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ABSTRACT

We present a detailed strong lensing analysis of the massive and distant (z = 0.870) galaxy cluster ACT-CL J0102-4915 (ACT0102,
also known as El Gordo), taking advantage of new spectroscopic data from the Multi Unit Spectroscopic Explorer (MUSE) on the
Very Large Telescope and archival imaging from the Hubble Space Telescope. Thanks to the MUSE data, we were able to measure
secure redshifts for 374 single objects, including 23 multiply lensed galaxies, and 167 cluster members of ACT0102. We used the
observed positions of 56 multiple images, along with their new spectroscopic redshift measurements, as constraints for our strong
lensing model. Remarkably, some multiple images are detected out to a large projected distance of ~1 Mpc from the brightest cluster
galaxy, allowing us to estimate a projected total mass value of 1.84*30} x 10'> M, within that radius. We find that we need two
extended cluster mass components, the mass contributions from the cluster members and the additional lensing effect of a foreground
(z = 0.633) group of galaxies, to predict the positions of all multiple images with a root mean square offset of 0””75. The main
cluster-scale mass component is centred very close to the brightest cluster galaxy, and the other extended mass component is located
in the north-west region of the cluster. These two mass components have very similar values of mass projected within 300 kpc of their
centres, namely 2.29*0% x 10" M, and 2.107098 x 10'"* Mo, in agreement with the major merging scenario of ACT0102. We make

-0.10
publicly available the lens model, including the magnification maps and posterior distributions of the model parameter values, as well

as the full spectroscopic catalogue containing all redshift measurements obtained with MUSE.

Key words. galaxies: clusters: individual: ACT-CL J0102—-4915 — gravitational lensing: strong — dark matter

1. Introduction

The well-established scenario of a hierarchical structure forma-
tion of the Universe predicts that small overdensities undergo
merging events, growing in mass across cosmic time and form-
ing massive clusters of galaxies (see e.g., White & Frenk 1991;
Navarro et al. 1996). In such a scenario, clusters act as cross-

* Table 1 containing the full redshift catalogue and lens model
files are available at the CDS via anonymous ftp to cdsarc.cds.
unistra.fr (130.79.128.5) or via https://cdsarc.cds.
unistra.fr/viz-bin/cat/J/A+A/678/A3

roads between cosmology and astrophysics, and thus carry
precious cosmological and astrophysical information. Their
abundance is mainly driven by the amplitude of mass density
fluctuations (parameterised by the quantity o) and the total
mass density of the Universe, Q; (Wang & Steinhardt 1998;
Rosati et al. 2002; Abbott et al. 2020). Moreover, the merging
history is also a factor that shapes the properties of galaxy
clusters. For instance, galaxy clusters with no recent merging
event are expected to have a more regular distribution of satel-
lite galaxies and a very massive and bright central galaxy com-
pared to other cluster members (see e.g., D’Onghia et al. 2005;

A3, page 1 of 17

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


https://doi.org/10.1051/0004-6361/202244897
https://www.aanda.org
mailto:gb.caminha@tum.de
https://cdsarc.cds.unistra.fr
https://cdsarc.cds.unistra.fr
ftp://130.79.128.5
https://cdsarc.cds.unistra.fr/viz-bin/cat/J/A+A/678/A3
https://cdsarc.cds.unistra.fr/viz-bin/cat/J/A+A/678/A3
https://www.edpsciences.org
https://creativecommons.org/licenses/by/4.0
https://www.aanda.org/subscribe-to-open-faqs
mailto:subscribers@edpsciences.org

Caminha, G. B., et al

Zarattini et al. 2021). On the other hand, numerous recent merg-
ing events tend to disturb the dynamical state of galaxies in
clusters and produce a spatial offset between the dark-matter dis-
tribution and the intracluster hot gas, traced by the X-ray emis-
sion (Clowe et al. 2004; Bradac et al. 2006). Thus, an accurate
description of the total mass distribution in clusters is crucial to
better understanding how these structures evolve across cosmic
time.

Gravitational lensing is one of the most direct ways to mea-
sure the total mass in galaxies (Grillo 2012; Oguri et al. 2014)
and galaxy clusters (Umetsu et al. 2016; Caminha et al. 2019)
because it does not depend on baryonic or dynamical processes
(Kneib & Natarajan 2011; Meneghetti 2021). In the very inner
cores of galaxy clusters, that is, the region characterised by the
strong lensing regime (a few hundred kiloparsecs), a detailed
total mass map can be obtained using the model constraints
provided by a large set of spectroscopically confirmed multi-
ple images from background galaxies (see e.g., Lagattuta et al.
2017; Caminha et al. 2017b; Bergamini et al. 2023).

All these studies, supported by high-precision lens mod-
els, have mostly focused on clusters at relatively low redshifts,
mostly in the range 0.3-0.5. Their inferred internal total mass
distribution, particularly that from their sub-halo mass compo-
nent, has recently been compared to state-of-the-art cosmologi-
cal simulations, revealing intriguing tensions with expectations
in the A cold dark matter (CDM) scenario (see Meneghetti et al.
2020, 2022; Ragagnin et al. 2022, and references therein). By
extending these studies to similarly massive systems at higher
redshifts, to z ~ 1, one can further test ACDM predictions on
structure formation. In addition, a detailed characterisation of
the internal mass structure of clusters at z ~ 1, and possibly
beyond, can help complete our knowledge of the evolution of
structures at earlier ages, from protoclusters at z > 2 to local
massive galaxy clusters.

However, this has been difficult to date due to the rarity
of high-z (z > 0.8) cluster lenses and the general decrease
in the number of strong lensing features in clusters at pro-
gressively higher redshifts (see e.g., Paterno-Mahler et al. 2018;
Acebron et al. 2019; Mahler et al. 2020). In particular, adequate
supporting spectroscopic datasets needed for high-precision
strong lensing modelling are lacking for the few high-z systems
known.

The galaxy cluster ACT-CL J0102-4915 (hereafter
ACTO0102) is one of the most massive and gravitationally bound
structures at z ~ 1.0, when the Universe was approximately
half of its current age (6.3 Gyr after the Big Bang). It was first
identified via the Sunyaev—Zeldovich effect by the Atacama
Cosmology Telescope (Menanteau etal. 2010). Subsequent
photometric, spectroscopic, and X-ray follow-up observa-
tions found that ACT0102 is a very massive galaxy cluster
(Myy = 2 x 10'5 M) that underwent a major merging event at
z = 0.87 (Menanteau et al. 2012; Jee et al. 2014). The excep-
tional conditions of such a merger at a high redshift have been
investigated in the context of ACDM expectations (Zhang et al.
2015, 2018; Asencio et al. 2021) and with dedicated X-ray
and radio studies (Lindner et al. 2014; Botteon et al. 2016;
Basu et al. 2016).

The spectroscopic campaign of ACT0102 with the Multi
Unit Spectroscopic Explorer (MUSE) presented in this work,
combined with archival Hubble Space Telescope (HST) high-
resolution imaging, allowed us to develop, for the first time,
a high-precision and accurate lens model of a distant, massive
cluster. This works enables a detailed characterisation of the total
mass distribution of the cluster lens, as similarly performed for
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low-redshift systems. Given its high mass and redshift, this sys-
tem is a unique laboratory for studying cosmology and galaxy
evolution.

In this work we take advantage of the latest spectroscopic
and photometric MUSE and HST data to measure the mass
distribution of ACT0102 by constructing the finest strong lens
model of this cluster so far. This paper is organised as follows. In
Sect. 2 we present the photometric and spectroscopic data used
in our analyses. In Sect. 3 we describe our lens model in detail,
and in Sect. 4 we discuss the results and compare our total mass
reconstruction with those from previous works. In Sect. 5 we
summarise our conclusions and future perspectives. Finally, in
Appendix A we present the MUSE spectra of multiple images.
Figures are oriented with north to the top and east to the left.
Throughout this work, we adopt a flat ACDM cosmology with
Qn = 0.3. For this cosmology, 1” corresponds to 7.714 kpc at
the cluster redshift, z.juser = 0.8704.

2. Datasets

In this section we describe the data used in this work. It con-
sists of multi-wavelength, high-resolution imaging from the HST
and deep spectroscopy from MUSE at the Very Large Telescope
(VLT).

2.1. HST photometry

The central region of ACT0102 was observed by the HST
under programmes 12755 (P.I.: J. Hughes) and 12477 (P.I. High,
F.) in the optical bands F606W, F625W, F775W, F814W, and
F850LP. Additional data in the F435W filter, and the infrared
bands F105W, F125W, F140W, and F160W were obtained by the
HST Treasury programme Reionization Lensing Cluster Survey
(RELICS; ID 14096; Coe et al. 2019). We used the data prod-
ucts (i.e., the reduced images and photometric catalogues) made
publicly available by the RELICS team via the Mikulski Archive
for Space Telescope (MAST!"). The imaging depths, considering
a 50 detection of point sources, vary within the range ~27.2 and
~26.5 mag, from the blue to the red filters (Coe et al. 2019). In
Fig. 1 we show a HST colour composite image generated using
the software Trilogy (Coe et al. 2012).

The depth of the HST imaging is especially important to
detect faint objects and multiple image candidates. Moreover,
its spatial resolution allows us to identify and measure the pre-
cise positions of the peaks of the surface brightness distribution
of extended multiple images, used as input in our strong lensing
models (see Sect. 3). We note that some Lyman-a emitters are
not clearly detected in the HST photometry; however, MUSE
provides a secure confirmation of such HST-‘dark’ objects at
7> 2.9, as we briefly discuss in the following section.

2.2. MUSE spectroscopy

In addition to the multi-band HST imaging, we made use of
high-quality spectroscopic data from MUSE. This spectroscopic
dataset is especially important when measuring the redshifts of
(1) several multiple images, some of which have no HST detec-
tion, (2) cluster members, and (3) intervening deflectors that we
used to build an accurate strong lensing model. The observa-
tions were carried out between December 2018 and September
2019 under the ESO programme ID 0102.A-0266 (P.I.: G. B.
Caminha), and consist of three pointings of ~2.3h each. All

' https://archive.stsci.edu/prepds/relics/
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Fig. 1. ACT0102 MUSE field of view overlaid on a HST colour image (where the filter F435W is blue; F606W+F625W+F775W+F850LP is
green; and F1I0SW+F125W+F140W+F160W is red). Green lines show the MUSE mosaic footprint, which is composed of three pointings with
an exposure time of ~2.3h. Cyan (dashed) circles indicate spectroscopically (photometrically) selected cluster members (see Fig. 6). Galaxies
marked with magenta boxes belong to the group at z = 0.63 (see Fig. 5). The multiple images used in our strong lensing model are shown by white
crosses, and all the multiple image families have secure spectroscopic redshift measurements.

exposures were performed using the ground layer adaptive optics
(GLAO) in order to correct for first-order atmospheric dispersion
and improve the final image quality.

We employed the standard MUSE reduction pipeline version
2.6 (Weilbacher et al. 2020) to apply all corrections and calibra-
tions and to create the final datacube. Moreover, we used the
self-calibration method, implemented in the reduction pipeline,
to mitigate the instrumental variations across each integral field
unit slice and to improve the background subtraction. We also
made use of the Zurich Atmosphere Purge (ZAP; Soto et al.
2016) to remove instrumental and sky residuals not fully cor-
rected for by the standard reduction recipes. The final datacube
covers the wavelength range 4700 A—9350 A, with a gap in the
narrow region of 5805 A-5965 A that is masked because of a

strong sodium emission from the GLAO laser guiding system.
The field of view of the three pointings in the cluster core is
shown in Fig. 1. It covers an area of ~3 arcmin?, with a final
point-spread function of ~0755-07760 full width at half maxi-
mum, measured from stars in the pseudo MUSE white image.
Finally, we used compact sources detected in both the HST fil-
ter F6O6W and MUSE white images to match the astrometry of
both datasets, obtaining a positional rms of 0”704, much smaller
than the MUSE pixel scale of 07/2.

Akin to our previous works (see e.g., Caminha et al. 2017b,
2019; Acebron et al. 2022), we extracted the spectra of all HST
detections in order to measure their redshifts. In this step,
we adopted circular apertures of 0”8 in radius to obtain one-
dimensional spectra of all detections. We carefully inspected
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Table 1. Complete MUSE redshift catalogue (extract).

D RA Dec Zspec QF Mult.
(H 2 3) 4 (O O)
ACTO0102-J010301.08—491559.58  15.7544997 —49.2665507 0.0000 4 1
ACT0102-J010301.90-491659.86  15.7579086 —49.2832932 0.0000 4 1
ACTO0102-J010252.00-491429.73  15.7166775 —49.2415930 0.0000 4 1
ACT0102-J010254.20—-491502.07  15.7258268 —49.2505744 0.0000 4 1
ACT0102-J010254.50-491514.05 15.7270819 —-49.2539034 0.0000 4 1
ACTO0102-J010253.29-491511.04  15.7220268 —49.2530679 0.0000 4 1
ACTO0102-J010256.24—-491530.92  15.7343249 —49.2585899 0.1330 9 1
ACT0102-J010256.83—-491528.75 15.7368105 —49.2579870 0.1932 2 1
ACTO0102-J010304.58-491636.96  15.7690796 —49.2769329 0.2082 3 1
3 1

ACTO0102-J010259.94-491714.34

15.7497641

—49.2873157 0.2219

Notes. The columns correspond to: (1) the ID built from the cluster name and object RA and Dec; (2) and (3) are the observed right ascension
and declination in degrees (J2000) using as a reference the RELICS public images (Coe et al. 2019). The astrometry of these photometric data is
calibrated with the Wide-field Infrared Survey Explorer point source catalogue (Wright et al. 2010); (4) and (5) are the spectroscopic redshift value
and its QF; (6) is the number of entries of the same object in this catalogue used to indicate multiply lensed sources. The full table is available at

the CDS.

all spectra, and in the cases with continuum detection we
cross-correlated the data with templates in order to obtain pre-
cise redshift measurements. To have a spectral coverage from
rest frame ultraviolet to optical wavelengths and maximise
the success rate of our measurements, we used empirical and
stacked spectral templates from different surveys, for instance
zCOSMOS (Lilly et al. 2007), the Galaxy Mass Assembly ultra-
deep Spectroscopic Survey (GMASS; Kurk et al. 2013), the Vis-
ible Multi-object Spectrograph (VIMOS) VLT Deep Survey
(VVDS; Le Fevre et al. 2013), and our previous MUSE obser-
vations (Caminha et al. 2016a,b, 2017a,b, 2019).

For spectra with no continuum or with very low signal-
to-noise, we searched for emission lines to assign redshifts.
Moreover, we performed a blind search to identify emission
lines of objects with faint continuum emission that are not
clearly detected in the photometric data. The blind search
was performed in two stages. The first one was done auto-
matically, by applying the difference of Gaussians with an
algorithm implemented in the Pyhton scikit-image pack-
age (van der Walt et al. 2014) on pseudo-narrow-images of the
continuum-subtracted MUSE datacube. Detections that persist
in two or more wavelengths were inspected visually to confirm
whether they are real emissions or not. The second stage con-
sisted of a visual inspection of the entire continuum-subtracted
datacube to capture possible emissions missed by the automatic
step. In total, we detect ~30 Lyman-a emitters, of which some
are multiply lensed (some examples are shown in Fig. A.1). Such
a population of sources, with a very faint UV-continuum emis-
sion, will be studied in more detail in future works.

We assigned a ‘quality flag’ (QF) to each redshift measure-
ment. Similarly to our previous works, we used the following
convention: QF =3 is a secure confirmation with the identifi-
cation of several spectral features, or where the nature of one
single emission line can be clearly characterised, for instance
the O1I and C1I doublets or the Lyman-a shape; QF =2 is a
measurement obtained using only one or noisy spectral features,
usually absorption lines; QF =9 indicates that the redshift was
measured from one narrow or noisy emission line with no secure
identification of its nature; finally, stars have QF =4. In Table 1,
we present the first entries of the full redshift catalogue. This
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contains 402 secure redshift measurements (i.e., with QFs higher
than one) from 374 single objects, after accounting for multi-
ple images of the same lensed sources. The full version of the
catalogue is publicly available at the CDS. Given the MUSE
line spread function and calibration, the typical uncertainty of
our redshift measurements is of the order of 6z ~ 5 x 107%, in
line with what was previously found in other works (see e.g.,
Karman et al. 2017; Inami et al. 2017).

After a careful inspection of our spectroscopic catalogue, we
were able to identify a total of 56 multiple images with secure
redshift measurements, from 23 single background sources. In
Table 2, we provide the coordinates and MUSE redshift values
of all multiple images used as input for the lens model presented
in this work (see Sect. 3). The multiple images span a redshift
range from z = 2.19 up to z = 5.95 and their distribution is
illustrated in Fig. 2. There, we also show the distribution of
spectroscopically confirmed multiple image families from works
with similar datasets (Grillo et al. 2016; Caminha et al. 2017b,
2019; Bergamini et al. 2021). Remarkably, the very elongated
total mass distribution and the high total mass value of ACT0102
make it very efficient at producing multiple images of high red-
shift sources. The overdensity of image confirmations in the red-
shift range z ~ 4-5 can be at least partially associated with the
high redshift value of our cluster, z = 0.87. The particular peak at
z = 4.2 contains the galaxy group studied in Caputi et al. (2021),
and the additional overdensities at z = 5.0 and their physical
properties will be explored in future works. The sample of lens-
ing clusters taken from the literature are on average at lower red-
shifts (z = 0.2—0.6), thus producing a more uniform redshift
distributions of multiple images, as confirmed with MUSE.

2.3. Chandra X-ray data

We investigated the properties of the intracluster medium (ICM)
in the core of ACT(0102, with the aim of finding possible hints
of a correlation between the bright cluster galaxy (BCG) and its
surrounding ICM. We used the Chandra observation IDs 12258,
14022, and 14023 (P.I.: Hughes) for the X-ray analysis of
the ICM. The reduction of the Chandra data was performed
using the software CIAO v4.13, with the latest release of the
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Table 2. Spectroscopic redshift catalogue of the multiple images in ACT0102.

D RA Dec ZMUSE IDZitrin Zii(t)rérell IDCerny -g;r:jz IDDiego Eloeég:]
la 157307953 —492500032 25636 13 269 13103 299%9% 13 [3]
1b 15.7222014 —49.2545452  2.5636 1.1 1.1/10.1 1.1 "
lc 15.7198393 —49.2551912 2.5636 1.2 " 1.2/10.2 " 1.2 "
2a 15.7357164 —49.2630878 2.8254 2.2 2. 11*8 gg 2.2/20.2 [3.3] 2.2 [3.3]
2b 15.7332368 —49.2642377 2.8254 2.1 - 2.1/20.1 " 2.1 !
2c 15.7266000 —49.2679302 2.8254 2.3 - 2.3/20.3 " 2.3 "
3ax 15. 7151505 —49.2483621 3.3300 - - - - - -
3bs 15.7112463 —49.2518560  3.3300 - - - - - -
4b 15.7183394 —49.2508679  3.3339 - - - - - -
4c 15.7151687 —49.2525681 3.3339 - - - -
Sa 157499300 -49.2637435 3.5376 41 2. 11+g 42 4 61+g ¥ 41 32
5b 15.7358293 —49.2689701 3.5376 4.5 " 4.3 4.3 "
5c 15.7306204 —49.2739172 3.5376 4.4 " 4.1 " 4.2 "
6a 15.7475700 —49.2652013 4.1879 - - - - - -
6b 15.7407187 —49.2675811 4.1879 - - - - - -
Tbx 15.7275678 —49.2603268 4.2306 - - - - - -
Tcx 15.7209037 —49.2635983 4.2306 - - - - - -
8a 15.7332986 —49.2515002 4.3175 - - - - - -
8b 15.7275328 —49.2545678 4.3175 - - - - - -
8c 15.7134793  —49.2602988 4.3175 - - - - 6.37 [4.3]
9a 15.7321595 —49.2523270 4.3196 - - - - - -
9b 15.7285210 —49.2541661 4.3196 - - - - - -
9c 15.7128838 —49.2607093 4.3196 - - - - -
10a 15.7344194 —49.2519422 4.3275 3.1 [4.16] 3.1 7. 42“1) ;g 3.1 [4.4]
10b 157281160 —49.2554323  4.3275 32 " 32 3.2 "
10c 15.7147336  —49.2606804 4.3275 33 " 33 " 33 "
11a 15.7324855 —49.2501018 4.3278 - - - - 17.1 -
11b 15.7262164 —49.2534759 4.3278 - - - - 17.2 -
11c 15.7123036  —49.2593173  4.3278 - - - - 17.3 -
12a 15.7309031 —49.2470175 4.7042 - - - - - -
12b 15.7223336  —49.2512054 4.7042 - - - - - -
12¢ 15.7100095 —49.2572749 4.7042 - - - - - -
13bx 157266712 —49.2573340 4.7528 - - - - - -
13cx 157173614 —-49.2609511 4.7528 - - - - - -
14ax  15.7395296 —49.2566966 4.9486 - - - - - -
14bx  15.7321155 —49.2598586 4.9486 - - - - - -
15b 15.7296464 —49.2691880 4.9770 - - - - - -
15¢ 15.7290102 —49.2696687 4.9770 - - - - - -
16ax 15.7339095 —49.2546160 5.0880 - - - - - -
16bsx  15.7314569 —49.2560088 5.0880 - - - - - -
17ax  15.7093400 —49.2481341 5.0929 - - - - - -
17bx  15.7107380 —49.2486519 5.0929 - - - - - -
17cx  15.7096130 —49.2495637 5.0929 - - - - - -
18b+  15.7276976 —49.2593015 5.1173 - - - - - -
18cx  15.7189278 —49.2638429 5.1173 - - - - - -
19b 15.7241041 -49.2613159 5.1198 - - - - - -
19¢ 15.7217032 —49.2626827 5.1198 - - - - - -
20bx  15.7335442  —-49.2709446 5.4845 - - - - - -
20cx  15.7319066 —49.2727819 5.4845 - - - - - -
2lax  15.7407597 —-49.2569208 5.5811 - - - - - -
21bx  15.7332464 —-49.2604359 5.5811 - - - - - -
22a 15.7556999 —-49.2709142 5.9520 - - - - - -
22b 15.7504956 —49.2765971 5.9520 - - - - -
23a 15.7483751 —49.2740433 2.1887  c5.1 2. 21+(1) 2(3) - - 11.1 [3.1]
23b 15.7473758 —49.2747730 2.1887 c5.2 - - 11.2 "
23c 15.7413883 —49.2774839 2.1887 - - - - 11.3 "

Notes. Multiple images marked with asterisks are Lyman-a emitters with no clear HST photometric counterpart (see Fig. A.1). In these cases, the
observed positions are measured from the MUSE datacube. Redshifts in square brackets were fixed in the corresponding lens models.

A3, page 5 of 17



Caminha, G. B., et al.: A&A 678, A3 (2023)

—
[N}

ACT0102 (z = 0.87) -
A1063 (z = 0.35)
MO416 (2 = 0.40)
M1206 (z = 0.44)
B M1149 (2=0.54)

Caminha 2019
(2=0.23—0.59)

—
(a=)

.
0

=
o
|

=
N
.

# Families (normalized)
(=)
D

e
o

<
o
N

redshift

Fig. 2. Normalised redshift distributions of the multiply lensed sources
of ACTO0102 (back histogram, accounting for multiplicity) and of other
clusters with extensive spectroscopic data (coloured stacked histogram).
The multiple images of the previous sample are presented in Grillo et al.
(2016), Caminha et al. (2017b, 2019), and Bergamini et al. (2021).

Fig. 3. ACT0102 X-ray emission and mass distribution overlaid on the
HST colour image (same as in Fig. 1). The magenta lines show the
Chandra X-ray surface brightness isophotes, and the white lines repre-
sent the projected total mass isocontours of the smooth component from
our best-fit strong lensing model.

Chandra Calibration Database at the time of writing (CALDB
v4.9). Time intervals with a high background level were filtered
out by performing a 20 clipping of the light curve in the 2.3—
7.3keV band. The total cleaned exposure time is 273.4 ks. The
ancillary response file (ARF) and redistribution matrix file (RMF)
for each observation were computed with the commands mkarf
and mkacisrmf. The background spectra were extracted from
source-free regions on the same CCD chip as for the cluster.

The regions for spatially resolved spectral analy-
sis are selected using the Voronoi tessellations method
(Cappellari & Copin 2003). Each region contains ~500 net
counts in the energy range 0.5-7keV. The spectral fitting for
each region is performed with Xspec 12.12.0 (Arnaud 1996)
using C-statistics (Cash 1979) and the solar abundance table
from Asplund et al. (2009). Galactic hydrogen absorption is
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Fig. 4. Gas temperature distribution from the Chandra X-ray analysis.
The relative error on the temperature value is ~10%. The magenta cross
indicates the position of the BCG, and white isocontours represent the
Chandra X-ray emission.

described by the model tbabs, where the column density of
hydrogen ny is fixed at 1.265 x 10?° cm=2 (HI4PI Collaboration
2016). The ICM spectrum in the 0.5-7 keV band is fitted with
the apec thermal plasma emission model (Smith et al. 2001),
where the redshift is fixed at 0.87, and the temperature, abun-
dance, and normalisation are set as free parameters. The X-ray
emission and two-dimensional temperature maps are shown,
respectively, in Figs. 3 and 4, and discussed in the following
sections.

3. Strong lens modelling

We used the publicly available software lenstool (Kneib et al.
1996; Jullo et al. 2007; Jullo & Kneib 2009) to model the cluster
total mass distribution. This is characterised by two main mass
components represented with parametric mass density profiles.
The first one, defined over the extended cluster scale, is domi-
nated by dark matter and has a small contribution from the hot-
gas (see e.g., Bonamigo et al. 2017, 2018) and the intracluster
light. The second component accounts for the total mass distri-
bution of the galaxies, mainly cluster members and a few fore-
ground perturbers, that are shown to be relevant to accurately
reproduce the observed multiple images in the field of ACT0102.
Moreover, we tested some perturbations to the cluster total mass
distribution, making it deviate from the perfect elliptical sym-
metry commonly adopted in parametric models, to improve the
reconstruction of the positions of the multiple images. To do this,
we followed the approach presented in Beauchesne et al. (2021)
and its implementations in lenstool.

3.1. ACT0102 members and line-of-sight structure

The selection of the cluster members is based on the spectro-
scopic confirmation from our MUSE catalogue (see Sect. 2.2).
Figure 5 clearly shows the galaxies associated with ACT0102
as an overdensity around z = 0.87. In detail, we selected as
cluster members those galaxies with a rest-frame velocity value
within 4000km s~ of the peak of this distribution (i.e., in the
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Fig. 5. Spectroscopic confirmations with MUSE. Top panel: redshift
distribution of the objects in the MUSE catalogue in bins of 6z = 0.002.
The magenta and blue histograms indicate, respectively, the ACT0102
cluster members (167 galaxies) and the foreground group (20 galaxies)
used in our strong lensing modelling. The upper x-axis shows the line-
of-sight rest-frame galaxy velocity with respect to the cluster member
median redshift value of z = 0.8704. Bottom panel: redshift distribution
of background single sources (i.e., corrected by image multiplicity) with
0z = 0.2, where the overdensity at z ~ 4.2 is clearly noted.

range z = [0.835,0.907]). This velocity limit ensures that we did
not miss any galaxy relevant to our strong lensing study in the
core of ACT0102, and it is in line with the spectroscopic val-
ues observed in other clusters (Girardi et al. 2015; Balestra et al.
2016; Mercurio et al. 2021), especially in the innermost regions
(<500 kpc). According to this criterion, 167 objects are defined
as spectroscopically confirmed members. Since the MUSE field
of view covers only the central regions of the cluster, we used
the HST colour and photometric redshift information of these
spectroscopic members to select members with no spectroscopic
information. From the colour (see Fig. 6) and photometric-
redshift (from the publicly available RELICS catalogue) distri-
butions of spectroscopically confirmed members, we computed
the 68% confidence levels and used these limits to select the
photometric members. We limited the magnitude of photomet-
ric members to galaxies brighter than magg 40w = 24 in order
to minimise possible contaminations. In this way, we included
76 additional cluster members in the modelling, all of them
located outside the MUSE field of view, as shown in Fig. 1. In
Fig. 6 we present the colour-magnitude diagram of all the objects
detected in the HST data. We show here the magnitudes in the
filters F6O6W and F160W because these bands best sample the
Balmer break at ~4000 A rest-frame. The spectroscopically con-
firmed members define a clear red sequence (Gladders & Yee
2000) around F606W — F160W = (3.0 + 0.6) mag, which is fol-
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Fig. 6. Colour magnitude diagram of ACT0102. Spectroscopic mem-
bers are shown in magenta and photometrically selected ones in orange
(see Sect. 3 for more details on our selection criteria). Spectroscopically
confirmed background and foreground objects are indicated by red and
blue dots, respectively.

lowed by the photometrically selected members. Objects within
the red sequence not selected as cluster members are excluded by
our photometric-redshift selection described above or because
they have spectroscopic redshifts whose values are outside the
range we defined for the members.

From the spectroscopic data (see Fig. 5), it is possible to
identify a secondary peak in the redshift distribution, at z = 0.63,
composed of 20 elliptical galaxies. Their relatively concentrated
spatial distribution is shown in Fig. 1. We illustrate in Sect. 3.3
that this foreground group has a non negligible effect on the
model predicted positions of the multiple images, and it thus
must be included in the modelling. In total, we have 263 galax-
ies, of which 243 belong to ACT0102 and 20 to the foreground
group, that we take into account in our lens model.

3.2. Mass components and parameterisation

The small-scale mass components (i.e., each cluster member and
foreground perturber) are modelled with axially symmetric dual
pseudo isothermal mass density profiles (Eliasdéttir et al. 2007,
Suyu & Halkola 2010). This mass density distribution is char-
acterised in projection by the values of two free parameters, a
central velocity dispersion, oy g1, and a cut radius, 7y gal, and is
given by the following expression:

O—\zl,gal l _ 1
2G |R [ ’

- rcul,gal

S(R) = 1

where R is the radial coordinate and G the Newtonian constant
of gravitation.

Since it is computationally unfeasible to optimise the val-
ues of two free parameters for each cluster and foreground
group member (i.e., to have a total 2 X 263 free parameters), we
assumed that the mass parameter values are related to those of
the galaxy luminosities according to the relations

1/a 1/y
, Li : Li
i __ref 1 i __ref 1
O-V,gal — Yv,gal (L*) ’ rcut,gal - rf:ut,gal (L*) ’ (2)
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ref ref
where o aal and rgi el T€ the only two free parameters to be

optimised in the scaling relations. Unless otherwise specified,
in our models we adopted a constant total mass-to-light ratio,
which can be obtained with @ = 4 and y = 2. The luminosity
L, was chosen to be that of the BCG and corresponds to the
magnitude magg,syw = 17.99. In our lens models (see Sect. 3.3),
we considered two cases: either we adopted two different sets of
scaling relations for the cluster and foreground group members,
or all galaxies follow the same relation.

For each cluster-scale mass component (i.e., mainly the dark
matter component), we assumed that its projected mass density
distribution follows that of a pseudo-isothermal elliptical mass
model (PIEMD; Kassiola & Kovner 1993):

o2 1

IR) = — | ——=|:
Y R(8)2 + rgore

2G

where .o 18 the so-called core radius and R(g) is constant over
ellipses with ellipticity & defined as (a> — b*)/(a® + b*) (a and b
are the semi-major and semi-minor axes, respectively). In addi-
tion to these three parameters (o7, 7core and &), the orientation
angle, 0 and the central position (xo and y,) fully describe this
mass distribution and they are all optimised in our lens mod-
elling. As we discuss in the following sections, in order to be
able to predict the multiplicity of all multiple images, we had
to adopt two PIEMD halos. One located near the BCG and the
other in the north-west region. Such a complex mass distribu-
tion is expected because ACT0102 is a prominent merging clus-
ter (Kim et al. 2021), as it can be seen in Fig. 1. Moreover, the
X-ray emission presented in Fig. 3 shows a clear peak nearby the
BCG in the south-east region, with a large tail extending towards
the north-west.

3

3.3. Best-fit models and the total mass distribution

In our strong lensing model, we used the positions of multiply
lensed sources to constrain the total mass distribution of the clus-
ter. The distance between the observed and model predicted mul-
tiple image positions is quantified with a y? function given by
Nimages eqbserved _ amodel (H)l2

201 — J J

am = ,
X Z 2

J J

“

where 6 indicates the positions of the multiple images (observed
and predicted by the model), o is the positional uncertainty,
II represents the free parameters of the model and Nimages is
the number of multiple images used as model constraints. For
multiple images with HST detections, we adopted a positional
error of o; = 07”5 to account for small and large-scale per-
turbations along the line of sight that are not incorporated in
parametric models (see e.g., Host 2012; Chirivi et al. 2018).
The best-fit model is given by the values of the model param-
eters that minimise the y? function. We also defined the root-
mean-square difference (A;ns) between the observed and best-fit,
model predicted positions of the multiple images (A2

> |0°b5 - 0bf|2/Nimages) to quantify the goodness of a model.

In this work, we consider only multiple images with secure
confirmations and spectroscopic redshift measurements. The
only exception is multiple image 12a, which lies outside the
MUSE field of view; however, it has clear HST detection with
similar colours and shape of images 12b and 12b, which are
spectroscopically confirmed. This ensures that we do not have
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any multiple image misidentification or systematic effects intro-
duced by unknown or uncertain photometric redshifts. Thanks
to the high-efficiency of MUSE in detecting emission lines and
the possibility of integrating the spectra of extended objects over
large areas, we collected a final sample of 56 multiple images
from 23 spectroscopically confirmed sources. Interestingly,
19 multiple images from 9 different sources are Lyman-a emit-
ters with no clear HST photometric counterparts (see Table 2 and
Fig. A.1). Model predicted multiple images located outside the
MUSE field of view with no clear HST counter part are not con-
sidered in this work. For multiple images with HST detections,
we used the F160W filter to determine their precise positions
and employ them as input to the lens model. For MUSE only
detections instead, we make use of a pseudo narrow-band image
created by stacking ~12 spectral pixels (i.e., ~15 A) around the
Lyman-a emission to estimate the image positions. Because of
the lower MUSE spatial resolution compared to that of HST, we
chose a positional uncertainty o-; of MUSE only detections two
times larger than that of F160W measurements.

We considered different parameterisations to describe the
total mass distribution of ACT0102. In order to compare these
different models, we ran lenstool in the optimisation mode
to find the best-fit values of the model parameters and compute
the quantities )(2, Arms, and the Bayesian (BIC; Schwarz 1978)
and corrected Akaike (AICc; Akaike 1974) information crite-
ria. Here, we adopted positional uncertainties of 0”5 and 1”70 for
HST and MUSE only detections, respectively. These statistical
estimators are used to quantify the goodness of each model, tak-
ing into account the number of free parameters, thus indicating
some possible overfitting due to increased flexibility of the mod-
els. In Table 3, we list the different models tested in this work
and the corresponding information.

The simplest model capable of reproducing all multiple
images consists of two extended PIEMD profiles plus the clus-
ter members (see Sect. 3.2). In this model, we do not con-
sider the foreground group of galaxies, only the 243 cluster
members discussed in Sect. 3.1 are included. This parameter-
isation has 14 free parameters and the number of degrees of
freedom (d.o.f. = number of model constraints — number of
free parameters) is 52. We name this model with the ID ‘No-
foreground’ in Table 3. The best-fit Ay, value is 0787, with
x?/d.of. = 2.0. These values are slightly higher than those
obtained from the strong lensing models of other merging clus-
ters, such as MACS J0416 with A, = 0759 (Caminha et al.
2017a), Abell 370 with A = 077 (Lagattuta et al. 2019) and
Abell 2744 with Ays = 0737 (Bergamini et al. 2023), to men-
tion a few examples. However, our model is capable of repro-
ducing the positions of the multiple images created by ACT0102
with a much higher precision than previous models. For instance,
Zitrin et al. (2013) and Cerny et al. (2018) obtained A values
of 3”72 and ~ 1”1, respectively. We attribute this improvement to a
careful analysis of the spectroscopic data that has provided clean
samples of multiple images and cluster members, and to the fact
that we did not make use of photometric redshifts as priors in our
model. A more detailed comparison with other publicly available
lens models of ACT0102 is presented in Sect. 4.2.

Next, we included the foreground group of 20 galaxies in
the modelling. This group, at z = 0.63, is located in projec-
tion between the two cluster BCGs and angularly close to some
multiple images, as shown in Fig. 1. First, we assigned a mass
value to these perturbers following the cluster member scaling
relations, as if they were located at the cluster redshift, thus not
increasing the number of free parameters of the model. Within
this approximation, the best-fit A, value is reduced to = 0”775



Caminha, G. B, et al.: A&A 678, A3 (2023)

Table 3. Model summary.

Model ID N.par. DOF  Aps[”] szn.m BIC AICc  Description

No-foreground 14 52 0.87 103 281 257 Foreground galaxies are not included

Reference 14 52 0.75 80 242 220 Foreground galaxies included in member scalings
Two-scalings 16 50 0.75 79 249 226  Foreground galaxies with different scaling relations
Free-scaling 16 50 0.74 80 250 226 Member scaling relation slopes, « and vy, are free
External-shear 16 50 0.75 80 250 226 Same as reference plus external shear
3-PIEMD-circ. 18 48 0.72 52 231 206 Third smooth component with zero ellipticity
3-PIEMD 20 46 0.69 48 235 210 Three smooth components

Models with B-spline perturbation

PertBS-3-1DM 21 45 1.26 208 369 349 -

PertBS-4-1DM 28 38 1.28 241 462 444 -

PertBS-5-1DM 37 29 1.09 197 455 475 -

PertBS-2-2DM 22 44 0.69 63 259 234 -

PertBS-3-2DM 27 39 0.53 35 252 232 -

PertBS-4-2DM 34 32 0.50 27 273 275 -

PertBS-5-2DM 43 23 0.41 22 306 384 -

Notes. For each model, we present the number of free parameters (N. par.), the number of degrees of freedom (d.o.f.), the root-mean-square
difference between the model predicted and observed multiple image positions (Ays), the minimum 2, the BIC and AICc values, and a short

description of the model parameterisation.

compared to the model without the foreground group, and we
find Xz/d.o.f. 1.54. The improved value of Ay, BIC and
AlCc clearly indicates that the presence of this foreground group
of galaxies must be included in the lens model.

Then, for the foreground galaxies we introduced two addi-
tional normalisation factors, (Ti‘fore and ’f:ift,fore’ free to vary inde-
pendently of those of the cluster members. Despite having two
additional free parameters, this model has the same A, value as
the previous one, and is disfavoured by the values of the BIC and
AICc information criteria (see model IDs ‘Reference’ and “Two-
scalings’ in Table 3). We also investigated a model in which
the values of the exponent of the scaling relations (i.e., @ and y
in Eq. (2)) are optimised. In this model, ID ‘Free-scaling’, we
obtain A, = 07774, with best-fit values of « = 3.9 and y = 1.7.
From these tests, we conclude that more freedom in the models
to describe the cluster members and foreground galaxies does
not improve significantly the overall goodness of the fit.

We also checked whether a more complex parameterisation
of the cluster-scale mass component can refine the image posi-
tion reconstruction. To do this, we included an additional PIEMD
mass component in the model and allowed its position to vary
in a square region with 200" per side (=1.5 Mpc) over the lens
plane centred around the BCG. We considered two cases: first
with an axially symmetric distribution (i.e., for £ = 0), then with
the values of ellipticity and position angle of this new compo-
nent free to vary. These two parameterisations add, respectively,
four and six additional free parameters to the reference model.
The best-fit models have A, values of 0’72 and 0769 for the
circular and elliptical distributions, respectively. The two mod-
els with a third PIEMD component are shown in Table 3. Even
though the position of the additional profile can vary across a large
area, its best-fit centre is found very close to those of the main
cluster mass components, located near the BCG. The distance
between the extra mass component and the main cluster halo is
7’'4 and 12’70 for the circular and elliptical models, respectively,
with similar values offset by ~3”. This might point to the fact
that ACT0102 has a complex total mass distribution, with some
deviations from simple elliptical symmetry, that cannot be eas-
ily captured by parametric models. Moreover, from the Markov
chain Monte Carlo (MCMC) sampling, we see that the position
is not well constrained and the posterior distributions are multi-

modal. For instance, the centre coordinates of the additional ellip-
tical PIEMD component is not well constrained and has very large
uncertainties where xo = =7 38” andy) = 6 f‘sw”, at the 68%
confidence level, making it difficult to obtain a converged MCMC
chain. We note that reducing the allowed region for the third com-
ponent does not improve the convergence and might bias the pos-
terior distribution obtained from the sampling. This indicates that
the additional PIEMD mass profile might not represent a real third
mass component, but rather the model trying to compensate for
additional asymmetries of the mass distribution. It is worth men-
tioning that the position of this third component does not show
correlation with the foreground structure, thus suggesting that
this line-of-sight perturber does not have a significant dark matter
halo. Therefore, we did not use the models with additional mass
components in our analyses because additional halos might not
represent real mass components and are challenging to constrain
with our current strong lens model inputs.

In the attempt to further improve the cluster mass model, we
tried introducing perturbations to the elliptical PIEMD profiles to
account for higher-order asymmetries in the extended mass pro-
file (i.e., mainly for dark matter). To do this, we used the pertur-
bative approach presented in Beauchesne et al. (2021) and imple-
mented in the 1enstool software. This method starts from two-
dimensional B-spline basis functions, placed on a squared grid
on the lens plane, to perturb the PIEMD profile. The priors on the
basis function parameters are set in order to ensure that the per-
turbations are small and preserve the total mass of the cluster. For
more details, we refer the reader to the works by Beauchesne et al.
(2021), where the method is described in detail and tested
with a simulated lens cluster, and by Limousin et al. (2022),
in which this method is applied to real data for the first time.

The additional free parameters describing the perturbations
are the central position and the orientation angle of the grid, the
distance between each node of the grid, and the amplitude of
each perturbation. For example, with a 3 X 3 grid, the number
of associated free parameters is 2 + 1 + 1 + 9 = 13. Given the
number of additional free parameters increasing rapidly with the
grid size, this method must be limited to grids with a relatively
small number of nodes. In Table 3, the models with the described
perturbative approach have their IDs starting with ‘PertBS’ fol-
lowed by a number that indicates the number of nodes on each
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Table 4. Mass parameters of ACT0102.
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Notes. Positions are in arcseconds relative to the BCG luminosity centre
(RA =15.7406934 and Dec = —-49.2719924). Angles are referred to the
x-axis and increase going anti-clockwise.

side of the grid (e.g., PertBS-3 denotes a 3 x 3 grid). Models
with one or two PIEMD mass components are also identified
with ‘DM’ and ‘2DM’ in the model IDs.

Interestingly, models with one perturbed PIEMD component
are capable of reproducing the multiplicity of all strongly lensed
sources, if the grid has a size of 3 X 3 or larger (see the best-fit
values in Table 3). However, the values of the A, are always
high (>1") and the increased number of free parameters is not
justified by the values of the BIC and AICc criteria. For models
with two PIEMD components plus perturbations, the lowest Ay
value obtained is 0741, for a grid with a size of 5 X 5. We note
that the model with a 2 X 2 grid size has similar A, value as
the model 3-PIEMD, indicating that a third PIEMD component
might not have a physical origin and could just account for asym-
metries in the cluster total mass distribution. We remark that the
large number of free parameters and the BIC and AICc values
suggest the presence of overfitting of the observed data.

4. Discussion and comparison with previous strong
lensing models

In this section we study the properties of the total mass distri-
bution of ACT0102 and compare it with the results of previous
works. We refer only to our reference model (ID Reference) for
the sake of simplicity and with no impact on the validity of the
general discussion.

4.1. The total mass distribution of ACT0102 from strong
lensing

From the previous sections, we find that the parameterisation
that best represents the cluster total mass distribution and does
not overfit the data is composed of two PIEMD halos plus clus-
ter members and the group of foreground galaxies following the
same total mass-to-light scaling relation. For this model, we ran
lenstool in the sampling mode to compute the posterior distri-
bution of all free parameters. In this step, we rescaled the posi-
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tional errors o ; (see Eq. (4)) in order to have ¥*/dof. =1to
obtain realistic statistical uncertainties. The recovered values of
all 14 free parameters in this model, along with their confidence
level intervals, are listed in Table 4. The position of the main
PIEMD halo is in very good agreement with that of the BCG,
and the second halo is located along the extended X-ray emission
in the north-west direction. In Fig. 3, we compare the Chandra
X-ray isophotes with the projected mass isocontours of the clus-
ter smooth mass component (i.e., removing the contribution of
the cluster members) from our strong lens model. The peak
of the X-ray emission has an offset of ~5” from the BCG,
in agreement with what is commonly found in merging clus-
ters (Rossetti et al. 2016). Moreover, in Fig. 4 we show that the
gas temperature map has low temperatures (in projection) in
the region around the BCG, indicating the presence of a cool-
core. It is found that such spacial offsets between the X-ray and
BCG, and the presence of a cool-core is associated with major
merger systems (Hudson et al. 2010). Not surprisingly, from
our lens model we obtain very similar values for both PIEMD

mass components Mpmain(< 300kpe) = 2.2970% x 10" M,

for the main mass component, and Morh-west(< 300kpc) =
2. 10+8 83 x 10'* Mg, for the north-west component.

In Fig. 7 we show the cumulative projected total mass
and total surface mass density profiles. The same profiles for
another seven clusters from Caminha et al. (2016a, 2017a,b,
2019) with similar datasets are also included. Remarkably,
ACTO0102 reveals multiple images out to distances of ~1 Mpc
from its BCG, becoming the lens cluster with the most extended
region over which strong lensing observations are available to
map the cluster total mass distribution. In Fig. 7 we also plot the
same profiles rescaled to the values of Rygo. and My, obtained
from independent weak lensing analyses. These quantities are
defined as, respectively, the radius inside which the cluster mean
density value is equal to 200 times that of the critical density of
the Universe at the cluster redshift and the corresponding mass
enclosed within a sphere with that radius. For ACT0102, we
refer to the recent weak lensing study by Kim et al. (2021), per-
formed by using HST imaging. For the sample in Caminha et al.
(2019), the weak lensing mass reconstructions were pre-
sented in Umetsu et al. (2018), by analysing deep ground base
imaging.

The rescaled profiles of ACT0102 deviate slightly from the
general trends presented in Caminha et al. (2019), with dif-
ferences of the order of ~10%-30% between 0.01 X Ry,
and 0.1 X Ry, for the total mass. Regardmg the slope (i.e.,

T ) the difference in this region varies from 5% to 30%,
with ACT0102 being steeper compared to the sample aver-
age, especially at large radii. We partially attribute this to the
different weak lensing methodologies and datasets used for
the different clusters. Moreover, the complex merging state of
ACT0102 might also be responsible for some deviations from
the overall homologous profiles. For instance, in the sample of
Caminha et al. (2019), the merging cluster MACS J0416 devi-
ates the most from the general trend. Interestingly, the X-ray
emission shows a front near the BCG and a long tail towards
the north-west region, suggesting a recent merging event.

4.2. Comparison with previous models

The first strong lensing analysis of ACT0102 was presented in
Zitrin et al. (2013), where the authors made use of relatively
shallow (~40min) HST imaging in the F625W, F775W and
F850LP filters. In that work, the authors identified multiple
images of nine strongly lensed background sources, which they
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Fig. 7. Cumulative projected total mass profile (left) and total surface
mass density profile (right) computed from the centre of the main cluster
component, close to the BCG. The areas in red correspond to the 95%
confidence level intervals of our reference lens model for ACT0102.
Vertical lines show the radial distances of the multiple images used to
reconstruct the cluster total mass distribution. The profiles of other clus-
ters are plotted in grey and are limited to the radial distances over which
the multiple images are visible. The top panels show the absolute val-
ues, and the bottom panels show the values rescaled to those of Mg,
and Ry, (see the axis labels).
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Fig. 8. Cumulative projected total mass profile (left) and total surface
mass density profile (right) compared with the results of public RELICS
models. The coloured regions correspond to the 95% confidence level
intervals from our reference lens model (in red) and from the two public
models made available by the RELICS team (in cyan and green). The
radial distances of the multiple images used in our model to reconstruct
the cluster total mass distribution are indicated by vertical black lines.

used to constrain the cluster total mass distribution, obtaining
a Ay value of 3”72. Such a high value of A, might be mostly
explained by the lack of spectroscopic redshifts for both the mul-
tiple images and the cluster members, and the large uncertainties
associated with the photometric redshifts used as priors in the
model.

Following the acquisition of additional HST data under
the RELICS programme, updated models were presented in
Cerny et al. (2018) and Diego et al. (2020). All those works

lacked spectroscopic information, especially for the multiple
image systems. In Table 2, we list the previous identifica-
tions that match with our spectroscopically confirmed multiple
images. A total of five multiple image families from previous
works have now been secured with our MUSE data. Remark-
ably, 41 multiple images from 18 different sources are new iden-
tifications presented for the first time here and all have reliable
redshift measurements. Therefore, the cluster total mass recon-
struction obtained in this work is much less subject to possible
systematic effects related to multiple image (mis)identifications,
based only on photometry. In fact, our spectroscopic measure-
ments show that the multiple families 6.1 and 6.2 used in
Diego et al. (2020) have turned out to be wrongly identified (see
also Table 2 and our family ID 8).

In Fig. 8 we compare our cumulative projected total mass
and total surface mass density profiles with those of the two pub-
licly available models, through the MAST portal. The first one
is that already mentioned by Cerny et al. (2018) and the second
one was obtained by using the software glafic (Oguri 2010;
Okabe et al. 2020). These models have A,,s values of =082
(Cerny et al. 2018) and 0”752 (Okabe et al. 2020) and they both
considered 10 families of multiple images, with no spectroscopic
measurements, as model constraints. From Fig. 8 we conclude
that Cerny et al. (2018) underestimated the cluster total mass
and, more clearly, the projected mass density in the radial range
between 100 kpc and 1 Mpc. Such a discrepancy could be due to a
general overestimate (see Table 2) of the source redshifts, which
were optimised with all the other model parameters in the previ-
ous work, and the intrinsic degeneracy (i.e., an anti-correlation)
between the redshift of a source and the total mass of alens. More-
over, the north-west cluster-scale mass component was uncon-
strained because of the low number of multiple images in that
region in previous works. We note that the total mass and mass
density profiles obtained with the glafic code have shapes very
similar to ours, but larger statistical uncertainties.

While the total projected mass density enclosed within the
very core of the cluster, where strong lensing constraints exist,
is robust to within a few percent even with only a hand-
ful of constraints (e.g., Remolina Gonzélez et al. 2021a,b), this
may not be the case for other lensing outputs. For instance,
Johnson & Sharon (2016) show that accuracy of recovering the
mass distribution and lensing magnification increases signif-
icantly with the number of spectroscopic redshifts of lensed
sources used to constrain the lens model. We also contrast our
magnification maps with those of the public models. In Fig. 9
we show the magnification maps for a source at redshift z; = 4.0.
We note that the available map by Cerny et al. (2018) does not
cover the entire tangential critical line at that redshift. The over-
all shape of the critical lines is comparable for all models, but our
reconstruction is more detailed in the regions with high magni-
fication values, thanks to the additional spectroscopic informa-
tion exploited for the selection of the cluster members. Accurate
magnification maps are crucial for studies of highly magnified
sources (see e.g., Caputi et al. 2021) and will be of great value
for future works using upcoming James Webb Space Telescope
(JWST) data. Our lens model, along with the magnification maps
and full posterior distribution of mass parameters are publicly
available in the electronic version of this work.

5. Summary and conclusions

In this work we have presented a strong gravitational lens model
of ACTO0102 based on 56 new spectroscopic confirmations of
multiple images. The positions of the multiple images, which
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Fig. 9. Magnification map comparison for the public models of ACT0102 for a source at z; = 4. The numbers at the top of each panel indicate
the number of families of multiple images with spectroscopic redshifts (Ngy..) or selected from photometry only (Nphe), and the number of cluster
members and line-of-sight perturbers included in the lens total mass models (Ngs)-

are our model constraints, expand across a region of 1 Mpc in
the cluster core, an area remarkably larger than that of any other
strong lens cluster. In addition to the multiple images, we have
also measured precise spectroscopic redshifts for 167 cluster
members, and we have identified a foreground group of galaxies
with a significant impact on the gravitational lensing deflection
of background galaxies. We summarise the main results of this
work as follows:

— We used a sample of 56 multiple images, from 23 back-
ground galaxies with secure spectroscopic redshifts, to con-
strain the total mass distribution of ACT0102. The observed
positions of the multiple images are reproduced with a root
mean square value of A,s = 0.75. In this reference model,
the mass distribution is parameterised with two cluster-scale
components (mainly dark matter) plus the cluster members
and a foreground group of galaxies. Introducing perturba-
tions to the total mass distribution following the methodol-
ogy in Beauchesne et al. (2021) can also improve the model
predictions. However, the very large number of free param-
eters in this approach disfavours these models according to
the BIC and AICc.

— Thanks to the capabilities of MUSE, in addition to the
56 images of multiply lensed sources, we have spectroscopi-
cally confirmed 167 cluster members and a foreground group
of 20 galaxies at z = 0.63. Such a large number of confirma-
tions, and the identification of the intervening mass compo-
nent in the foreground not considered in previous works, is
crucial to reducing the value of Ay, as indicated in Table 3.

— We included constraints out to =1 Mpc from the BCG in
our lens model, and we have estimated a total mass value
within this radius of M (<1 Mpc)=1.84*302x 10" M.
The main cluster-scale component is located close to
the BCG, and the second is located in the north-west
region (see Fig. 3); they have comparable mass values

of  Minain(<300kpe) =2.29*09 x 10" My and  Miyorh-west

(<300 kpe) = 2.10f8:8§ x 10'* M, within 300 kpc of their cen-
tres. This is in very good agreement with the major merging
scenario of ACT0102 (see e.g., Jeeetal. 2014; Kim et al.

2021).
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- We have found a very small offset of 075* between the
main cluster mass component and the BCG, in contrast to
the offset of =5 between these two components and the
X-ray emission. This offset between the components with
small interaction cross-sections (i.e., stars and dark matter)
and cluster hot gas (traced by the X-ray emission) is com-
monly found in merging systems and is a signature of cool-
core clusters.

— We compared our total mass and density profiles with those
from previous strong lens models of ACT0102 (see Fig. 8),
finding that the work of Cerny et al. (2018, which uses the
software lenstool) underestimates the cluster total mass
and density in the outer regions (R > 200kpc). In addi-
tion, the model uncertainties of Okabe et al. (2020, who used
glafic) are much larger than those from our total mass
reconstruction. These results further stress the importance
of including secure multiple images and cluster members
with spectroscopic confirmations in the lens models (see also
Grillo et al. 2015; Johnson & Sharon 2016).

The strong lens model together with the MUSE redshift cat-
alogue presented in this work will be extremely valuable for
future works, especially in view of the new near-infrared imag-
ing data obtained under the GTO/JWST PEARLS programme
ID 1176 (PIL: R. A. Windhorst). JWST photometry allows the
identification of several new multiple image systems (see e.g.,
Caminha et al. 2022), but new spectroscopic confirmations of
faint galaxies will be challenging. Therefore, our spectroscopic
confirmations will be crucial in ‘anchoring’ any successor lens
model based on these new data.

Moreover, the lens model presented in this work provides
accurate magnification maps that can be used to characterise
the faint and magnified population of galaxies. We note that
ACTO0102 is especially efficient at strongly lensing galaxies at
larger cosmological distances because of its high redshift (z =
0.87) when compared to the current sample of strong lens clus-
ters (see, for instance, Fig. 2). We have made the lens model
presented in this work publicly available, including the magnifi-
cation maps and lenstool configuration file, along with the full
redshift catalogue built using the MUSE data.
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Appendix A: Multiple image spectra

Table 2 and are also included in the redshift catalogue available

in the el i ion of thi ipt.
Figure A.1 shows the MUSE spectra of all the confirmed mul- in the electronic version of this manuscript

tiple images. The coordinates and redshift values are listed in
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Fig. A.1. Multiple image spectra of all the confirmed multiple images. Vertical lines indicate spectral features at the source redshift, and the grey
curves the scaled data variance. The cut-out images are composed with the same HST filters as in Fig. 1, and the circles have 1” diameters.
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Fig. A.1. (Continued)
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Fig. A.1. (Continued)
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Fig. A.1. (Continued)
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