similar results in hundreds of other clusters with rich strong lensing

data that is already available.

Key words. gravitational lensing: strong — gravitational lensing: weak — galaxies: clusters: individual: Abell 2390 — dark matter

1. Introduction

Euclid, which is a mission of the European Space Agency
(ESA), is currently surveying large portions of the sky
(totalling ~ 14000deg® at the end of the survey) in one
visible band, Iz, and three (Yg, Jg, and Hg) near-infrared
bands. A summary of the Euclid mission is given in
Euclid Collaboration: Mellier et al. (2025). One of Euclid’s pri-
mary goals is to extract accurate cosmological information with
its high-quality shape measurements of ~1.5billion galaxies
(Euclid Collaboration: Congedo et al. 2024). These shapes con-
tain information about massive structures along the line of sight
that produce a warping of space around them that distorts the
apparent shape of background galaxies. Many of these galaxies
will be found behind galaxy clusters, which allows us to con-
strain the masses of galaxy clusters using gravitational lensing.
Euclid is expected to detect ~10° clusters with masses above
10'* My, and up to z ~ 2 (Euclid Collaboration: Mellier et al.
2025). All of these clusters will imprint weak lensing signatures
on background galaxies observed by Euclid and some of them
will also act as strong gravitational lenses that produce multiple
images of background galaxies.

Galaxy clusters are the most powerful gravitational
lenses. The combined capabilities of FEuclid regard-
ing sensitivity of the visible imaging instrument (VIS)

and near-infrared spectrometer and photometer (NISP)
instruments (Euclid Collaboration: Cropper et al. 2025;
Euclid Collaboration: Jahnke et al.  2025), spatial resolu-

tion, and sky coverage, allow us to extract the best weak
lensing (WL) signal around these clusters. Some of the clusters
observed by Euclid contain multiply lensed galaxies (or arcs),
which can be used as constraints on the distribution of mass in
the central regions of clusters, and also to break the mass-sheet
degeneracy in the inner region constrained by strong lensing,
provided that the lensed galaxies are at different redshifts (Saha
2000; Normann et al. 2025). At large radii, where only weak
lensing data is available, some level of mass-sheet degeneracy
may still introduce some uncertainty. Euclid’s spectroscopic
capabilities are more limited in the crowded fields of galaxy
clusters, which makes the determination of redshifts for these
strongly lensed arcs a challenging task. However, many of
the most prominent galaxy clusters observed by Euclid have
already been observed by other space telescopes, including the
Hubble Space Telescope (HST), and to a lesser degree the James
Webb Space Telescope (JWST), together with ground-based
telescopes that were used to estimate the redshifts of many of
these strongly lensed galaxies. The ancillary strong lensing (SL)
data available on these clusters (catalogues of spectroscopically
confirmed multiply lensed galaxies) present a unique opportu-
nity to combine precise SL data in the inner core of massive
clusters with Euclid’s WL data extending far beyond the virial
radius of each cluster. Such combinations of SL and WL data
have already been performed in the past.

Earlier efforts combined space-based data for the SL
constraints with ground-based data for the WL con-
straints  (Broadhurstetal. 2005; Limousinetal. 2007,
Oguri et al. 2009; Sereno & Umetsu 2011; Umetsu et al. 2016;
Chiu et al. 2018; Abdelsalam et al. 1998; Bradac et al. 2006,
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Umetsu et al. 2010; Jauzac et al. 2012; Wong et al. 2017), but
in such cases the quality of the WL data was affected by see-
ing, which limits the accuracy of the shape measurements, as
well as the depth of the observations. In other cases, only space-
based data were used but these are restricted to small areas
around the central region of the cluster, which therefore lim-
its the results (Niemiec et al. 2023; Cha et al. 2024, Zitrin et al.
2015; Chiu et al. 2018; Patel et al. 2024). A recent compilation
of methods used in the literature for joint weak and strong lens-
ing analysis can be found in Normann et al. (2025).

Euclid data are a very valuable addition to pre-existing SL
datasets, since they provide the sky coverage that is lacking in
earlier space-based observations of clusters while being unaf-
fected by the atmospheric effects that plague ground-based WL
observations. Clusters at relatively low redshift with known mul-
tiply lensed galaxies are of particular interest. Low-redshift clus-
ters have more background galaxies behind them and cover
larger areas that can be easily covered by Euclid.

One such low-redshift galaxy cluster lens, Abell 2390 (or
A2390), was observed as part of the Performance Verification
phase of Euclid in late 2023. The targets observed during this
campaign form a subset of observations known as the Euclid
Early Release Observations (ERO), which were made public in
May 2024. A description of the Euclid ERO programme is given
in Cuillandre et al. (2025). The preliminary results on A2390
were presented in Atek et al. (2025), where a first analysis of
the WL data was included. However, the results presented in
Atek et al. (2025) do not take advantage of new photometric red-
shift estimates for galaxies in the Fuclid image.

A2390 is a massive cluster at z = 0.228. From earlier work,
its virial mass is estimated to be My ~ 1.7 x 105 M, and
it has an estimated velocity dispersion of o, ~ 1100kms~!
(Carlberg et al. 1996). Lens models for A2390 were derived
in the past from ground-based observations and HST images
(Pierre et al. 1996; Frye & Broadhurst 1998; Pell6 et al. 1999;
Swinbank et al. 2006; Richard et al. 2008) but in all cases were
restricted to strong lensing. Chandra X-ray observations show
A2390 as a cool-core cluster with a temperature kg7 = (11.5 +
1.5)keV in the outskirts (Allen et al. 2001). Good agreement is
found between the inferred mass profile (under the assumption
of hydrostatic equilibrium) and a Navarro—Frenk—White (NFW)
profile with scale radius 0.8 Mpc and concentration ¢ =~ 3.3
(Allen et al. 2001).

More recently, additional evidence of a massive cooling
flow towards the brightest cluster galaxy (BCG) is discussed in
Alcorn et al. (2023) based on extended line emission found sur-
rounding the BCG. Furthermore, ALMA observations reveal a
massive concentration of molecular gas around the BCG, coin-
cident with the X-ray and optical emissions (Rose et al. 2024).
Radio observations of A2390 suggest past merger activity and
the presence of polarised radio emission at the edges of the clus-
ter (Bacchi et al. 2003). Finally, high-resolution LOFAR images
of A2390 show double-tailed emission around the BCG, which
strongly suggests the presence of an active galactic nucleus at its
centre (Savini et al. 2019).

The paper is organised as follows. In Sect. 2 we describe the
weak and strong lensing data used in this work. In Sect. 3 we
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Fig. 1. Colour composite image (Red = NISP Jg + Y + Hg, Green = HST-ACS-F850LP, Blue = VIS Ig) of the central region of A2390. The circles
mark the position of the spectroscopic sample of SL constraints from Richard et al. (2008, 2021) colour coded by their spectroscopic redshift
(indicated in the upper left). The number next to each small circle is the ID for each family of counterimages. We show the critical curves from the
SL + WL model in cyan at z; = 1.036 and red at z; = 4.05. The image covers 173 x 1/18.

discuss the algorithm WSLAP+ (Diego et al. 2005, 2007) used to
combine the weak and strong lensing data and derive the mass
distribution. We present our main results in Sect. 4. We finally
conclude in Sect. 5. We adopt a flat cosmological model with
Q. = 0.3 and Hy = 70km s~' Mpc~'. For this model, and at the
redshift of the lens (z = 0.228), 1” = 3.65kpc. For a different
cosmological model, our results would vary by a small percent-
age. Most notably, lensing masses scale with the Hubble con-
stant as H; I so for the Planck Collaboration VI (2020) model
with Hy = 67.4kms~! Mpc™! the cluster mass would be 3.86%
higher than the values derived with Hy = 70kms™' Mpc™' in
this work.

2. Euclid and ancillary data on A2390

Our WL measurements come entirely from the new Euclid data.
Here we summarise their main characteristics and refer the
interested reader to Schrabback et al. (2025) for further details.
Euclid observations of this cluster were carried out on November
28th 2023. The 50 limiting magnitudes of the stacked images in
the 4 Euclid filters are Iz = 27.01 for VIS (in apertures with
diameter 0”/3) and Yg = 25.18, Jg = 25.22, Hg = 25.12 for the
NISP images (apertures with diameter 076).

The photometric information (and derived photometric
redshifts) were obtained after combining information from

Euclid and ground-based ancillary data, in particular data from
Subaru/Suprime-Cam (Miyazaki et al. 2002) in the bands B, V,
R, i, I, and 7’ (covering ~ 28" x 34’), and Canada-France-
Hawaii Telescope (CFHT) Megacam u band. Both datasets com-
plement Euclid observations with photometric measurements,
relevant for the estimation of photometric redshifts. The ground-
based data do not cover the full extent of the Euclid imag-
ing, so we restricted our main analysis to a smaller square area
of 2685 x 26/85 where ground-based data are available and
photometric redshifts are most reliable. This area is approxi-
mately 2.5times smaller than the entire field of view of our
Euclid data, but is perfectly centred on the galaxy cluster.
A2390 is at low Galactic latitude (b ~ -28°), where cirrus
emission is significant. Photometry and shape measurements
are performed over the ‘denebulised’ images, where the con-
tribution from cirri has been reduced. The PSF was modeled
with PSFex (Bertin 2011), and the mask from Atek et al. (2025)
is used, after expanding it with extended low-redshift galax-
ies. Photometric redshifts are derived from Euclid and ground-
based data using Phosphoros (Euclid Collaboration: Paltani et al.
2024), specifically developed for the Euclid Science Ground
Segment and based on the code LePhare (Arnouts et al. 1999;
Ilbert et al. 2006). In addition, a self-organizsing map approach
combining all photometric information (ground-based and
space-based data), and callibrated with COSMOS data, is
also used to construct the distribution of galaxies as a
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function of redshift, n(z). See Schrabback etal. (2025) for
details.

In this work we use weak lensing measurements from a
subsample of background galaxies (from our photometric red-
shift catalogue) observed by Euclid. We refer to this sub-
sample as the clean catalogue that was produced by vetoing
galaxies that are likely members of A2390 or foreground galax-
ies. The clean catalogue is built after matching and merg-
ing three independent shape measurements: SE++ (Bertin et al.
2022; Kiimmel et al. 2022); KSB+ (Kaiser & Squires 1993;
Kaiser et al. 1995; Luppino & Kaiser 1997; Hoekstra et al.
1998; Erben et al. 2001; Schrabback et al. 2010); and LensMC
(Euclid Collaboration: Congedo et al. 2024). This catalogue is
the basis of the main weak + strong lensing analysis. In appendix
A we show results obtained from the raw catalogue where no
vetoing of galaxies is applied. The raw catalogue still suffers
from contamination from foreground and member galaxies and
it is included here only for illustration purposes. For the clean
catalogue we find a number density of sources with reliable
shear measurements between ~10 and ~50 galaxies per square
arcminute. This number density is representative of the expected
source density for weak lensing in Euclid. For comparison, the
number density in the raw catalogue before removing foreground
and member galaxies is approximately twice as large.

For the SL portion of the data, we relied on previous stud-
ies of this cluster with HST. We used the SL sample from
Richard et al. (2008, 2021) that complements previously known
redshifts of prominent arcs in the cluster with new spectroscopic
estimates from the Multi Unit Spectroscopic Explorer (MUSE).
The SL constraints are shown as coloured circles in Fig. 1, where
the number indicates the ID of the family of multiple images
from the same background galaxy. The lensed galaxies cover
a wide range in redshift between z = 0.5346 (system 4) to
z = 4.877 (system 7). The giant arc to the east (system 1) is
at z = 1.036, and for illustration purposes we show the critical
curve derived from our SL + WL model at that redshift, which
nicely intersects this arc close to its middle point (as expected).
The redshifts of each system are shown in the top left portion
of the figure, with numbers in parentheses indicating the system
ID with that redshift. Figure 1 also shows the critical curve at
z = 4.05 (see Sect. 4).

3. A joint SL + WL solution with WSLAP+

WSLAP+ was first described in Diego et al. (2005) and was orig-
inally developed to obtain the mass of galaxy clusters in a free-
form way. That is, with no assumptions about the distribution
of mass. The code was later expanded in Diego et al. (2007) to
include weak lensing measurements as additional constraints. A
further development is presented in Sendra et al. (2014) where
the code migrated from its native free-form nature to a hybrid
type of modelling where prominent member galaxies are added
into the lens model with a mass distribution that matches the
observed light distribution. The total mass of the member galax-
ies is the only free parameter, which is adjusted as part of the
optimisation process. The addition of member galaxies plays
a double role. On the one hand, it adds small-scale mass fluc-
tuations that cannot be captured by the free-form part of the
model. On the other hand, member galaxies act as a regular-
isation factor, anchoring the solution to a stable point in the
space of solutions and reducing the problem of overfitting the
data (see Sendra et al. 2014), which can otherwise produce spu-
rious structures around clusters as described in Ponente & Diego
(2011). The code has been validated with realistic lensing sim-
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ulations (Meneghetti et al. 2017), used to reconstruct multiple
lens models including all six Hubble Frontier Fields models
based on HST data (Diego et al. 2016; Vega-Ferrero et al. 2019),
and more recently to model clusters observed with the James
Webb Space Telescope (Diego et al. 2023, 2024). WSLAP+ is well
suited to fit rich lensing datasets where many constraints are
available, as in the case of MACS0416 where WSLAP+ is used
to fit the largest (to date) number of strong lensing constraints
(observed positions of lensed galaxies) in a single galaxy clus-
ter (more than 300, Diego et al. 2024). The free-form and hybrid
nature of WSLAP+ is also appropriate for combining SL. and WL
data, since the optimisation of the solution is carried by simul-
taneously fitting the SL and WL constraints. WSLAP+ was pre-
viously used to combine SL and WL data in the well studied
Abell 1689 cluster combining SL data from HST with WL data
from Subaru (Diego et al. 2015). After the implementation in
Sendra et al. (2014), additional improvements were made, such
as the inclusion of critical points as constraints (see below). The
description given here is the most up-to-date formulation of the
code.

WSLAP+ is based on a simple decomposition of the deflection
field, a, as a superposition of Ng two-dimensional Gaussians
(other decompositions have been tested, including polynomi-
als, but the Gaussian decomposition provides the most robust
results). Under this decomposition, the deflection @ at a given
position @ is computed as the sum of Gaussians placed at specific
predetermined positions. These positions define a grid where
the Gaussians are placed. The width of each Gaussian is also
determined by the grid as separation between neighbouring grid
points:

4G Dds 0—0,'
0) = — (6;,0)———, 1
6) = Dopg 2055 )

Ng

where m;(6;, 6) is the mass contained in the Gaussian mass dis-
tribution at position #; and integrated out to the position 6. Fac-
tors Dys, Dos, and Dyg are the angular diameter distances from
the deflector to the source, from the observer to the source, and
the observer to the deflector, respectively. The positions of the
Ng Gaussian functions, ;, define a grid that can be either reg-
ular in shape or follow an irregular distribution, with a higher
density of points in the central region, where SL constraints are
present, and the WL signal is stronger. A regular distribution of
grid points represents a flat prior on the mass distribution since it
makes no assumptions about the distribution of mass. The irreg-
ular grid is equivalent to a prior on the mass, where more mass
is expected in regions where the grid has higher density. For sit-
uations like the ones discussed in this paper, where the centre of
the lens is well determined from SL constraints, the use of the
irregular grid is well motivated. Nevertheless, the irregular grid
that we use is derived after a first optimisation performed with
the regular grid, which results in an initial map of the mass dis-
tribution. The irregular grid samples this mass distribution and
increases the number density of grid points in the portions of
the lens plane with more mass, while reducing the total num-
ber of grid points, Ng, and hence the number of free parameters.
The distribution of the grid is shown in Fig. 2. The width of the
Gaussians range between about 1’ near the centre to about 2’
near the edges. In the central 4’ X 4’ region constrained by SL
(and marked with a yellow rectangle in Fig. 2) we increase the
resolution even further by adding 123 smaller Gaussians with
widths ranging from 12" near the BCG galaxy to 40" near the
edges of the central 4’ X 4’ region. Combined with the 208 large-
scale Gaussians that cover the larger 2685 x 2685 region, the
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Fig. 2. Multi-scale grid used for binning the shear measurements in the clean catalogue. The grid is centred on the cluster. Left: Number of galaxies
per square arcminute in each bin when only considering galaxies in the tomographic bins 3—10 described in Schrabback et al. (2025). The smallest
bins in the centre are approximately 1’ X 1’ while at the edges the bins are 2724 x 2:24. The full area is 2685 x 26!85. A similar grid configuration is
adopted for the Gaussian functions in the distribution in mass. For the mass grid, the central 4’ X 4’ region (where the strong lensing constraints are
found) is marked with a yellow square. This small region is further divided with an additional set of 123 smaller Gaussians (not shown). Middle
and right: Observed shear y; and 7y, in the same multi-scale grid, same field of view, and for LensMC. The classic structure of y; and y, can be

seen (i.e. horizontal and nr/4-oriented quadrupole).

total number of Gaussians is 331. We tested the solution with
different grid configurations with varying number of grid points,
N,. For solutions where 250 < N, < 400 we find small varia-
tion in the solution. Lens models derived with N, < 250 start
to degrade in resolution while models derived with Ny, > 400
introduce artefacts, specially at large radii (noise overfitting).

For each SL constraint (or position #), we have two equations
similar to Eq. (1), one for the x-component and one for the y-
component of 6. Given Ny lensing constraints, the lens equation
(B = 0 — @) can be written in algebraic form

0, \ ([ O B

(6 )08 )l 5) @
where 6, and 6, are both an array of dimension Ny containing the
observed x and y coordinates of the Ny SL arcs. B, and S, are
each arrays of dimension N containing the unknown coordinates
(x and y) of the N sources, and M is another array of dimension
Ng cells containing the unknown masses of the Gaussians in the
grid. Finally, the matrices @y and ©, each have dimension Ny X
Ng and are known once the SL constraints and grid positions are
determined. The terms of this matrix are the individual elements
appearing in Eq. (1), with the masses m; of each grid point set
to 1 x 105 M, at large distances from the grid points. Near each
grid point, this mass is set by a Gaussian distribution,

1 66,6 6d0

mi(8;,0) = 10" Mo | - 5————|.
|, G0 6do

3

Adding member galaxies to the Gaussian grid decomposition
of the mass can also be expressed in same the algebraic form
as Eq. (2), with the only difference being that the mass of the
member galaxies is a superposition of layers, with each layer
containing a group of galaxies having similar light-to-mass ratio.
The minimum number of layers is 1 and the maximum is the
number of member galaxies considered, or lens planes in cases
where line of sight effects need to be considered. For this work
we adopt the simplest scenario where all member galaxies have
the same light-to-mass ratio so there is only one layer containing
all member galaxies.

The WL constraints can also be described in terms of differ-
ences of the deflection field and have a similar algebraic descrip-
tion to Eq. (2), only in this case the left column contains the
observed shear measurements (y; and y,) and on the right-hand
side there is no S term,

(7 )-(%

Similarly, member galaxies contribute to the shear with a simi-
lar system of linear equations as in Eq. (4). Since observations
measure the reduced shear, g = y/(1 — «), WSLAP+ uses a pre-
vious solution (transformed into «) to compute the matrix ele-
ments in Eq. (4). This is an important correction in regions of
the lens plane where « is more significant (i.e., near the centre
of the lens). This process is iterated twice to ensure consistency
between « and the reduced shear. The shear is computed for each
of the grid points in Fig. 2 by taking a weighted average of the
individual shears of all galaxies falling in each square bin. The
weights are a byproduct of the code LensMC used to measure
shapes (Euclid Collaboration: Congedo et al. 2024). The result-
ing shear measurements are shown in the middle and right panels
of Fig. 2. Similarly, we compute the weighted mean redshift for
each square bin and from the same galaxies. This mean redshift
is different for each square bin and is used in the definition of
the terms [y and I in Eq. (4). In both cases (mean shear and
mean redshift per square bin), we exclude galaxies in the first
tomographic bin from Schrabback et al. (2025). This excludes
likely foreground and member galaxies from the average sig-
nal. Finally, to avoid unstable non-linearities near regions of high
convergence (k ~ 1), we ignore the shear measurements in the
3 % 3 inner bins shown in the left panel of Fig. 2. This portion of
the lens plane is well constrained by SL measurements.

The latest improvement to WSLAP+ was the addition of the
position of critical curves, based on the observed position of
arcs merging at the critical curves and their orientation. We do
not use critical point information in this work but we include
a brief description here for completion. In Diego et al. (2022,
Appendix A.2) it is shown how, after a suitable rotation, the crit-
ical point information can also be described as a linear transfor-
mation of the deflection field in a form similar to the previous

)M. @
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linear equations,

A A

(3 )-(5 J»
where 1; = k + ylf and A, = yzR, with « the lens model con-
vergence at the critical point and ylf, 72R the shear at the same
position but after a suitable rotation in the observed direction of
the arc. After this rotation 4y = 1 and A, = 0 at the critical
points. The values of 4; and A, can be used as additional con-
straints, as demonstrated in Diego et al. (2022) that used these
additional constraints to improve the lens model near the lensed
star “Godzilla” (at z = 2.37).

Combining all the available constraints, we can define a
global system of linear equations that contains SL, WL, and crit-
ical point information (when available):

&)

o oM ef I, o
x eM et o |
Oy AAE o o (M
A x X c
=AM AC 0 0 , (6)
/12 k;l é ﬂx
v rRA ré 0 0 B,
2 m rs oo

where we show the explicit structure of the matrix. All terms in
the 2 X 2 tensor are matrices, as described in Eqgs. (2), (4), and
(5). We also include here the terms associated with the member
galaxies, such as C on the right-hand side, which is a multiplica-
tive factor to the fiducial mass adopted for member galaxies. The
upper index M or C refers to the matrices that are multiplying
the M or C terms in the vector of unknown variables. The ij ele-
ments in the matrix I are 1 if the 6; pixel contains a constraint
from the B; source, and are 0 otherwise. The O matrix denotes
the null matrix. Equation (6) can be written in the more compact
form

®=TX, 7)

where @ is an array containing the observed positions of the
arcs, critical points at different redshifts, and binned shear mea-
surements, [ is the known non-square matrix in Eq. (6), and X
is the solution we seek; This is, a vector with all the unknowns:
masses in the Gaussian decomposition (M); multiplicative fac-
tors for the fiducial mass of the member galaxies (C); and source
positions (B, and By).

Even though the number of variables is often larger than the
number of constraints, a direct inversion of the linear system of
Eq. (7), X = I"'®, is in principle possible through singular value
decomposition (which also works for non-square matrices) and
after ignoring the terms associated with the smallest eigenval-
ues. However, the solutions obtained following this method are
in general quite noisy. A better approach is to define the residual
array

R=®-TX, 8)

and find the minimum of the scalar function f(R) = R'C™'R,
where C is the covariance matrix, which can be approximated
by a diagonal matrix with terms o, o°cp, and oy , Where os,
ocp, and ow are the uncertainties in the SL positions, critical
point position, and WL shear measurements. Although not thor-
oughly tested yet with WSLAP+, off-diagonal terms in the covari-
ance matrix can also be included, thus resulting in more precise
solutions, but we ignore these terms here, since they are usually

much smaller than diagonal terms.
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For this cluster, we do not use critical point positions as con-
straints. For o-g;. we adopt an uncertainty of 0’2 or two pixels in
the VIS images. For the shear measurements, we consider contri-
butions from statistical shear measurements and from large-scale
structure (Jain & Seljak 1997; Hoekstra et al. 1998); that is,

2> _ 2 2
OWL = Tstar + Tiss>

©))

where o is the average ellipticity of Ny, galaxies that are
found in a given bin,

0.25
g, = —,
o VNshear

where we assumed that the typical ellipticity of a galaxy before
being sheared is 25%. For o7 ss, we follow Jain & Seljak (1997),

(10)

where for our cosmological model and assuming z; = 1.5, we
find
oLss = 0.0128/A%42, (11)

where A is the size of the bins (in arcmin) used to average the
shear (see Fig. 2). For the model reconstruction, we assume a
mean redshift per bin for the weak lensing measurements corre-
sponding to the mean of Dys/D,s from the WL catalogue in each
of the WL bins. This value fluctuates from WL bin to WL bin
and it is in the range 0.6 < Dgs/Dos < 0.7.

By construction, the minimum of f(R) is also a solution of
the linear system of Eq. (7). This can be proven by simply set-
ting the derivative of f(R) to zero. The minimum of f(R) can be
found by fast algorithms such as the bi-conjugate gradient, but
this can result in unphysical solutions where the masses in the
Gaussian decomposition (or elements X; in the solution array X)
can be negative. Instead, we use a somewhat slower but more
robust quadratic programming algorithm that seeks the mini-
mum with the physical constraint X; > 0, that is, the Gaussian
masses, the mass of the member galaxies, and the source, posi-
tions all have to be positive (see Diego et al. 2005, for details).
The positive nature of the masses is obvious. For the source posi-
tions, we define the origin of coordinates in the bottom-left cor-
ner of the field of view considered. With this choice, all positions
are always positive in this frame of reference, so the require-
ment X; > 0 is meaningful. In practice, since we are making
the assumption that the distribution of mass is well represented
by a superposition of Gaussian functions, and we know that this
assumption must be wrong to some degree, we are not interested
in the minimum of f(R), but in a value of f(R) close enough
to the minimum, but above it by some value €. Without the addi-
tion of member galaxies, WSLAP+ can recover solutions with very
small values of €. These solutions can be affected by artefacts,
such as spurious rings of dark matter (Ponente & Diego 2011),
which try to compensate for the imperfect original assumption
with an imperfect solution. In earlier versions of WSLAP+, the
optimisation had to be stopped when f(R) < eg, with eg play-
ing the role of a regularisation term. Fortunately, the addition
of member galaxies reduces, and in practical terms, eliminates
this problem, since the optimisation reaches a point where the
addition of more fluctuations in the Gaussian masses is anchored
by the fixed mass distribution inside the member galaxies. This
results in f(R) converging to a constant value (see Sendra et al.
2014).

4. Derived SL + WL lens model

We derived a series of solutions considering the same set of SL
constraints, but with the three WL catalogues described in Sect. 2
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Fig. 3. Surface mass density (X) profiles as a function of radius (r) cen-
tred on the BCG for the three WL clean catalogues. Two NFW pro-
files are shown in black-grey. The dotted black line is the NFW derived
from X-rays assuming hydrostatic equilibrium. The short-dashed black
line is an NFW that fits the SL + WL model in the region that is best
constrained by the SL + WL data. The light-blue band shows the 1o
variability in the LensMC profile when we change the initial guess in
the SL + WL optimisation algorithm. The dashed dark-blue curve is the
joint SL + WL solution when we use the raw LensMC in a larger field
of view and with a minimal selection of objects (see Appendix A).

(SE++, LensMC, and KSB+), and produced independently from
the same Euclid data (see Schrabback et al. 2025, for details).
To explore the range of solutions that are consistent with the
data, we also varied the initial guess in the optimisation pro-
cess. This initial guess introduces a degree of randomness in the
derived solution, which is important to explore. Regions in the
lens plane playing a less significant role in fitting the data are
poorly constrained and suffer from a memory effect where the
value they adopt after the optimisation correlates with the ran-
dom value assigned in the first step of the optimisation. This hap-
pens for instance at relatively large distances from the centre of
the cluster, where the WL signal is weakest, and can be partially
described by the lensing effect from the central overdensity, thus
requiring little or no mass in the outskirts of the cluster. This is a
form of non-classical mass-sheet degeneracy where non-uniform
distributions, for instance a ring of mass around the lens can have
a small impact near the centre of the lens but larger in the out-
skirts. We explored this range of solutions for just one of the WL
clean catalogues (LensMC). Most of the variability in the derived
solution comes from the initial guess, and not the WL catalogue
that is similar in all three cases as shown by Schrabback et al.
(2025). Hence, solutions derived with the other two catalogues
(SE++, and KSB+) exhibit a similar degree of variability.

We optimised the mass in the lens plane with WSLAP+ for
the three WL clean catalogues (SE++, LensMC, and KSB+) and
the fixed set of SL constraints. The mass profile obtained from
each catalogue (centred in the BCG) is shown in Fig. 3. As
described in the previous section, the lensing mass is obtained as
a superposition of 2D Gaussian functions plus the re-scaled 2D
distribution of the light of member galaxies. Hence, no profile
is assumed for the cluster in Fig. 3. The horizontal dot-dashed
line in the bottom shows the critical density of the Universe
at z = 0.23 projected along 4 Mpc (roughly twice the virial
radius). The three profiles, derived with the same initial guess,
are shown as coloured lines and demonstrate excellent consis-
tency among them, with small differences in the inner 10 kpc,

which is the range unconstrained by SL measurements (or WL
data). The derived profile is also in excellent agreement with the
profile derived using strong lensing data only but a parametric
model for the mass distribution (Abriola et al. 2025). In Fig. 3
we also compare the derived SL + WL profiles with an NFW
profile (Navarro et al. 1996). This profile is given in its canoni-
cal form:

. Po
r/rs(1 +r/r)?’

p(r) (12)

where the normalisation factor, p,, is such that the mean density
within the radius ;g is 200 times the critical density at redshift

Z, Perit(2):
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where ¢, is a constant that depends on the concentration param-
eter, ¢, and H(z) the Hubble parameter at redshift z. Since the
radial profile is computed assuming circular bins, we assumed a
spherical halo for the projected NFW profile. We found that the
profile is reasonably well reproduced by an NFW with concen-
tration parameter ¢ = 6.5 and a relatively small-scale radius r =
230kpc (black dashed curve in the figure). This is higher than
the concentration derived by Allen et al. (2001) based on Chan-
dra data (¢ ~ 3, black dotted curve in the figure), but our best-fit
NFW model agrees better with the ones derived from Subaru WL
data, ¢ = 6.4 (Oguri et al. 2010) and ¢ = 6.2 (Okabe et al. 2010).
A posterior analysis in Okabe & Smith (2016) finds ¢ = 4.1*]/.
This lower concentration is partially explained by the fact that
Okabe et al. (2010) used blue galaxies, which give a higher con-
centration (and lower masses) due to contamination of surround-
ing galaxies.

The range of possible solutions obtained when we vary the
initial guess is shown as a light blue band in Fig. 3, which can
be seen only at large radii (R > 1 Mpc) since at smaller radius
the light-blue region is very thin. As expected, the model is
less constrained at larger radii, where the WL signal is weakest.
The low-end of the range of profiles is obtained when the ini-
tial guess for the optimisation is set to random normal variables
with a small dispersion (og = 10'' M) in the initial guess for
the mass of the Gaussians. The high-end of the profile range is
obtained when the initial guess is allowed to have larger masses
(0g = 4 x 10'"' My). In both cases, Gaussians in the outskirts
of the cluster play a smaller role in fitting the observed WL data
(and no role in the SL portion of the data). They are poorly opti-
mised, maintaining values closer to their original value (mem-
ory effect). Part of the uncertainty at large radii shown by the
blue band can be attributed to the mass-sheet degeneracy which
is affecting more the WL portion of the data. As the initial guess
varies between small and large values of o, this is similar to
applying a constant sheet of mass that retains some of its value
at large radius while it is better constrained at small radii (by the
SL portion of the data). This is similar to the more general ring-
like degeneracy studied in Liesenborgs et al. (2008), but see also
Ponente & Diego (2011) for a discussion of these artefacts.

From the range of possible models (light-blue shaded area),
we can estimate the range of values for the virial radius, rgp.
Instead of relying on an analytical fit to the observed profiles,
we computed the mass density from the derived SL + WL pro-
files inside a cylinder of radius R and length L = 2R along the
line of sight. Then we defined ryyy as the radius of the cylin-
der where the density inside the cylinder is 200 times the critical
density. Using the cylindrical projection has the advantage of not
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1 arcmin

Fig. 4. Contours of the convergence at z; = 3. The member galaxies
used in the model are also shown in black. The value of the convergence
is indicated for some contours. We mark the value of «x = 0.5 with a
thicker contour, which indicates the approximate position of the cluster
critical curve at higher redshift. The value for the convergence in the
last contour near the centre of the plot is k = 1.06.

Table 1. Comparison with results from the literature.

Mass (10" M)

M2()0 = lgi?g
My = 1.04703

Reference

Allen et al. (2001)
Oguri et al. (2010)

~0.28
Okabe et al. (2010) My = 1.17*53]
Applegate et al. (2014)  M(<1.5Mpc) = 1.02*518
Hoekstra et al. (2015) M,y = 2.31f8§2
Okabe & Smith (2016) Magy = 1514021
Sereno et al. (2025) My = 2.63%3%,
Schrabback et al. (2025)  Magp = (1.45-1.64)02,
This work Moo = 1.48%3%

relying on profiles to compute the overdensity in a sphere. Tak-
ing into account the dispersion of the profiles shown in Fig. 3
(light-blue region), we estimated the virial radius to be ryg9 =
(2.05+0.13) Mpc. This result is consistent with the low end of the
range of virial radii derived from X-rays in Allen et al. (2001),

a0 = 2.6")¢ Mpc. Similarly, we found that the mass enclosed

within the virial radius is Mago = (1.48 +0.29) x 1015 M,

This is consistent with previous results for this cluster sum-
marised in Table 1. The quantities M,;; and Mpyy are closely
related but not identical, with the ratio between the two depend-
ing on cosmology and profile parameters. M,; is often higher
than My by around 20% (White 2001), a direct consequence
of the smaller contrast in the definition of the virial mass and
radius (178 versus 200 for the overdensity). Our mass estimate
is consistent with masses derived from X-rays in Allen et al.
(2001), and weak lensing masses derived from Weighing the
Giants (from CFHT and Subaru data, Applegate et al. 2014),
or Subaru WL estimates in Oguri et al. (2010), Okabe et al.
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Fig. 5. Comparison of the convergence map in the centre of the cluster
(shown in Fig. 4, colour scale) with the X-ray emission from Chandra
(contours). For clarity, the convergence is saturated beyond « = 1.2.

(2010), and Okabe & Smith (2016). A higher mass is found in
Hoekstra et al. (2015) as part of the Canadian Cluster Compari-
son Project (CCCP). This mass is based on a fit to an NFW pro-
file (and also for 2 = 0.7). This large difference with our mass
estimate cannot be attributed to the slightly different definitions
of My, and Myg. More recently, Sereno et al. (2025) estimates
a dynamical mass based on the velocity dispersion of 353 mem-
bers. The larger dynamical mass is partially due to the larger
radius, ry00 = 2.64 Mpc, considered in that work. The revision
from Okabe & Smith (2016) yields also a higher mass, which
may be connected with the lower concentration, ¢ = 4.1%] ),
found in that work. Our mass estimate is also in excellent agree-
ment with the WL-only result (based on the same Euclid WL
data) from Schrabback et al. (2025), that finds Moy = (1.45 +
0.19)x 105, (1.64+0.21) x 10", and (1.49 +0.21) x 10'5 M, for
the SE++, LensMC, and KSB+ catalogues ,respectively, assuming
an NFW halo with a concentration ¢ = 4.

The 2-dimensional distribution of mass in the central 4’ x 4’
region is shown in Fig. 4. It also shows the cluster members used
as part of the lens model. The contours show the values of the
convergence at z; = 3 and are mostly given by the smooth super-
position of Gaussian functions. The smooth component peaks at
the BCG position but is elongated in the NW-SE direction. A
similar elongation is observed in the distribution of the X-ray
emitting plasma, as shown in Fig. 5. In this case, the peak of
the X-ray emission aligns with the position of the BCG, as well
as with the maximum in the smooth component of the mass. A
similar result is obtained when comparing with the intracluster
light (ICL) in A2390, where the peak of the ICL matches well
the X-ray and mass peaks (Ellien et al. 2025). The absence of
additional peaks in the smooth distribution of mass, with a rel-
atively small elongation, suggests a relaxed dynamical state of
the cluster, which may explain the good agreement between the
SL + WL profile and the X-ray profile obtained after assuming
hydrostatic equilibrium. On the other hand, the large concentra-
tion inferred from the SL + WL analysis favours a prolate geom-
etry for the cluster, with its main axis offset from the line of
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Fig. 6. Mass model (colour in log scale) vs. X-ray emission (contours)
on a larger region and for the LensMC WL clean catalogue. Masses are
given in My, per pixel (one pixel = 2" x 2" or 53.92 kpc?). The white cir-
cle has a radius of 9.36 arcmin (2.05 Mpc at the redshift of the cluster),
which marks the estimated virial radius of the cluster. X-ray contours

correspond to 0.065, 0.12, 0.2, 0.5, 1, 2, 5, and 10 counts per pixel.

sight and along the NW-SE direction, which could also explain
the observed elongation.

The WL data over the large field of view of Euclid allow us to
study the distribution of mass up to, and beyond, the virial radius.
The two-dimensional distribution is shown in Fig. 6. The same
NW-SE elongation found in the central region is also observed
on larger scales, although less well defined, and with substruc-
ture deviating from a purely elliptical shape. A slightly higher
concentration of mass can be observed in the NW section of the
cluster, compared with the SE sector. A small dip in the mass is
also observed SW of the BCG, which appears to correlate with
a reduction in the X-ray emission. However, the X-ray data are
still too noisy to extract solid conclusions about this possible
correlation.

5. Conclusions

We present the first SL + WL analysis of a galaxy cluster based
on Euclid data (WL) and previous SL data. Euclid will pro-
vide similar measurements of the virial mass for hundreds of
clusters and ancillary strong lensing high-quality data from tele-
scopes such as HST or JWST is already available. The depth,
large field of view, and resolution of Euclid images allow us
to detect galaxies down to Iz ~ 27 mag, well beyond the virial
radius of the cluster, and with a spatial resolution of =073, well
suited for measurements of the shear of individual high-redshift
galaxies.

We combined the WL data from Euclid with preexisting
HST SL data of the A2390 cluster, with the free-form hybrid
method WSLAP+. In this approach, we model the distribution
of mass as a smooth superposition of Gaussians and a more

compact component that traces the light of the most prominent
member galaxies in the cluster. For the WL data, we considered
a clean catalogue, where we restricted ourselves to a subsam-
ple of galaxies with photometric redshifts based on Euclid and
ground-based data.

From the combined SL + WL profile, we constrained the
virial radius as 99 = (2.05 + 0.13) Mpc, and virial mass as
Moo = (1.48 £ 0.29) x 10" M, These constraints are in agree-
ment with earlier X-ray and weak lensing results. Additionally,
the derived mass profile is consistent with earlier results based
on X-ray data that assume hydrostatic equilibrium, which sug-
gests that the cluster must be close to equilibrium. However,
the lensing profile does not match the X-ray derived profile
exactly, which suggests that the cluster is not in perfect equilib-
rium. Interestingly, the lensing profile is below the X-ray profile,
contrary to what is expected where the hydrostatic bias tends
to bring the X-ray inferred mass below the lensing mass (see
a recent result in Mufioz-Echeverria et al. 2024). We found a
higher concentration for the cluster, which is consistent with the
higher concentration found in previous WL studies from Sub-
aru data. We also find consistency between the derived SL + WL
virial mass and virial radius and earlier results. Part of the uncer-
tainty in our results originates in the relatively small area of
the ERO observations, which is further limited by the avail-
able ground-based photometry in a portion of this area. This
affects the profile at large radii in particular, where the slope
of the profile is more poorly constrained. Ground-based data are
required to derive photometric redshifts for all the galaxies in the
field and remove both foreground and member galaxies. Future
studies based on Euclid data will cover larger areas and have
improved photometric redshift estimates. This will be important
to reduce the mass-sheet degeneracy that still affects the estima-
tion of mass at large radii.

A2390 represents the first of many examples where Euclid’s
high-quality WL data can be combined with available SL data
to constrain the mass distribution of a cluster out to its virial
radius. One of the main limitations of the current study is the
lack of spectroscopic confirmation (from Euclid) of galaxies in
the same field of view, since these were not available at the time
of preparing this manuscript. Future results based on Euclid will
take advantage of its spectroscopic capabilities, as well as addi-
tional ancillary observations, which will result in better removal
of foreground galaxies and improved measurements of the WL
signal and inferred virial mass.
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Appendix A: LensMC raw shear field analysis

The main WL analysis presented in this paper is based on the
clean catalogue, which is limited in sky area (~ 0.25 deg?) and
depth (Ig < 26.5) in order to facilitate the photometric selec-
tion of background galaxies and estimation of their true red-
shift distribution. To illustrate the full potential of the Euclid
LensMC shape catalogue we additionally include a simplified
analysis of the measured raw shear field (without background
selection, contamination correction, and redshift calibration) in
this Appendix, going beyond these limitations both in terms of
area and depth. Only a simple selection is done to remove unre-
solved objects (mostly stars) and obvious foreground objects
with a larger half-light radius. This procedure removes 26.1%
of the objects in the catalogue. After this simple selection, the
typical number density of sources is larger by a factor approxi-
mately 2-3 than the number density of sources in the clean cat-
alogue used for the main result. The shear from this raw sam-
ple is still expected to be contaminated by member galaxies and
small foreground objects. This is particularly true for the cen-
tral region within the virial radius where most member galaxies
are expected to be found, but as we move away from the cluster
centre, member galaxies should be less of an issue in terms of
contaminating the shear. In order to test the content of lensing
signal in the raw shear measurements, we perform two simple
tests.

i) First, we computed the tangential and cross-components
of the raw shear by weighting average of the corresponding
ellipticity components in angular bins. The tangential and cross-
components of the shear are computed adopting a point near the
BCG as the centre, RA= 3282406, Dec= 1726961. The tangen-
tial component of the raw shear is detected with a signal-to-noise
ratio of S/N = 41 when combined over all bins up to 30 arcmin
(or a factor about 3times the estimated virial radius). Mean-
while, the cross component oscillates around zero, as shown in
Fig. A.1.

i1) As a second test, from the raw shear measurements we
computed the convergence map via the classic Kaiser—Squires
inversion (Kaiser & Squires 1993). The map was originally esti-
mated on a grid size of 12", which is later smoothed via median
filtering to 2’. We show the resulting decomposition into E
and B modes (Stebbins 1996; Hu 2000; Crittenden et al. 2002;
Schneider et al. 2002) in Fig. A.2. The cluster is detected with
high significance in the E mode reconstruction, while the B
mode reconstruction is consistent with noise. Similarly to the
results obtained with the clean shear measurements, when using
the raw shear measurements we find no evidence of substructure
beyond the virial radius.

Finally, using the raw shear we recomputed the joint
SL + WL solution on the larger field covered by the raw cata-
logue (an area approximately twice as large as the area covered
by the clean shear catalogue). The result is shown as a dashed
blue line in Fig. 1. The profile derived with the raw shear is
clearly above the profile derived with the clean catalogue and
has a smaller concentration, resembling more the profile derived
from X-ray data (dotted line in the figure). The difference with
the profile obtained using the clean catalogue (solid blue line)
is likely due to contamination from member galaxies and fore-
ground objects in the raw catalogue. Also, part of the difference
may be due to the fact that in the case of the raw catalogue the
relative weight of the shear data (with respect to the strong lens-
ing constraints) is larger due to the increase in the number den-
sity of shear measurements per bin (see Eq. 10).
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Fig. A.1. Tangential,and cross-components, (g, and gy, respectively) of
the raw shear estimates (without background selection and contamina-
tion correction) from the full-depth LensMC catalogue as a function of
angular distance from the cluster centre. The signal is significant for
r < 25'. The cross-shear, gy, is largely consistent with zero (except
the first bin, heavily contaminated by member galaxies), which demon-
strates the good control of systematic errors in this raw catalogue.

While the larger mass in the central region of the cluster
may be attributed to contamination from member galaxies, the
increase in mass in the dashed line profile is more noticeable at
the outskirts of the cluster. Interpreting the increase in mass at
larger radii is not trivial. This could still be due to contaminants
to the WL signal, although we expect contamination to decrease
significantly at larger radii. Alternatively, the difference may be
due to the increase in the signal-to-noise ratio at larger radii,
since the number density of galaxies is larger.
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Fig. A.2. Convergence map reconstructed from the LensMC raw shear catalogue (without background selection and contamination correction),
decomposed into E-modes (left) and B-modes (right). The alignment of the cluster mass in the SE-NW direction (left) is similar to the orientation
found with the clean shear catalogue (Fig. 5). The absence of a clear B-mode signal in the right panel demonstrates the good control of systematic
errors in this raw catalogue.
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